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Article

Fabrication and Photocatalytic Properties of Zinc Tin Oxide
Nanowires Decorated with Silver Nanoparticles

Jia-Chi Su 1, Tsung-Lin Hsieh 1, Shu-Meng Yang 1, Shao-Chun Chao 1 and Kuo-Chang Lu 1,2,*

1 Department of Materials Science and Engineering, National Cheng Kung University, Tainan 701, Taiwan;
n56081412@ncku.edu.tw (J.-C.S.); n56091255@gs.ncku.edu.tw (T.-L.H.); n56074287@gs.ncku.edu.tw (S.-M.Y.);
n56104375@gs.ncku.edu.tw (S.-C.C.)

2 Core Facility Center, National Cheng Kung University, Tainan 701, Taiwan
* Correspondence: gkclu@mail.ncku.edu.tw; Tel.: +886-6-275-7575 (ext. 62920)

Abstract: With the continuous advancement of high-tech industries, how to properly handle pollu-
tants has become urgent. Photocatalysis is a solution that may effectively degrade pollutants into
harmless molecules. In this study, we synthesized single crystalline Zn2SnO4 (ZTO) nanowires
through chemical vapor deposition and selective etching. The chemical bath redox method was
used to modify the ZTO nanowires with Ag nanoparticles to explore the photocatalytic properties
of the nanoheterostructures. The combination of the materials here is rare. Optical measurements
by photoluminescence (PL) and UV–Vis show that the PL spectrum of ZTO nanowires was mainly
in the visible light region and attributed to oxygen vacancies. The luminescence intensity of the
nanowires was significantly reduced after modification, demonstrating that the heterojunction could
effectively reduce the electron-hole pair recombination. The reduction increased with the increase in
Ag decoration. The conversion from the UV–Vis absorption spectrum to the Tauc Plot shows that
the band gap of the nanowire was 4.05 eV. With 10 ppm methylene blue (MB) as the degradation
solution, ZTO nanowires exhibit excellent photodegradation efficiency. Reusability and stability
in photodegradation of the nanowires were demonstrated. Photocatalytic efficiency increases with
the number of Ag nanoparticles. The main reaction mechanism was confirmed by photocatalytic
inhibitors. This study enriches our understanding of ZTO-based nanostructures and facilitates their
applications in water splitting, sewage treatment and air purification.

Keywords: zinc tin oxide; nanowires; chemical vapor deposition; surface modification; photocatalysis;
reactive radical species

1. Introduction

Previous studies indicate that industrial dyes and textile dyes are the largest organic
pollutants, causing increasing environmental pollution [1,2]. About 10–20% of the world’s
dye production is lost during the dying process and discharged into textile wastewater. Due
to water pollution, advanced oxidation processes (AOPs) have been rapidly developed as
an innovative water treatment technology [3,4]. The principle of AOPs is to generate highly
reactive transition substances based on the catalytic properties of materials, such as H2O2,
·OH− and ·O2

− for organic compounds which are difficult to decompose. Semiconductors
are often used as catalysts in AOPs, such as TiO2, ZnO and Fe2O3, which have been
demonstrated to degrade organic compounds effectively, finally mineralizing them into
harmless carbon dioxide and water [5].

Zinc tin oxide, also known as ZTO, is a non-toxic ternary oxide semiconductor (A2BO4,
inverse spinel structure) with high conductivity, low visible light adsorption, high electron
mobility and excellent thermal stability. Ternary metals have higher chemical stability as
compared to binary metal oxides. ZTO nanostructures have been fabricated for various
important applications, including optical sensors [6,7], gas sensors [8,9], dye-sensitized

Nanomaterials 2022, 12, 1201. https://doi.org/10.3390/nano12071201 https://www.mdpi.com/journal/nanomaterials1
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solar cells [10,11] and photocatalysts [12–14]. In the past few years, different techniques
have been applied in synthesizing one-dimensional ZTO nanostructures, including the
hydrothermal method [15,16], CVD [7,17] and the template method [18], among which
CVD is the best choice since it is more economical and environmentally friendly [19,20].

In terms of photocatalytic applications, surface modification of precious metals is
frequently used to increase photocatalytic efficiency, such as Ag [21–23], Pd [24] and Pt [25],
which can form Schottky contact through the junction between the metal and semiconductor
and lower the recombination efficiency of electron-hole pairs to enhance photocatalytic
properties.

In this work, we studied ZTO NWs and Ag-ZTO NWs as efficient photocatalysts in
water treatment for environmental pollution. We synthesized ZTO NWs by the chemical
vapor deposition (CVD) method via the vapor–liquid–solid (VLS) route and modified the
nanowires using the chemical bath redox method. The 1 at% Ag-ZTO NWs and 3 at% Ag-
ZTO NWs were fabricated with different amounts of AgNO3. All three kinds of nanowires
were characterized by SEM, TEM, XRD, EDS, XPS and PL to identify their structures
and phases.

2. Materials and Methods

2.1. Synthesis of ZTO and Ag-ZTO Nanowires

ZTO NWs were synthesized with a three-zone tube furnace via catalyst-assisted
chemical vapor deposition (CVD) through a vapor–liquid–solid (VLS) growth mechanism.
The mixture of zinc oxide powder (0.12 g) (Alfa Aesar, Ward Hill, MA, USA purity 99.9%)
and active charcoal (0.12 g) (Sigma-Aldrich, St. Louis, MO, USA) was loaded into an
alumina boat and placed in the second heating zone. Tin oxide powder (0.03 g) (Alfa Aesar,
Ward Hill, MA, USA purity 99.9%) and active charcoal (0.03 g) were mixed with the same
ratio and placed in the third heating zone. A 10 nm-thick Au layer on the silicon substrate
was deposited by the E-beam evaporation system. Nanowire growth was based on the
vapor−liquid−solid (VLS) mechanism with Au as catalyst. The alumina boat of sonically
cleaned Si (100) substrates with a 10 nm thin Au layer was placed downstream outside the
third heating zone. The temperatures of the second and third heating zones were raised
to 955 and 905 ◦C for 1.5 h, respectively. Argon gas was introduced with the flow rate of
100 sccm. After the reaction, the furnace was cooled down to room temperature naturally.
The single phase ZTO NW substrate was immersed in 12 mM sodium borohydride (NaBH4)
(98+%, Acros Organics, Morris Plains, NJ, USA) solution, which was then titrated with
silver nitrate solution (0.01 and 0.03 g) of deionized water (pH = 7, ionic strength = 0.001 M)
and AgNO3 to form Ag-ZTO NWs as shown in Figure S1.

2.2. Electrical Measurements

To fabricate the nanodevice for single nanowire electrical resistivity measurements,
ZTO NWs and Ag-ZTO NW substrates were immersed into deionized water (pH = 7,
I = 0.001 M) and sonicated to separate the nanowires from the substrate. The solution with
nanowires was dripped on an as-prepared Si/SiO2 substrate with four independent Ag
electrodes with 400 nm-thick platinum to which the nanowire was connected by a focus
ion beam (FIB, FEI Nova-200 NanoLab Compatible, Hillsboro, OR, USA). The electrical
m easurements of a single nanowire here were based on the method previously reported
by Gu et al. [26], which can eliminate the voltage drop and contact resistance during
measurement to obtain more accurate results. The schematic illustration and setup of the
electrical measurements are shown in Figure S5.

2.3. Photodegradation

The photodegradation performance of ZTO and Ag-ZTO NWs was evaluated with
10 ppm methylene blue (0.5 g/100 mL) (Sigma-Aldrich, St. Louis, MO, USA) in deionized
water (pH = 7, I = 0.001 M) as shown in the experimental setup of Figure 5g. The sample
was placed at the bottom of a beaker perpendicular to the simulated solar light lamp. We
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stirred 5 mL MB in the beaker using a magnetic stirrer in the darkroom for 30 min to reach
an adsorption–desorption balance for UV–Vis absorption measurement as the MB initial
concentration C0. During the illumination of the Xe lamp (105 W/m2, Oriel® LCS-100TM

Small Area Sol1A), we took 0.5 mL MB per 30 min for the UV–Vis absorption measurement
as Ct. The photodegradation efficiency was then calculated according to Equation (1) [27]:

Degradation(%) =

(
1 − Ct

C0

)
·100% (1)

2.4. Radical Trapping Experiment

To understand the major reactive species in the MB photodegradation experiment, rad-
ical scavengers were added to inhibit different radical work during the photodegradation
process. In this study, 1 mM ethylenediaminetetraacetic acid (EDTA) was used to inhibit h+,
1 mM tert-butanol (TBA) was used to inhibit ·OH and 1 mM 1,4-benzoquinone (BQ) was
used to inhibit ·O2

−. Other procedures were the same as the photodegradation experiment.
Lower photodegradation efficiency after adding a specific scavenger corresponds to higher
importance of the reactive species.

2.5. Characterization

Morphologies and structures of ZTO and Ag-ZTO NWs were characterized by field-
emission scanning electron microscopy (FESEM, Hitachi SU8000, Tokyo, Japan ), X-ray
di ffractometry (XRD, Bruker D8 Discover with GADDS, Fitchburg, WI, USA), transmis-
sion electron microscopy (TEM, JEOL-2100F, CS STEM, Tokyo, Japan), Energy-dispersive
X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS, PHI 5000 Ver-
saProbe, ULVAC-PHI, Kanagawa, Japan). Photoluminescence (PL, HORIBA LabRAM
HR, Longjumeau, France) and UV–Vis spectrophotometry (PerkinElmer LAMBDA 950,
Waltham, MA, USA) were utilized for optical and photocatalysis properties.

3. Results and Discussion

3.1. Morphology and Structure Analysis of ZTO NWs and Ag-ZTO NWs
3.1.1. SEM and XRD Analysis

It has been difficult to fabricate pure ternary nanowires with a furnace; for example,
synthesis of Zn2SnO4 (ZTO) nanowires frequently comes with simultaneous synthesis of
ZnO and SnO2 [28]. Therefore, ZnO/ZTO NWs were chosen for synthesis, and we used
12.5 mM aqueous hydrochloric acid (HCl) to remove the ZnO phase. Figure S2a,b show the
SEM images of before and after the selective etching process; Figure S1c shows the XRD
pattern after the selective etching process, indicating that we successfully obtained single
phase ZTO NWs. Figure 1a,b show the high-density ZTO NWs had a length of over 10 μm
and diameter of about 40–80 nm. Figure 1c is the SEM image after modification of Ag
nanoparticles. Figure 1d shows the XRD patterns for ZTO NWs, 1 at% Ag-ZTO NWs and
3 at% Ag-ZTO NWs; the peaks located at 17.7◦ (111), 29.2◦ (220) and 34.4◦ (311) correspond
to ZTO (JCPDS no.74-2184), while the peaks at 38.3◦ (111) and 44.5◦ (200) correspond to Au
(JCPDS no.99-0056) because of the VLS growing mechanism. Since the diffraction peaks of
Ag (JCPDS no. 87-0719) and Au are almost the same, the diffraction peaks of Au appear
wider after modification of Ag.

3



Nanomaterials 2022, 12, 1201

 

Figure 1. Morphologies of ZTO NWs and Ag-ZTO NWs. (a) Low magnification SEM image of ZTO
NWs. (b) High magnification SEM image of ZTO NWs. (c) Low magnification SEM image of Ag-ZTO
NWs. (d) XRD pattern of ZTO NWs and Ag-ZTO NWs.

3.1.2. HRTEM and EDS Analysis

Figure 2a is a HRTEM image of the ZTO nanowire, where the interplanar spacings, 0.5
and 0.31 nm, correspond to (111) and (220) planes of Zn2SnO4, and the inset is the selected
area electron diffraction (SAED) pattern corresponding to the diffraction peaks in the XRD
analysis. Figure 2b,c are SEM images of 1 at% Ag-ZTO NWs and 3 at% Ag-ZTO NWs,
respectively; more Ag nanoparticles with a diameter of 5–20 nm were on the surface of the
latter. Figure 2d is a HRTEM image of Ag-ZTO NW, where the interplanar spacings of the
nanowire are the same as those of the ZTO NW in Figure 2a; additionally, attached on the
surface is a particle with an interplanar spacing of 0.24 nm, corresponding to the (111) plane
of Ag. Based on the XRD and TEM analysis, the nanoparticles were confirmed to be Ag.
Figure S4a,b show the EDS studies of 1 at% Ag-ZTO and 3 at% Ag-ZTO NW; Figure S4c,d
show the mapping of 1 at% Ag-ZTO and the 3 at% Ag-ZTO NW. EDS analysis indicates
that ZTO NWs are nonstoichiometric compounds, but XRD and XPS studies confirm that
the structure and valence of elements are correct.

 

Figure 2. Morphology and structure analysis of ZTO NWs and Ag-ZTO NWs. (a) HRTEM image of
ZTO NWs. (b) SEM image of 1 at% Ag-ZTO NWs. (c) SEM image of 3 at% Ag-ZTO NWs. (d) HRTEM
image of Ag-ZTO NWs.
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3.1.3. XPS Analysis

XPS analysis was conducted to further investigate the composition of Ag-ZTO NWs.
The valence states of the elements in the nanowires can be confirmed by XPS curve fitting
as shown in Figure 3a–d. Figure 3a shows the 2p1/2 and 2p3/2 orbitals of zinc, the binding
energies of which were 1021.7 and 1044.7 eV, coherent with the previously reported energy
difference of 23 eV [29]; the two characteristic peaks correspond to two valence states, Zn0

and Zn2+. Figure 3b reveals two characteristic peaks of 3d5/2 and 3d3/2 orbitals of tin,
which were from Sn2+ and Sn4+, the binding energies of which are about 486.7 and 495.1 eV,
respectively. The binding energy of the 3d orbitals between Sn2+ and Sn4+ states is very
close. It is known from the previous report [30] that the binding energy for Sn4+ is bigger
than that for Sn2+, demonstrating that the blue line denotes Sn4+, while the red line denotes
Sn2+. Figure 3c indicates that the oxygen binding energy of ZTO NWs mainly resulted from
oxygen in the lattice and oxygen vacancies, the binding energies of which were 530.8 and
532 eV, respectively [31]. After surface modification, Figure 3d shows the binding energies
of 3d5/2 and 3d3/2 orbitals of silver were 367.6 and 373.6 eV, respectively [32].

 

Figure 3. XPS analysis for Ag-ZTO NWs. (a) Zn 2p, (b) Sn 3d, (c) O 1s, (d) Ag 3d.

3.1.4. UV–Vis and PL Analysis

To explore the optical properties of ZTO NWs and Ag-ZTO NWs, it is important to
determine the band gap. Figure 4a is the room temperature UV–Vis absorption spectra
of ZTO NWs and 3 at% Ag-ZTO NWs; both had a significant increase in absorption at a
wavelength less than 325 nm. The absorption spectrum feature at 350–450 nm corresponds
to impurities or oxygen vacancy levels. The band gap of the nanowires was calculated with
Tauc’s equation [12]:

(αhν)1/n = A(hν − Eg) (2)

where α is the adsorption coefficient of the material, A is a proportionality constant and n
is a constant exponentially different based on the types of semiconductors, being 1/2 for
direct bandgap semiconductors. The inset of the UV–Vis spectra is the Tauc Plot. According
to the tangent of the diagram, the band gaps of ZTO NWs and 3 at% Ag-ZTO NWs were
4.05 and 4.04 eV, which are close to the previously reported value (3.92 eV). The wider band
gap for the ZTO NWs may be attributed to their smaller sizes [14]. The similar absorption
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edges before and after Ag modification indicate that their bandgap energy difference is
negligible [22,23].

Figure 4b shows the PL spectra for a 325 nm laser for ZTO NWs and Ag-ZTO NWs
at room temperature, exhibiting a wide emission band from 425 to 750 nm with a central
wavelength of 580 nm. Various emission peaks might contribute to the wide PL spectrum.
The green fluorescent signal around the 560 nm peak was emitted from the conduction
band (CB) to oxygen vacancies (V+

0) [33]. The orange fluorescent signal around the 590 nm
peak was attributed to oxygen vacancies and interstitial tin vacancies. The red fluorescent
signal around the 650 nm peak resulted from interstitial zinc and tin vacancies [34]. In
the PL analysis, oxygen vacancies mostly resulted from the large surface area of nanowire
and lack of oxygen due to nanowire growth by three zone furnaces; thus, many oxygen
vacancies existed in the nanowires. During nanowire growth, oxygen vacancies tended
to diffuse from the interior to the surface; thus, the oxygen vacancy concentration on the
surface was greater than that in the interior of the nanowires [35]. The excited electrons
were captured by the metastable energy band caused by the oxygen vacancies and then
released to recombine with holes [29]. Therefore, oxygen vacancies improved photocat-
alytic performance by reducing the recombination rate of electron-hole pairs. After Ag
modification, the photoluminescence intensity decreased dramatically, the reason behind
which is discussed in the photodegradation section.

 

Figure 4. Optical properties of ZTO NWs and Ag-ZTO NWs. (a) UV–Vis spectra (b) PL spectra.

3.2. Growth Mechanism

Figure S3 is the schematic illustration of the ZTO NW growth mechanism. Zinc oxide
powder and tin oxide powder were reduced to Zn(v) and Sn(v) through the carbothermic
reduction method based on Equations (3) and (4). At 900 ◦C, the Au catalyst on the surface
of the silicon substrate was transformed to liquid and reacted with Zn(v) and Sn(v) to form
an Au–Zn–Sn liquid alloy. As the carrier gas delivered more precursors to the substrate, the
Au–Zn–Sn liquid alloy was supersaturated, precipitated and oxidized into ZTO NWs. The
ZTO nanowires grew longer with the continuous precipitation of the droplets according to
Equation (5):

ZnO(s) + C(s)
Δ→ Zn(v) + CO(v) (3)

SnO2(s) + C(s)
Δ→ Sn(v) + CO2(v) (4)

Au(l) + 2Zn(v) + Sn(v) + 2O2(v)
Δ→ Zn2SnO4(s) + Au(s) (5)

3.3. Electrical Measurements of Single ZTO NW and Ag-ZTO NW

Figure S5a shows the schematic illustration of the electrical measurements and
Figure S5b–d are SEM images of ZTO NW, 1 at% Ag-ZTO NW and 3 at% Ag-ZTO NW con-
nected to Ag electrodes, respectively. Each single nanowire was measured 8 times, including
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R13, R14, R23 and R24, by applying positive and negative voltages. The I-V measurements
for ZTO NW, 1 at% Ag-ZTO NW and 3 at% Ag-ZTO NW are shown in Figures S6–S8,
respectively. Based on Table 1, the resistivity of ZTO NW here was 6.01 × 10−5 Ω·m, which
is better than previous studies [36]; the resistivity of 1 at% Ag-ZTO NW and 3 at% Ag-ZTO
NW was 2.1 × 10−4 and 4.3 × 10−4 Ω·m, indicating the resistivity increase after surface
modification.

Table 1. Electrical resistivity measurements of ZTO NW, 1 at% Ag-ZTO NW and 3 at% Ag-ZTO NW.

ZTO NW 1 at% Ag-ZTO NW 3 at% Ag-ZTO NW

Resistivity 6.01 × 10−5 Ω·m 2.1 × 10−4 Ω·m 4.3 × 10−4 Ω·m

3.4. Photocatalytic Properties of ZTO NWs and Ag-ZTO NWs
3.4.1. Photodegradation Activities

Methylene blue (MB) is a heterocyclic dye with wide industrial applications, being fre-
quently used for coloring paper, as a temporary hair colorant and for dyeing cottons, wools
and so on. Additionally, it has been extensively used in human and veterinary medicine
for several therapeutic and diagnostic procedures. It cannot be degraded through the
conventional water treatment process due to its complex aromatic structures, hydrophilic
nature and high stability against light, temperature, water, chemicals, etc.; thus, it may
cause substantial environmental pollution. Although MB is not considered to be a very
toxic dye, it can result in very harmful effects on living things, such as breathing difficulties,
vomiting, diarrhea and nausea. Therefore, many efforts have been made to remove MB
from water [37,38], and we chose it to investigate the photodegradation activities of ZTO
NWs and Ag-ZTO NWs. MB has a very strong characteristic peak at 663 nm [39]; the
efficiency of photodegradation can be calculated based on the change of the absorption
peak of MB. Figure 5a shows the UV–Vis absorption spectra of MB degraded by ZTO
NWs, while Figure 5b,c show the UV–Vis absorption spectra of MB degraded by 1 at%
Ag-ZTO NWs and 3 at% Ag-ZTO NWs. It can be seen that the absorption spectra of 3 at%
Ag-ZTO NWs have the most obvious change; therefore, 3 at% Ag-ZTO NWs have the best
degradation efficiency. Figure 5d reveals the change of MB concentration versus time. The
red line denotes ZTO NWs, which degraded 85% of MB in 120 min; the blue line denotes
1 at% Ag-ZTO NWs, which degraded 94% of MB in 120 min and the green line denotes
3 at% Ag-ZTO NWs, degrading 80% of MB in the first 60 min and degrading 96% in 120 min.
To obtain a better understanding of the kinetics of photodegradation, pseudo-first-order
equation was used as shown in Equation (6) [40]:

ln(
C0

Ct
) = κt (6)

where κ is the rate constant and t means time. Figure 5e shows the comparison of the
rate constants for ZTO NWs, 1 at% Ag-ZTO NWs and 3 at% Ag-ZTO NWs, which were
0.0157, 0.023 and 0.025 min−1, respectively. These results demonstrate the enhanced
photodegradation performance with the silver modification.
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Figure 5. Photocatalytic properties of ZTO NWs and Ag-ZTO NWs were evaluated with 10 ppm
methylene blue in deionized water (pH = 7, I = 0.001 M). The UV–Vis absorbance spectra of (a) ZTO
NWs, (b) 1 at% Ag-ZTO NWs, (c) 3 at% Ag-ZTO NWs towards MB dye. (d,e) Comparison of photo-
catalytic activities between ZTO NWs and Ag-ZTO NWs. (f) Comparison of photocatalytic activities
among different scavengers for 3 at% Ag-ZTO NWs. (g) Schematic illustration of photodegradation
experimental setup. (h) Schematic illustration for photodegradation mechanism of Ag-ZTO NWs.

3.4.2. Effect of Reactive Free Radicals

To understand the influence of different reactive free radicals in the photodegradation
process, the reaction of each free radical was inhibited by adding scavengers [41,42]. The
3 at% Ag-ZTO NWs were added to ethylenediaminetetraacetic acid (EDTA), tert-butanol
(TBA) and benzoquinone (1,4-benzoquinone, BQ) as the scavengers of h+, ·OH and ·O2

−,
respectively. EDTA was used as a scavenger of h+. The reaction between h+ and EDTA is as
follows: EDTA + h+ → CO2 + H2O. TBA was used as a scavenger of ·OH. BQ was used as
a scavenger of ·O2

−, which can trap superoxide anions via an electron transfer mechanism:
BQ +·O2

− → ·BQ− + O2. Figure 5f shows the change in the photodegradation efficiency
after adding different scavengers. The original efficiency of 3 at% Ag-ZTO NWs was 96% in
120 min; after adding EDTA, TBA and BQ, the efficiency was reduced to 15%, 52% and 63%,
respectively. The results indicate that adding EDTA led to the highest inhibition, followed
by TBA and BQ. The degree of effects for reactive species in photodegradation is h+ >·OH
>·O2

− with the major mechanisms shown in Equations (7)–(9):

Zn2SnO4 + hv (≥Eg) → Zn2SnO4 (hcb
+) + Zn2SnO4 (e−) (7)

Zn2SnO4 (hcb
+) + OH− → ·OH (8)

(hcb
+, ·OH) + Dye (MB) → CO2 +H2O + degraded products (9)
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3.4.3. Reliability and Stability

To study the stability of ZTO NWs and Ag-ZTO NWs, three consecutive cycles of MB
degradation were conducted. Figure S9c shows that the photodegradation efficiencies were
96%, 84% and 82%, respectively. The decrease in degradation rate may be attributed to
the photo-corrosion of the nanowire surface or the accumulation of contaminants on the
nanowire surface; however, the degradation efficiency of the second and third times tends
to be stable. As previously reported [12–14], the degradation efficiency of MB decreases by
10–20% before the photocatalyst is reused, while our degradation efficiency dropped about
14% and became stable following the typical curve, indicating that 3 at% Ag-ZTO NWs
are expected to be a reusable photocatalyst. Additionally, the XRD pattern in Figure S9d
reveals that the ZTO NWs still had great crystallinity after multiple cycles.

3.4.4. Photodegradation Mechanism

Figure 5h is the schematic illustration for the photodegradation mechanism of Ag-
ZTO NWs. As the ZTO NWs were illuminated, the electrons in the valence band were
excited to the conduction band to form electron-hole pairs at the NW surface. Electrons
in the conduction band reacted with oxygen to form superoxide radicals (·O2

−), while
the holes in the valence band could react with pollutants and the hydroxide ions (OH-) to
generate hydroxyl radicals (·OH), thereby degrading the pollutants. With the ZTO NWs
modified with silver, the excited electrons diffused to the silver particles [43], reducing the
recombination rate of electron-hole pairs. The PL intensity is proportional to the electron-
hole recombination rate; thus, the PL intensity decreased after Ag modification. When the
recombination efficiency of electron-hole pairs was reduced, the electrons and holes had
more opportunities to react with pollutants, increasing the degradation rate.

4. Conclusions

Single crystalline Zn2SnO4 (ZTO) nanowires were successfully synthesized by chem-
ical vapor deposition and selective etching. Silver nanoparticles were modified on the
surface of ZTO nanowires using the chemical bath redox method to fabricate 1 at% Ag-ZTO
NWs and 3 at% Ag-ZTO NWs. The structures of ZTO NWs and Ag-ZTO NWs were con-
firmed by EDS, XRD, XPS and HRTEM. The PL intensity decrease after surface modification
reflects the decrease in the electron-hole pair recombination efficiency, which is beneficial
for photocatalysis. The single ZTO NW shows low electrical resistivity of 6.01 × 10−5 Ω·m.
A total of 96% of MB was degraded by 3 at% Ag-ZTO NWs in 120 min. h+ and ·OH were
the main reactants of photodegradation. After multiple cycles, the nanowires maintained
degradation efficiency well without apparent change in terms of structure and morphology,
showing reliability in photocatalysis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12071201/s1, Figure S1: Schematic illustration for fabrication
of Ag-ZTO NWs. Figure S2: SEM images and XRD pattern of ZTO NWs before and after selective
etching. (a) SEM image before selective etching (b) SEM image after selective etching (c) comparison
of XRD patterns before and after selective etching. Figure S3: Schematic illustration of growth
mechanism for ZTO NWs. Figure S4: EDS and mapping images of 1 at% Ag-ZTO NW and 3 at%
Ag-ZTO NW. (a) EDS analysis of 1 at% Ag-ZTO NW (b) EDS analysis of 3 at% Ag-ZTO NW (c)
mapping images of 1 at% Ag-ZTO NW (d) mapping images of 3 at% Ag-ZTO NW. Figure S5:
Electrical measurement setup for ZTO NWs and Ag-ZTO NWs. (a) Schematic illustration of the
electrical measurements. SEM images of (b) ZTO NW (c) 1 at% Ag-ZTO NW (d) 3 at% Ag-ZTO NW
connected to 4 electrodes. Figure S6: I–V measurements of single ZTO nanowire (a) R13+ (b) R13−
(c) R14+ (d) R14− (e) R23+ (f) R23− (g) R24+ (h) R24−. Figure S7: I–V measurements of single 1 at%
Ag-ZTO nanowire (a) R13+ (b) R13− (c) R14+ (d) R14− (e) R23+ (f) R23− (g) R24+ (h) R24−. Figure S8:
I–V measurements of single 3 at% Ag-ZTO nanowire (a) R13+ (b) R13− (c) R14+ (d) R14− (e) R23+ (f)
R23− (g) R24+ (h) R24−. Figure S9: Photocatalytic reliability of ZTO NWs and Ag-ZTO NWs. (a)
Degradation behaviors of ZTO NWs for three repeated cycles (b) degradation behaviors of 1 at%
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Ag-ZTO NWs for three repeated cycles (c) degradation behaviors of 3 at% Ag-ZTO NWs for three
repeated cycles (d) XRD pattern after the third cycle of degradation.
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Abstract: Nanocomposite (NC) hydrogels have been widely studied due to their tunable biochemical/
physical properties for tissue engineering and biomedical applications. Nanoparticles (NPs) that can
carry bioactive hydrophilic/hydrophobic molecules and provide sustained release within hydrogels
are an ideal all-in-one-platform for local drug delivery applications. Dual delivery of different
bioactive molecules is desired to achieve synergetic therapeutic effect in biomedical applications. For
example, the co-administration of drug molecules and oxygen (O2) is an ideal choice to improve
cell viability, while reducing the harmful effects of hypoxia. Therefore, we prepared drug-loaded
O2-carrying periodic mesoporous organosilica (PMO-PFC) NPs and their 3D-printable hydrogel
precursors based on gelatin methacryloyl (GelMa) to fabricate 3D-scaffolds to improve cell-viability
under both normoxia (21% O2) and hypoxia (1% O2) conditions. We used rutin as the hydrophobic
drug molecule to demonstrate that our O2-carrying PMO-PFC NPs can improve hydrophobic drug
loading and their sustained delivery over 7 days, while supporting sustained O2-delivery for 14 days
under hypoxia conditions. Furthermore, the fibroblast cells were interacted with NC hydrogel
scaffolds to test their impact on cell-viability under both normoxia and hypoxia conditions. The
improved rheological properties suggest the prepared NC hydrogels can be further tested or used as
an injectable hydrogel. The improved mechanical properties and 3D printability of NC hydrogels
indicate their potential use as artificial tissue constructs.

Keywords: NC hydrogel; drug-delivery; oxygen-carrying hydrogels; 3D-printing

1. Introduction

Nanocomposite (NC) hydrogels are crosslinked three-dimensional (3D) polymer net-
works embedded with nanoparticles (NPs) and have been used in tissue engineering and
biomedical applications [1,2]. NC hydrogels mimic the extracellular matrix (ECM) environ-
ment, and tunable biochemical/physical properties can control cell functions such as cell ad-
hesion, migration, proliferation, and differentiation. NC hydrogels are stimuli-responsive,
hydrophilic, biocompatible, biodegradable and have excellent physical properties, such
as mechanical toughness, elasticity, resistance against compression, and a high degree of
swelling-deswelling. Several types of NPs (for example, carbon-based NPs, inorganic NPs,
metal/metal oxide NPs, etc.) have been combined by physical or chemical interactions with
polymeric chains of hydrogels, which results in novel properties in electronics, biosensors
and biomedical applications [1–6]. By tailoring functionality of embedded NPs, NC hydro-
gels have opened new opportunities to develop advance biomaterials for tissue engineering
and controlled drug delivery. The embedded NPs can serve as effective drug-carriers for
both hydrophilic and hydrophobic drug molecules. The loading efficiency and controlled
release of drugs can also be enhanced by the porous structure of hydrogels and large surface
area and pores of NPs.
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Numerous state-of-the-art approaches were demonstrated to fabricate NC hydrogels
for controlled and site-specific drug delivery [7–9]. For example, Hou et al. [10] prepared a
NC hydrogel using pH-responsive graphene oxide (GO) encapsulated with an anti-cancer
drug (curcumin), thereby showing site-specific release to the proximal colon. In another
example, Pacelli et al. [11] prepared a GelMa-based hydrogel embedded with nanodia-
monds as a drug-carrier (dexamethasone, Dex), to promote the osteogenic differentiation
of human adipose stem cells (hASCs). Zhao et al. [12] described Fe3O4 NPs incorporated
into magnetic field-responsive NC hydrogels, thereby demonstrating the controlled re-
lease of bovine serum albumin (BSA) as the model drug. Alvarez et al. [13] described
NC hydrogels consisting of silica NPs and collagen loaded with gentamicin/rifamycin
drugs for wound-healing dressings and also investigated antibacterial activity. Motealleh
et al. described alginate-based hydrogels made of periodic mesoporous organosilica with
an antibacterial tetracycline (Tet) drug. The 3D-printed hydrogels showed a release of
Tet for seven days and enhanced fibroblast cell proliferation [14]. Several studies also
demonstrated the advanced application of NC hydrogels as local drug delivery systems
due to their injectability and in situ forming abilities [8,15–17]. Furthermore, NC hydrogels
can be used to fabricate 3D-scaffolds with tunable porosity and structure that are similar
to tissue-like constructs due to their shear thinning and viscoelastic properties [18–20].
NPs that can carry bioactive molecules and provide sustained biomolecule release within
hydrogels are ideal all-in-one-platforms for local drug delivery applications. Therefore, NC
hydrogels are promising 3D functional artificial tissue constructs for drug delivery, and
able to improve cellular attachment, proliferation, differentiation, and migration.

Rutin (quercetin-3-O-rutinoside) is a naturally occurring bioflavonoid found in veg-
etables and fruit. It has low solubility in water, thus showing poor stability and bio-
availability [21]. Rutin, however, has various pharmacological activities (for example,
antibacterial, antiprotozoal, antitumor, anti-inflammatory, antiallergic, antiviral etc.) [22].
Rutin-coated nanosystems have been demonstrated in various therapeutic objectives and
have shown enhanced aqueous solubility, bioavailability and stability [23–26]; however,
there are few studies conducted into loading rutin into hydrogels [27–29].

O2 is the most vital nutrient for cell survival and signal cascading to regulate cellular
activities. The hypoxia condition occurs when there is insufficient (lower than normal
oxygen level) and heterogeneous oxygen distribution within the body tissues, which leads
to cell apoptosis, tissue necrosis, transplantation failures, and failures in tissue formation.
Over the years, researchers demonstrated different approaches to O2-releasing hydrogels
(either by introducing O2-releasing molecules within hydrogels or by embedding O2-
releasing nanoparticles within NC hydrogels) to provide sufficient O2 to the tissues [30–32].
Commonly used O2-releasing materials are solid inorganic peroxides (for example, calcium
peroxide and sodium percarbonate), hydrogen peroxide, and perfluorocarbons (PFCs).
Alemdar et al. [32] prepared a GelMa-based hydrogel incorporated within calcium per-
oxide for O2 delivery in cardiac cells and demonstrated reduced hypoxia-induced cell
death by limiting the necrosis. Kang et al. [33] investigated oxygen-generating alginate
(OGA) hydrogel as a bioactive acellular matrix for enhanced wound healing. Patil et al. [34]
demonstrated the use of methacrylamide chitosan modified with perfluorocarbon chains
(MACF) to construct hydrogel dressings for treating dermal wounds. In another example,
Li et al. [35] constructed hydrogels consisting of perfluorocarbons conjugated to methacry-
lamide chitosan to promote stem cell proliferation. Park et al. [36] reported a hyperbaric
oxygen-generating (HOG) hydrogel consisting of thiolated gelatin and calcium peroxide,
which promoted wound healing and neovascularization. However, these engineered func-
tional tissues have low oxygen diffusion for in vitro and in vivo applications. In a scaffold,
O2 can diffuse a limited distance of 100–200 μm so providing sufficient O2 to bigger non-
vascularized scaffolds is an issue for in vivo application. The non-homogenous distribution
of O2 through the non-vascularized scaffolds can also limit the repair to damaged tissue.
Therefore, the incorporation of O2-releasing materials within scaffolds is suggested to
provide sufficient O2 to the cells to maintain metabolic activity during the period of blood
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vessel ingrowth and repair of tissue. Co-delivery of different bioactive molecules is desired
to achieve synergetic therapeutic effects in biomedical applications [37–39]. For example,
the co-administration of drug molecules and oxygen (O2) is an ideal choice to improve
cell viability, while reducing the harmful effects of hypoxia. The co-administration of
O2 and drug molecules via NPs into NC hydrogels and the subsequent impact on cell
viability have been studied only by a few researchers. For example, Newland et al. [40]
described the simultaneous release of oxygen and doxorubicin from a gellan gum hydrogel
loaded with calcium peroxide and the chemotherapeutic drug doxorubicin under nor-
moxia and hypoxia. Motealleh et al. [41] prepared an alginate-based periodic mesoporous
organosilica-consisting NC hydrogel to improve O2 release under the hypoxia condition,
enhance healthy cell viability and decrease the viability of malignant and immortal cells in
the presence of an anti-cancer drug.

We, therefore, aim to generate drug molecules loaded with O2-carrying NPs and their
3D-printable hydrogel precursors to fabricate 3D-scaffolds to improve cell viability under
both normoxia and hypoxia conditions. To achieve this, we will use rutin as the hydropho-
bic drug molecule to demonstrate that our O2-carrying organic-inorganic NPs can improve
hydrophobic drug loading and its sustained delivery over seven days, while supporting
sustained O2-delivery for 14 days under hypoxia conditions. Recently, we demonstrated
the preparation of rutin-loaded O2-carrying NPs, and their impact on fibroblast and Colo
818 cell viability under normoxia and hypoxia conditions on a 2D-cell culture plate [42]. A
3D biomaterial network can mimic the 3D tissue environment better than a 2D-cell culture
plate [43]. Therefore, in the current study, we use similar NPs to generate injectable NC
hydrogels to fabricate 3D-scaffolds to improve cell viability in 3D biomaterial network.
We synthesized the oxygen-carrying nanoparticles (PMO-PFCs) and the surface of the
PMO-PFCs was functionalized with a hydrophobic drug (rutin). Rutin-coated PMO-PFCs
were further coated with a biodegradable and cell-adhesive bipolymer poly-d-lysine (PDL)
for stability. Later, rutin-coated PMO-PFCs were incorporated into a gelatin methacryloyl
(GelMa) -based hydrogel network. The NC-hydrogel scaffolds were prepared by lyophiliza-
tion and measured for their capability to release oxygen under normoxia and hypoxia
conditions. The drug release (rutin) profile was also observed at different pH for seven
days. To demonstrate the enhanced cell viability under normoxia and hypoxia conditions,
the NC-hydrogel scaffolds were interacted with the fibroblast cells. The morphology of
the cells was examined by nuclei- and actin-staining after the cell experiment. The NC
hydrogels were also characterized for rheological and mechanical properties. To summa-
rize, drug-coated NC hydrogel shows sustained O2 over a period of 14 days and drug
release at different pH values for seven days. The antioxidant effect of rutin, O2 release,
and cell-adhesive coating (PDL) on PMO-PFCs slightly supported the cell viability under
the hypoxia condition.

2. Materials and Methods

2.1. Materials

Hexadecyltrimethylammonium bromide (CTAB, 98%), [1H,1H,2H,2H perfluorooctyl-
triethoxysilane (PFC)], [1,2-bis(triethoxysilyl)ethane (BTEE, 96%)], Hoechst 33342 nuclei
dye, [2′,7′-dichlorodihydrofluorescein diacetate (DCFHDA)], trypsin, poly-d-lysine (PDL),
alginic acid sodium salt, powder gelatin (from porcine skin), methacrylic anhydride (MA),
N-vinylcoprolactane (VC), eosin Y, triethanolamine (TEA), and the WST-1 assay were or-
dered from Sigma-Aldrich, Darmstadt, Germany. Rutin-trihydrate was purchased from
Roth GmbH, Karlsruhe, Germany. Ammonia (32%), ethanol (absolute, for analysis) and
hydrochloric acid (32%, for analysis) were bought from Merck, Darmstadt, Germany. Phal-
loidin Alexa Fluor 488 was purchased from Invitrogen, Life technology Europe, Bleiswijk,
Netherlands. Primary dermal fibroblasts: normal, human, and adult cells were purchased
from ATCC, Manassas, VA, USA. Human Colo 818 (malignant melanoma) cells were bought
from DSMZ, Braunschweig Germany. The Dulbecco’s Modified Eagle Medium (DMEM)
[supplemented with 1% (v/v) penicillin/streptomycin, 2% (v/v) L-glutamate, and 10% (v/v)
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fetal bovine serum (FBS)], penicillin/ streptomycin, phosphate-buffered saline (PBS), and
L-glutamate were obtained from Sigma-Aldrich, Darmstadt, Germany.

2.2. Synthesis of Periodic Mesoporous Organosilica (PMO-PFC)

Briefly, 30 mL ethanol (99.8%) and 90 mL deionized (DI) water were mixed by magnetic
stirrer in a 250 mL round-bottom flask. While stirring, 485 mg CTAB and 270 μL NH3
(32%) were added and stirred for 1 h at room temperature (RT). Then, 1.74 mL (1.67 g,
4.7 m mol) BTEE and PFC (0.59 g, 1.16 m mol, 0.44 mL in 3 mL ethanol) were added and
stirred for additional 48 h at RT. After 48 h and while still being stirred, 50 mL ethanol
(99%) was added, followed by 1.4 mL HCl (32 wt%) which was slowly added to the mixture
and stirred for 6 h at 50 ◦C to remove the CTAB. The reaction mixture was transferred
to 15 mL falcon tubes and centrifuged (6500 rpm, Hettich EBA 200 small centrifuge from
Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany) for 15 min at RT. The supernatant
was discarded and the PMO-PFC particles were washed a further 3 times with ethanol by
centrifugation. The tubes with particles were left with open lids to dry for 2 days at RT.

2.3. Loading of Rutin to PMO-PFC Particles

An amount of 100 mg of PMO-PFC particles and rutin trihydrate (80 mg) were mixed
together with 0.4 mL ethanol, sonicated for 20 min and stirred for 10 min at RT. Then, 1.1 mL
DI water was added and sonicated again for 5 min. The mixture was stirred overnight at RT
and then centrifuged for 15 min to collect the rutin-coated PMO-PFC particles. The coated
particles were further washed with DI water and dried overnight. The supernatant was
collected for the purpose of measuring rutin concentration. The amount of rutin loaded
into the PMO-PFC particles was determined by means of spectrophotometric analyses.
300 μL of supernatant was added to a 96-well plate and the absorbance measured at
352 nm by a UV-vis spectrometer. The concentration of free rutin was calculated by using a
calibration curve (Figure S1). The amount of loaded rutin was the amount of rutin added
initially minus the amount of free rutin in the supernatant. The loaded efficiency (E%) was
calculated according to the equation below:

E% = (amount of rutin added-amount of free rutin)/(amount of rutin added) × 100

2.4. Coating of Poly-d-lysine (PDL) to Ru(PMO-PFC) Particles

An amount of 50 mg of Ru(PMO-PFC) was added to 1.5 mL PDL solution (0.5 mg/mL
in DI water) in a 2 mL Eppendorf tube, sonicated for 20 min, and then stirred for 1 day at
RT. The mixture was then centrifuged for 15 min and the supernatant was used to calculate
the released rutin by means of spectrophotometric analyses. The absorbance and E% were
measured as explained in the above section and supporting information. The product was
dried, lids open, at RT.

2.5. Preparation of GelMa

Gelatin methacryloyl (GelMa) was synthesized according to the previous study [44].
First, gelatin (20 g) was dissolved in PBS (600 mL) at 60 ◦C for 1 h by stirring. Then,
methacrylic anhydride (16 mL) was added dropwise to the mixture and continuously
stirred for 2 h at 50 ◦C. The entire mixture was then transferred into dialysis membrane
tubes (with 12–14 kDa) and kept in autoclaved DI water for 7 days at 50 ◦C to remove
unreacted methacrylic anhydride. The water was replaced every day with fresh prewarmed
and autoclaved DI water. After 7 days, the solution was filtered with a vacuum filter
(110 mm pore size) and then lyophilized to achieve a dried GelMa foam.

2.6. Preparation of NC Hydrogel and Scaffold

A GelMa stock solution was first prepared with GelMa (1 g, 10 w/v%) in PBS (10 mL)
mixed with eosin Y in PBS (0.1 mM) as a photoinitiator, TEA as a co-initiator (133 μL,
1.3 w/v%), and VC as a co-monomer (0.1 g, 1.0 w/v%) and kept at 80 ◦C for 10 min in order
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to dissolve GelMa. For the scaffold, the stock GelMa solution was mixed with particle (1
mg/mL) and alginate (70 mg/mL). The hydrogel solution was homogeneously mixed by
spatula and the mixed solution was transferred into a syringe. The hydrogel solution was
then filled into a hexagon template (side—0.25 cm, height—0.4 cm, volume = ca. 65 μL) by
syringe and photo-crosslinked with visible light (450–550 nm) for 120–180 s, using FocalSeal
(Genzyme Biosurgical, Cambridge, MA, USA). For ionic crosslinking of Alg, the templates
were covered with 2.5 mM CaCl2 solution in DI water for 20 min. For rheology, cross-linked
hydrogel was removed from the templates and used for the measurement. For scaffolds,
the templates were frozen at −20 ◦C for 1 day and then lyophilized with a freeze dryer. The
hexagon template was removed and the scaffolds were ready to use for experimentation.
For mechanical properties, the cylindrical scaffolds (10 mm diameter, 10–13 mm height)
were freeze dried and prepared similarly to the above-mentioned method.

2.7. Rutin Release from Rutin-Coated GelMa-Based Scaffold

First, the rutin-coated GelMa-based scaffold (freeze-dried) was placed in DMEM
(1 mL, pH-6 and 7.4) in a 2 mL Eppendorf tube at RT. After each incubation time, the media
was collected and centrifuged for 10 min. The supernatant was transferred into a new
Eppendorf tube and fresh media was added to the scaffold and left at RT until the next
incubation time (adding up the previous incubation time). The collected supernatants were
used to measure the absorbance of rutin for each incubation time by spectrophotometric
analyses. The concentration of released-rutin was calculated by using a calibration curve
similar to the method discussed in the supporting information (Figure S1).

2.8. Measurement of O2 Content from Scaffold

The O2 content of the cell culture media and scaffold containing cell culture media
was determined using an oxygen sensor (OXY-1 SMA trace, Pre Sens Precision Sensing
GmbH, Regensburg, Germany). All samples were incubated either in normoxia (21% O2)
or hypoxia conditions (1% O2) for 14 days. To generate the hypoxia condition, we used a
hypoxia box saturated with a gas mixture of 1% O2 + 5% CO2 + 94% N2. First, the scaffold-
containing media was placed in a hypoxia box closed with a rubber cap and saturated with
1% O2, and the oxygen level measured after the given incubation time. Similar was done
for the normoxia condition without saturating with 1% O2.

2.9. 3D Printing of Hydrogels

To show the printability of prepared NC hydrogels, NC hydrogels were prepared with
particles (1 mg/mL) and alginate (70 mg/mL). The hydrogel mixture was homogenously
mixed by spatula and transferred into a special syringe for 3D printing. The hexagon
structure (ca. 2.3 × 2.3 cm) was designed with the inbuilt software of a Cellink 3D printer
(CELLINK, Boston, MA, USA) for layer-by-layer deposition (3 layers). Particles containing
hydrogels were printed (using Cellink HeartWare version 2.4.1) in a hexagon structure,
and crosslinked with visible light (450–550 nm) for 120–180 s using FocalSeal (Genzyme
Biosurgical, Cambridge, MA, USA), for covalent photo-crosslinking of GelMA, and then
with a 2.5 mM CaCl2 solution for ionic crosslinking of Alg. The syringe temperature and
printing plate temperature were set at 37 ◦C. A needle with an inner diameter of 0.41 mm
was used for printing, and the speed of the syringe was 20 mm s−1. To prepare the scaffolds,
the samples were frozen at −20 ◦C and then lyophilized with a freeze dryer, yielding the
3D-printed scaffolds.

2.10. Cell Viability in the Scaffolds

First, PMO-PFC, Ru(PMO-PFC), and Ru(PMO-PFC)PDL particles(1 mg/mL) -prepared
scaffolds were placed on a culture plate. The cells were thawed from −80 ◦C and carefully
seeded on the culture plate with pre-warmed media. After overnight incubation at 37 ◦C
and 5% CO2, cells were washed with PBS and harvested by trypsinization. Then, cells were
collected by adding pre-warmed media and centrifuged for 3 min. The supernatant was
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discarded and the cell pallet was collected by adding 1 mL pre-warmed media. Cells were
counted in hemocytometer and the particle-coated scaffolds were incubated with 104 cells
for 1 day and 7 days under hypoxia and normoxia conditions at 37 ◦C and 5% CO2. For
control, the cells were seeded on scaffold without particles (only the GelMa-based scaffold).
After incubation period, the scaffolds with cells were washed with PBS (2×) and incubated
with cell proliferation reagent WST-1 assay (10 vol% in media) for 3 h. Cell viability was
measured at 460 nm by scanning the plate with a UV-vis spectrophotometer.

2.11. Co-Staining of Cells

Cells were seeded separately on the scaffolds and incubated for 1 day and 7 days at
37 ◦C and 5% CO2 under hypoxia and normoxia conditions. Then, the cells were fixed
with paraformaldehyde (4%). After 20 min, scaffolds were washed with PBS (2×) and the
nuclei-staining was performed with Hoechst 33342 dye [stock solution (16.2 mM), diluted
1:2000 in PBS] at RT for 20 min. Then, scaffolds were washed with PBS (2×) and incubated
with 0.1% Triton X-100 in PBS for 30 min at RT. Scaffolds were then washed with PBS (3×),
and co-stained with phalloidin Alexa Fluor 488 [5 μL of the methanolic stock solution
(6.6 μM) of phalloidin Alexa Fluor 488, diluted in 200 μL of PBS containing 3% bovine
serum albumin] for f-actin staining. Scaffolds were kept overnight at room temperature
and stored in the dark. Afterward, the scaffolds were washed with PBS (2×) and ready
for imaging.

2.12. Characterization

Scanning electron microscopy (SEM) was performed on a Zeiss cross beam 340 scan-
ning electron microscope, to determine the morphology of the particles. The average
size of the particles from SEM images was measured by ImageJ from 35 NPs. An Inlens-
Duo detector (secondary electron (SE) detector) for particles and a SESI detector (SE, and
secondary ion detector) for the hydrogels were used. Zeta potential measurements and
dynamic light scattering (DLS) were conducted using a Malvern Zetasizer Nano Series. A
Nikon ECLIPSE Ts2R fluorescence microscope was used to determine the cell morphology
and fluorescence imaging. Cell viability was measured using a Tecan Infinite 200 PRO
spectrophotometer. A Christ Alpha 1-2-LD plus freeze-dryer was used to produce porous
hydrogel scaffolds. An INKREDIBLE 3D bioprinter (CELLINK, Boston, MA, USA) was
used to print all nanocomposite hydrogels into computer-designed 3D structures. Rheolog-
ical measurements were carried out using an MCR 302 rheometer (Anton Paar, Ashland,
VA, USA) with a 25 mm diameter parallel-plate geometry measuring system. A material
testing machine (type 066590, ZwickRoell GmbH & Co. KG, Ulm, Germany) was used to
determine the compression modulus of the samples.

2.13. Statistical Methods

Experiments were performed three times. The results are shown as average values
with standard deviations. Significance tests were conducted using a single factor ANOVA
test. Significance levels were depicted as * for p ≤ 0.05, ** for p ≤ 0.01, and *** for p ≤ 0.001,
where p is the probability value and a statistical measurement used to validate a hypothesis
against observed data.

3. Results

3.1. Preparation and Characterization of Rutin-Coated PMO-PFC Particles

The synthesis of PMO-PFC particle was performed according to a previous study [41].
The PFCs are excellent candidates for O2-releasing materials, but the hydrophobic and
non-aqueous nature of PFCs can exert a sudden release of O2 [45]. Therefore, the internal
and external surfaces of NPs were functionalized with PFCs. Next, rutin was encapsulated
into the PMO-PFC system (denoted as Ru(PMO-PFC)) as drug molecules via hydrophobic
forces generated by PFC. It is important to note that non-PFC coated periodic mesoporous
organosilica is insufficient for hydrophobic rutin encapsulation. Rutin is a naturally occur-
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ring bioflavonoid and has a wide range of pharmacological properties. The poor water
solubility of rutin limits its bioavailability; researchers have, therefore, incorporated rutin
into the nanosystems to enhance their stability and bioavailability. We calculated around
90% loading efficiency of rutin into PMO-PFCs. The hydrophobic nature of rutin allows en-
trapment into PMO-PFC particles by hydrophobic forces [46]. The calibration curve of rutin
in water and calculations are given in the Supplementary Information (Figure S1). Further,
to enhance the stability of the whole system in biological and physiochemical conditions, a
biodegradable polymer, PDL, was coated over the rutin-functionalized PMO-PFCs, denoted
as Ru(PMO-PFC)PDL. During the PDL-coating process, an amount of rutin is expected to
release into the supernatant. Therefore, we calculated around 83% loading efficiency after
the PDL coating into the rutin-encapsulated PMO-PFC particles. The characterization of
the functionalized nanoparticles was performed by scanning electron microscopy (SEM),
dynamic light scattering (DLS), and zeta potential measurement. The measured zeta poten-
tial and size distribution values are shown in Table 1. The changes in the zeta potential from
−6.98 ± 0.28 to −14.94 ± 0.47 mV indicate a combined deposition/adsorption process of
rutin on the surface of the PMO-PFCs, because rutin displays different solubility in water
at different temperatures that is attributed to the different interaction forces such as van
der Waals forces and hydrogen bonding (Peng et al.) [47]. The deposition/adsorption
of rutin on the surface of PMO-PFCs, increases the value of the zeta potential; the nega-
tive value may be due to its hydroxyl groups, which indicates the whole particles now
have more negative zeta potential. This result also indicates the deposition/adsorption of
rutin on the external surface of PMO-PFC. Further, the size of the particles increases from
238.30 ± 32.18 to 457.60 ± 60.89 nm. After the PDL (positively charged polymer)-coating
of Ru(PMO-PFC), a positive increase in the zeta potential indicates the successful coating
of the polymer matrix on the Ru(PMO-PFC) via electrostatic interaction. The morphology
of the nanoparticles is shown in SEM image (Figure 1A). The average size of the particles in
DLS and SEM is different, which is most likely due to the aggregation of the hydrophobic
particles in the aqueous solution during the DLS measurement. Furthermore, the increase
in the size of the Ru(PMO-PFC)PDL can be due to the swelling of the PDL on the surface of
the particles.

Table 1. Zeta potential (mean value ± standard deviation) and size measurement (mean
value ± standard deviation) of particles. ANOVA: p < 0.01 (**), p < 0.001 (***) and a = significant
difference between PMO-PFC and Ru(PMO-PFC), b = significant difference between Ru(PMO-PFC)
and Ru(PMO-PFC)PDL. Number of repeated experiments (N) = 3.

Sample Zeta Potential (mV) Size (nm)

PMO-PFC −6.98 ± 0.28 238.30 ± 32.18
Ru(PMO-PFC) a −14.94 ± 0.47 *** 457.60 ± 60.89 **
Ru(PMO-PFC)PDL b 44.50 ± 1.52 *** 520.76 ± 20.11 ***

Figure 1. SEM images of PMO-PFCs (A), G+PMO-PFC (B), G+Ru(PMO-PFC) (C), G+Ru(PMO-
PFC)PDL (D), zoom-in image of hydrogel (E) and PMO-PFCs inside the hydrogel network (F).
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3.2. Characterization of NC Hydrogels

After successful functionalization of rutin to PMO-PFCs and PDL coating on Ru(PMO-
PFC), the hydrogel precursor and scaffolds were prepared as described in the Method
section. The scaffolds with PMO-PFC, Ru(PMO-PFC) and Ru(PMO-PFC)PDL are denoted
as G+PMO-PFC, G+Ru(PMO-PFC), G+Ru(PMO-PFC)PDL, respectively. The hydrogels
were also characterized for morphological properties by SEM (Figure 1B–E). The SEM
images show the porous structure of the prepared scaffolds. The average size of the PMO-
PFCs is 143 ± 12 nm (Figure 1A). The zoom-in image (Figure 1F) shows the distribution of
PMO-PFCs within hydrogel network. The aggregation of PMO-PFCs is expected, due to
the hydrophobic nature of the particles.

Rheologic properties such as viscosity (η), storage (G′) and loss modulus (G′′), are
important factors to determine the injectability of the hydrogel. The ability of hydrogels to
change viscosity in response to the changes in shear stress is crucial for injectable hydrogels.
Hydrogels with a lower viscosity and lower storage and loss moduli are typically easier to
inject than hydrogels with a high viscosity and high storage and loss moduli. The viscosity
of the G+PMO-PFC, G+Ru(PMO-PFC) and G+Ru(PMO-PFC)PDL hydrogels decreases with
increasing shear rate and demonstrates the shear thinning property (Figure 2A). Storage
and loss moduli are the elastic and viscous responses of a hydrogel to oscillatory shear. A
higher storage modulus than loss modulus for the G+PMO-PFC, G+Ru(PMO-PFC) and
G+Ru(PMO-PFC)PDL hydrogels over the entire range of angular velocities demonstrates
their viscoelastic properties (Figure 2B). The shear thinning and viscoelastic properties of
prepared NC hydrogels show their ability for use as injectable hydrogels and as hydrogel
precursors for printing 3D scaffolds. For the compression test, the cylindrical scaffolds were
prepared according to the earlier-mentioned method. The NC-hydrogel scaffolds show a
higher compression modulus than the GelMa-based scaffold at 100 N (Figure 2C), indicating
stronger mechanical compressive properties of NC hydrogel, due to incorporation of NPs.
This is due to the non-covalent interactions between the polymer networks of hydrogel-
and O2-carrying NPs. The G+Ru(PMO-PFC) shows a higher compression modulus than
the GelMa-based scaffold and G+PMO-PFC, perhaps because of the interaction of GelMa
with the hydroxyl-groups of the rutin. G+Ru(PMO-PFC)PDL shows more stiffness (highest
compression modulus among others) due to the distribution of hydrophilic PDL-coated
particles within the hydrogel network. The swelling and degradation of the scaffold were
also measured (Figures S2 and S3). The G+PMO-PFC, G+Ru(PMO-PFC), and G+Ru(PMO-
PFC)PDL scaffolds exhibited a low swelling ratio and less degradation compared with
the GelMa-based scaffold (see Supplementary Information). To summarize, the prepared
NC-hydrogel scaffolds show better rheological properties which enables them to be used
as injectable and printable hydrogels. The enhanced mechanical properties also make these
NC hydrogels potential candidates for constructing an artificial tissue construct.

3.3. 3D Printing of NC Hydrogels

A 3D-printable hydrogel is an emerging area for tissue engineering because of the
bioavailability and biodegradability of hydrogels, and their capabilities for cell adhesion,
proliferation and differentiation. The improved mechanical and elastic properties of NC
hydrogels make them suitable candidates for the strong and durable artificial organ implan-
tations [48]. To demonstrate the printability of the prepared NC hydrogels, NC hydrogels
were printed into a hexagonal structure using the Cellink 3D printer. Figure 3 shows the
3D hexagons printed in this way (Figure 3, top images). The crosslinked and freeze-dried
scaffolds retained their shape fidelity (Figure 3, lower images).
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Figure 2. Rheological and mechanical properties of NC hydrogels. Viscosity vs shear rate (A), the
storage modulus is shown by circle and loss modulus by triangle marker vs angular frequency (B),
and compression modulus for each hydrogel scaffold (C).

Figure 3. Photograph of 3D printed scaffolds of GelMa (A), G+PMO-PFC (B), G+Ru(PMO-PFC)
(C) and G+Ru(PMO-PFC)PDL (D) (The top images are after printing; bottom images are after
crosslinking and freeze-drying process).
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3.4. Oxygen Release from NC Hydrogel Scaffold

To test the oxygen-carrying capacity of PMO-PFC-containing scaffolds, the scaf-
folds were placed in Dulbecco’s Modified Eagle Medium (DMEM) and their O2 con-
tent was measured by an oxygen sensor under normoxia and hypoxia conditions. The
scaffold-containing media was kept in a hypoxia box at normoxia (Figure 4A) and hypoxia
(Figure 4B) conditions for given incubation times. Under the hypoxia condition, O2 content
increases for the media with G+PMO-PFC and remains constant or higher than others
for the longer period (Figure 4B), while that of the particle-free scaffold (GelMa, control)
decreases after 3 h and shows almost zero O2 content over the longer period. A similar
trend is observed with media without any scaffold. However, the media with G+PMO-PFC
in normoxia conditions shows constant O2 content over the period of 4 days and then starts
decreasing after 4 days. However, the decrease in O2 content is slower in G+PMO-PFC
than that in the GelMa-based scaffold (particle-free scaffold). For G+PMO-PFC, the oxygen-
carrying nanoparticles release O2 under hypoxia and normoxia conditions. It is important
to note that under normoxia conditions, the scaffolds in the media interact with air, while
under hypoxia they are in a closed hypoxia box at about 1% O2. Therefore, the release of O2
from PMO-PFC-containing scaffolds was different under normoxia and hypoxia conditions.
To summarize, scaffolds containing PMO-PFC particles continuously release oxygen in the
hypoxia condition and maintain oxygen levels in normoxia conditions (at least for 4 days)
as compared with particle-free scaffolds.

Figure 4. O2 content of NC hydrogel scaffold under normoxia (A) and hypoxia condition (B).

3.5. Rutin Release from Rutin-Functionalized NC Hydrogel Scaffold

Rutin release from the NC scaffolds was studied to show the ability of bio-functional
PMO-PFC particles for sustained drug release into the hydrogel. The initial amount of
rutin per G+Ru(PMO-PFC) scaffold was ca. 46.7 μg and 42.3 μg for the G+Ru(PMO-
PFC)PDL scaffold (see the supporting information for the calculation). The rutin release
was performed at pH 7.4 (physiological environment) and pH 6 (tumor cell environment).
Briefly, the G+Ru(PMO-PFC) and G+Ru(PMO-PFC)PDL scaffolds were placed in media for
the given incubation time (30 min to 7 days) at room temperature. After reach incubation
time, the media was replaced by fresh media and the absorbance of collected media was
measured by UV spectroscopy. The concentration of rutin into media was then calculated
from the calibration curve. The cumulative release profile (Figure 5) shows sustained
release for pH 7.4 and pH 6. It is observed that at pH 6 the release of rutin is slightly higher
than the release at pH 7.4 for both scaffolds. The percentage graph is shown in Figure S4.
The slower and constant drug released from the hydrogels could be beneficial at a specific
site until the natural tissue regenerates or is replaced by implanted artificial tissue. The
slightly higher release at pH 6 could be beneficial, for example, for anticancer drug release
at the tumor site. The results show that the release of rutin from NC hydrogels is sustained
but not significantly pH dependent.
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Figure 5. Rutin release (μg/mL) from NC-hydrogel scaffolds at pH 7.4 and pH 6.

3.6. Cell-Viability Experiment on NC-Hydrogel Scaffolds

To test the bio-functionality and cell-adhesiveness of the prepared NC-hydrogel scaf-
folds, fibroblasts cells (FBs) were used. FBs are the most common cell type present in
connective tissue and play an important role in tissue repair and wound healing. For the
cell experiment, the scaffolds were placed into the well plate and cells (104) were incubated
for 1 day and 7 days, at 37 ◦C and 5% CO2. The cell proliferation reagent WST-1 was
used for the spectrophotometric quantification of cell viability. Figure 6 shows the cell
experiment data for cell viability versus each sample for the number of incubation days.
The data were normalized to the control sample (GelMa, 1day under normoxia) for each
condition and incubation time. Hypoxia conditions occur when there is insufficient (lower
than normal oxygen level) and heterogeneous oxygen distribution within the body tissues,
which can reduce cell growth and proliferation. Hypoxia can reduce cell apoptosis, tissue
necrosis, transplantation failure, and failure in tissue formation. However, oxygen-carrying
particles within NC-hydrogel scaffolds can release oxygen and increase proliferation.

Figure 6. Cell viability of FB cells under normoxia and hypoxia conditions for 1 day and 7 days
incubation times. The red arrow shows the sample with the highest effect on cell viability. ANOVA:
p < 0.05 (*), a = significant difference between four groups, b = significant difference between two
groups. Number of repeated experiments (N) = 3.

Our results show (Figure 6) that, at one day normoxia, no significant difference in
the number of viable cells was observed for G+Ru(PMO-PFC) and G+Ru(PMO-PFC)PDL
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compared to GelMa-based scaffolds, while G+(PMO-PFC) exhibited approximately 47%
more cell viability than GelMa, demonstrating the positive impact of O2-carrying PMO-PFC
on enhanced cell viability under normoxic conditions. However, under hypoxia conditions,
after one day of incubation, we observed only an enhanced effect of G+Ru(PMO-PFC)PDL
on cell viability (approximately 14% increase in cell viability). On the other hand, cell
viability increased under normoxia from one day to seven days by approximately 45, 7,
and 19% for GelMa, G+Ru(PMO-PFC) and G+Ru(PMO-PFC)PDL, respectively. However,
these results were not significant for GelMa, so the effects of releasing O2 and/or rutin
on cell viability after seven days of incubation under normoxia are not apparent. Under
hypoxia conditions, after seven days of incubation, cell viability was slightly lower than
under normoxia only for GelMa. However, we observed a slight increase in cell viability in
G+(PMO-PFC), G+Ru(PMO-PFC) and G+Ru(PMO-PFC)PDL, respectively. Furthermore,
cell viability from one day to seven days also showed an increase in cell viability under
hypoxia conditions due to sustained O2 release, the antioxidant effect of rutin suppressing
oxidative stress induced by hypoxia [23], and the cell-adhesive GelMa and PDL coating.

In general, our results for one day hypoxia, and seven days’ normoxia and hypoxia
showed no significant differences (Figure 6); we, therefore, compared the effects of G+(PMO-
PFC), G+Ru(PMO-PFC), and G+Ru(PMO-PFC)PDL on cell viability under hypoxia condi-
tions with the effects of the particle-free GelMa-based scaffold under normoxia conditions
(Figure 7). We aimed, in fact, to maintain cell viability under hypoxia using O2 delivery
particles similar to cell viability under normoxia conditions. We observed that incorpora-
tion of only G+Ru(PMO-PFC)PDL (H) into GelMa was able to increase cell viability under
hypoxia (H) conditions more than cell viability in GelMa under normoxia (N) conditions for
a one-day incubation period. While GelMa (H), G+(PMO-PFC) (H), and G+Ru(PMO-PFC)
(H) showed approximately 2%, 6%, and 7% less cell viability than GelMa (N), G+Ru(PMO-
PFC)PDL (H) showed a 12% higher cell viability than GelMa (N). This result indicates
the synergistic positive effect of O2, rutin and PDL on cell viability under hypoxia con-
ditions. After seven days of incubation, all samples displayed less cell viability under
hypoxia than normoxia conditions. However, G+(PMO-PFC) (H) showed the best result
compared with the other samples. Cell viability for GelMa (H), G+Ru(PMO-PFC) (H), and
G+Ru(PMO-PFC)PDL (H) was 11, 21, and 10% less than GelMa (N), respectively, while cell
viability for G+(PMO-PFC) (H) was only 2% less than GelMa (N). These results indicate that
G+Ru(PMO-PFC)PDL and G+(PMO-PFC) can be used for one- and seven-day incubation
periods, respectively, to improve or support cell viability under hypoxia conditions. Fur-
thermore, their impact on cell viability increased over time, showing that they can support
viability of cells for longer incubation times.

To summarize, the scaffold containing G+(PMO-PFC) was the best sample that in-
creased cell viability under normoxia only after one day of incubation (Figure 6, red arrow),
while it supported cell viability under hypoxia similar to normoxia but only after seven
days of incubation (Figure 7, red arrow). On the other hand, G+Ru(PMO-PFC)PDL was
the best sample that allowed us to increase cell viability under hypoxia slightly more
than under normoxia conditions, although this effect was significant only after one day of
incubation (Figure 7, dark red arrow).

Fluorescence microscopy was used to examine the morphology of the cells on the
samples (Figure 8). For this, cells were incubated on NC-hydrogel scaffolds under normoxia
and hypoxia for 1 day to 7 days. After incubation period, cells were nuclei- stained with
Hoechst 33342 dye and actin-stained with phalloidin Alexa Fluor 488 dye. Degraded
scaffolds with FB cells on the culture plate were then imaged by microscope. We observed
that the FB cells on the scaffolds had a circular shape instead of their usual elongated and
stretched shape. The ECM nature of hydrogels helps the cells to grow in different shapes
and the shapes of the cells can be manipulated by biochemical clues and the mechanical
properties of the scaffolds [49,50].
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Figure 7. Comparison of the effects of G+(PMO-PFC), G+Ru(PMO-PFC), and G+Ru(PMO-PFC)PDL
on cell viability under hypoxia conditions with the effects of the particle-free GelMa-based scaffold
under normoxia conditions (H = hypoxia; N = normoxia). The dark red arrow shows the sample
with the highest effect on cell viability. ANOVA: p < 0.01 (**), a = significant difference between two
groups. Number of repeated experiments (N) = 3.

Figure 8. Fluorescence images of FB cells on NC-hydrogel scaffolds under normoxia and hypoxia
conditions for 1d and 7d incubation times. Scale bar equals 50 μm.

4. Conclusions

We successfully described a method for the fabrication of NC hydrogels for co-
administration of hydrophobic drug molecules and O2 delivery. NC hydrogels provide
sustained O2 content over a 14-day period under hypoxia and normoxia conditions. The
release experiment also suggests the sustained drug release for seven days. The beneficial
effects of nontoxic and antioxidant rutin, cell-adhesive coating of PMO-PFCs in the 3D hy-
drogel networks, and O2 release from the scaffolds on cell viability were observed only for
G+(PMO-PFC and G+Ru(PMO-PFC)PDL under specific conditions and incubation times.
G+(PMO-PFC) promoted cell viability under normoxia only after one day of incubation
and under hypoxia after seven days of incubation. G+Ru(PMO-PFC)PDL increased cell
viability more under hypoxia than under normoxia conditions in one day of incubation,
demonstrating the synergistic effect of O2 release, rutin, and PDL on cell viability. However,
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our results show that our systems still need to be improved to achieve better cell viability
under hypoxia conditions. The improved rheological properties suggest the prepared NC
hydrogels can be further tested or used as an injectable hydrogel. The enhanced mechanical
properties and 3D-printability of NC hydrogels may be used for artificial tissue constructs.
Therefore, overall performance of prepared NC hydrogels makes an alternate attractive
route for injectable hydrogel in local area delivery and tissue regeneration for implantation.
This can be further investigated for wound dressing to test the pharmacological properties
of rutin for in vivo application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12081304/s1, Figure S1: Calibration curve of rutin in water
at wavelength of 352 nm (A). The absorbance spectra of supernatant after rutin coating of PMO-PFCs
(B); Figure S2: Swelling ratio of GelMa and NC hydrogels at 1day and 7 days; Figure S3: Degradation
of GelMa and NC hydrogels at 1 day and 7 days; Figure S4: Rutin release in percentage for scaffolds
at different pH value.
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Abstract: The micromechanism of the low-cycle fatigue of mono- and multilayer PVD coatings on
cutting tools was investigated. Multilayer nanolaminate (TiAlCrSiY)N/(TiAlCr)N and monolayer
(TiAlCrSiY)N PVD coatings were deposited on the cemented carbide ball nose end mills. Low-cycle
fatigue resistance was studied using the cyclic nanoindentation technique. The obtained results
were compared with the behaviour of the polycrystalline silicon reference sample. The fractal
analysis of time-resolved curves for indenter penetration depth demonstrated regularities of damage
accumulation in the coatings at the early stage of wear. The difference in low-cycle fatigue of the brittle
silicon and nitride wear-resistant coatings is shown. It is demonstrated that when distinguished from
the single layer (TiAlCrSiY)N coating, the nucleation and growth of microcracks in the multilayer
(TiAlCrSiY)N/(TiAlCr)N coating is accompanied by acts of microplastic deformation providing a
higher fracture toughness of the multilayer nanolaminate (TiAlCrSiY)N/(TiAlCr)N.

Keywords: micro-impact fatigue; wear hard coatings; study state cutting; fractal analysis

1. Introduction

Simple and complex ion-plasma PVD coatings based on titanium and aluminium
nitrides are widely used in the metalworking industry to improve the wear resistance
of cutting tools. There are several concepts for designing such coatings. The first one
is based on the permanent increasing of the hardness of the nitrides. Such coatings are
aimed on the passive wear resistance during cutting and they are destroyed due to damage
accumulation [1]. Chemical and phase composition of the second group of hard coatings
is selected in a way that provides favourable conditions for their tribo-oxidation when
protective oxide films are dynamically formed on the surface of the cutting tool [2]. These
amorphous oxide films have a thickness of several nanometres. They radically reduce
the friction and thermal conductivity coefficients in the wear region [3]. In this way,
such coatings are adapting themselves to severe tribological conditions manifesting to the
greatest extent in conditions of high-speed dry cutting.

Nanolaminate multilayer coatings for cutting tools have been proposed in the last
decade as a more promising alternative to traditional monolayer coatings. Multilayer coat-
ings show high hardness, crack resistance, and toughness when compared with monolayer
coatings. The general idea of the surface engineered, multilayer PVD coatings is to design
their composition and architecture that provides adaptive spatio-temporal behaviour of

Nanomaterials 2022, 12, 1312. https://doi.org/10.3390/nano12081312 https://www.mdpi.com/journal/nanomaterials28



Nanomaterials 2022, 12, 1312

the coating [3,4]. This generation of coatings provides the following: the highest possible
adhesion to the substrate; the ability of the coating layer to accumulate and dissipate energy
simultaneously that is typical for nanostructures; and high surface protection/lubrication
with an additional objective of better wear behaviour in a highly loaded contact with a
workpiece and a chip.

The main advantage of multilayer coatings is associated with obstruction of the
transboundary propagation of microcracks. Ultimately, the cutting tool coatings break
down, but we can extend their operational resource by controlling their architecture and
physico-chemical transformations in the cutting zone. In recent years, the mechanisms
of degradation of cutting tool coatings have been studied by microstructural methods.
However, these very detailed studies have discussed superhard coatings on late wear
stages. The coatings had a weak interlayer adhesive strength [5] or were multilayer
ceramic–metallic or nitride–metallic coatings TiN/Ti characterized by a sharp difference
in the elastic-plastic properties of individual layers [6]. The wear of hard coatings has a
multi-stage mechanism. Obviously, the phase composition of the wear products of PVD
coatings is also changed during various stages of cutting.

The running-in stage is the most aggressive in terms of its external impact on the cut-
ting tool. It largely determines the further behaviour of the tool during cutting. Protection
against damage accumulation is the first and the most significant function of the coating at
this stage. Indeed, features of a defective structure formation in wear-resistant coatings
at the initial stage of wear are not studied sufficiently regardless of the fact that this stage
determines the further service of the cutting tool. Nanolaminate multilayer composites
deformed in the wear zone are complicated objects for structural studies because the accu-
mulation of crystal lattice defects including their influence on tool wear during operation
is an unusual task. The aim of this work was the investigation of damage accumulation
in multilayer adaptive coatings at the running-in stage and their influence on subsequent
stages of wear.

Nanoindentation impact testing is one of the representative methods of mechanical
testing providing rich information about the elastic–plastic properties of materials. This
method allows studying physical and mechanical properties at the nanoscale down to
interatomic distances inaccessible to common mechanical testing techniques such as stan-
dard Vickers, Berkovich, Knoop, and Rockwell hardness tests [7–9]. Until now, theoretical
and experimental studies in this area have looked for ways to improve the accuracy in
determining the strength, toughness, and ductility values for various materials basing
on indentation data [10–12]. Nanoindentation is one of the most significant methods to
measure mechanical properties of surface layers and thin films in submicron regions [13].

This method allows measuring the alteration in micromechanical properties of the
nanolaminate coating in course of cyclic deformation. Statistical processing of time series
allows us to analyse the influence of previous events on subsequent ones. The successful
experience of such application of cyclic nanoindentation was demonstrated in a study on
the wear of PVD multilayer coatings [14]. In this work, damage accumulation in solid,
single layer (TiAlCrSiY)N and multilayer (TiAlCrSiY)N/(TiAlCr)N PVD coatings at the
initial wear stage was investigated. These results were compared with the destruction of
hard and brittle silicon.

2. Materials and Methods

The multilayer Ti0.2Al0.55Cr0.2Si0.03Y0.02N/Ti0.25Al0.65Cr0.1N and monolayer
Ti0.2Al0.55Cr0.2Si0.03Y0.02N coatings were deposited using Ti0.2Al0.55Cr0.2Si0.03Y0.02 and
Ti0.25Al0.65Cr0.1 targets that were correspondingly fabricated by a powder metallurgical
process on cemented carbide ball nose end mills WC-Co substrate in an R&D-type hybrid
PVD coater (Kobe Steel Ltd., Koube, Japan) using a plasma-enhanced arc source. The multi-
layer coating had 30 bilayers. WC-Co samples were heated up to about 500 ◦C and cleaned
by Ar ion etching. During the PVD process, an Ar-N2 gas mixture was fed to the chamber
at a pressure of 2.7 Pa with nitrogen partial pressure of 1.3 Pa. The arc source was operated
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at 100 A for a 100 mm diameter × 16 mm thick target. The other deposition parameters
were bias voltage 100 V and substrate rotation 5 rpm. The thickness of the coating studied
was around 3 μm for the film characterization and micro-scale impact testing. The coating
has a nanocrystalline multi-layered microstructure with alternating nanolayers periods of
20–30 nm [15,16] and a hardness of 30 GPa measured using the nanoindentation method at
room temperature and 28 GPa at 500 ◦C [17]. Under micromechanical testing these coatings
were compared with polycrystalline Si. Micromechanical characteristics were determined
using a Micro Materials NanoTest System setup. A trigonal diamond pyramid with the
angle of 65.3◦ penetrated the sample with coating at the loads of 25 mN, 30 mN, 40 mN,
and 50 mN. The cyclic load and unloading with the period of 4 s were repeated many times
for 5 min. The penetration depth vs. the cyclic loading time was registered automatically.
Prior to indentation tests, the calibration of the indenter tip was carried out employing a
fused silica sample. Cyclic nanoindentation loading were carried out on three different
samples of Si, monolayer, and multilayer coated systems and the penetration depth versus
time was recorded continuously at a constant indentation rate of 0.05 s−1.

These studies allowed for modelling the behaviour of the material at low-cycle fatigue.
In the micro-impact test there is a quasi-static indentation before the first actual impact.
The on-load indentation depth (h0) associated with this is recorded and used to confirm
that the depth zero is measured correctly and that the test did not impact an anomalous
region of the surface. Subsequently, the probe depth is recorded “on-load” for every impact.
A detailed description of cyclic nanoindentation technique is given in [2]. In our case, all
micro-impact tests were carried out by one diamond indenter to exclude the influence of
probe geometry [18].

3. Results and Discussion

Cutting tools are operating under low-cycle fatigue conditions. At the initial stage of
cutting tool wear, elastic–plastic deformation is observed, accompanied by strain hardening
and active nucleation, and accumulation of crystal lattice imperfections. The micro-cracking
completes these processes of plastic deformation. In this regard, the resistance of the coating
to low-cycle fatigue can affect the operational resource of the cutting tool.

Indicative displacement/penetration vs. time curves for four different indentation
maximum loads ranging from 25 mN to 50 mN are shown in Figure 1. During the first few
impacts, the depth increases rapidly, gradually slowing to approach a plateau where the
depth is almost unchanged with each successive impact. The monolayer coating compared
to the multilayer one is characterised by lower resistance to cyclic loading already at the
earliest stage of the testing. Moreover, already in the first 30 s, the indenter penetration in
the single layer coating was about 1000 nm, and penetration depth increases rapidly. A
sharp jump on the curve means the formation of forked microcracks propagating to a big
depth. In the multilayer coating, plastic deformation was developed gradually with some
incubation time, and after 50 s the maximal penetration depth did not exceed 280 nm at
the bug jump. This is comparable to the propagation of microdefects through six bilayers.
During the incubation time, at almost 20 s from the start of the experiment, up to 50 s, the
swings were about 30–50 nm of the penetration depth corresponding to the nucleation and
propagation of cracks in one layer. After 50 s, the depth of penetration of the indenter into
the monolayer coating was bigger than for the multilayer one. This means a higher level of
damage accumulation at this stage of the test in the monolayer coating.

Comparable results of Si nanoimpact with spherical indenter were presented in [19].
For silicon reference samples, the results of cyclic nanoindentation differ significantly

from the nitride coatings behaviour. Silicon is an extremely brittle material. It is known
that depending on the load during nanoindentation, a series of phase transitions occurs in
silicon. In the literature, such effects are associated with the formation of new phases, in
particular, Si–II phase with an increase in the load and Si–III/Si–XII phases at the reset [19].
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Figure 1. Short-term indenter penetration depth at 30–50 mN, 50 s for Si reference sample (a) and for
monolayer and multilayer coatings at 25 mN, 300 s (b).

The increase of maximal load to 40 and 50 mN radically changes nanoindentation
curves probably associated with phase transitions already initiated at the initial stage of
cyclic testing because it correlates with dependences of such phase transformations on the
load and loading rate described in [20]. After a short incubation period, the elastoplastic
deformation in this brittle material develops, accompanied by the formation of a sufficient
amount of dislocation sources forming initial microcracks, which are then merged into
main ones. Nanoindentation curves demonstrate discontinuities of a spontaneous rise
in the indenter penetration depth. In this case, the characteristic time of such a jump is
much shorter than the experiment sampling time equal to 0.05 s. This means that Si–II →
Si–III/Si–XII phase transition is accompanied by a rapid expansion of the crystalline lattice
volume in a new phase of structural transformations, which leads to peak stress growth
exceeding the critical ones for the formation of brittle cracks.

These discontinuities known in the literature as pop-ins and pop-outs [21] manifest
themselves as sudden steps crack propagation in both loading and unloading stages. It is
comprehensible that the occurrence of a pop-in is strongly connected with free length of
crack propagation. The length of free propagation for such microfractures depends on the
crystalline structure of different silicon polymorphic phases. A significant differentiation
in jumps of the indenter penetration on these curves occurs due to variations in free
propagation length of brittle microcracks. As we see in silicon, microcracks can unite and
propagate over considerable distances comparable with pop-in jumps.

Conversion of test results to the dependence of contact stress from test time allows
for a better understanding of the development of microstructural defects. These contact
stresses could be calculated using well-known equations for hardness but one should
take into account the presence of both elastic and plastic components of deformation
while the microhardness values refer only to the plastic deformation of the sample. When
assessing the microhardness of a heterophase layered nanocomposite, the microhardness of
a bilayer is calculated taking into account the volume fraction of phases [12]. Assuming that
elastoplastic properties of layers in a TiAlCrSiYN/TiAlCrN multilayer coating do not differ
significantly, the contact stress σ can be determined from the generally accepted expression:

σ = Pmax/A, (1)

where A is the actual projected contact area indenter with material at maximal load Pmax.
In modern nanoindentation systems, the hardness is defined without the optical

control of final residual imprint. A as defined by area function is directly determined from
the “load-displacement curve” [22]. A dependence of hardness and contact stress in our
case on the indenter penetration depth h can be represented as:

σ = 0.00387 Pmax/h2, (2)

where h is the penetration depth. It is clear that σ includes components of elastic and plastic
deformation, and we neglect (similarly to Vickers hardness measurement procedure) the
formation of cracks near the impression.
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Figure 2 presents the re-calculated results of cyclic nanoindentation for polycrystalline
silicon (a) and coatings (b). The stresses of cracks initiation and propagation for coatings
are significantly lower than those for silicon. The results for silicon are presented in Stress
(MPa). It is most probable that steps of constant stresses for Si at loads of 30 mN and 50 mN
correspond to the activation of dislocation sources or due to the joining of lateral cracks.
The sharp drop in stress occurrences is due to their relaxation during coalescence and rapid
propagation of brittle cracks. The noticeable difference in curves for 30, 40, and 50 mN
can be explained by phase transformations that already developed at the initial moments
of nanoindentation.

Figure 2. Dependence of stress on the cyclic nanoindentation time at 30–50 mN, 70 s for Si reference
(a) and at 25 mN, 70 s for monolayer and multilayer coatings (b).

Silicon exhibits a phase transformation at pressures 9 to 16 GPa. Cubic diamond (Si-I)
phase is transformed into the metallic one β-tin (Si-II) and accompanied by a densification
(volume contraction) of about 20%. Experiments also indicate that the first phase formed
from Si-II in 10–12 GPa, under slow decompression, was Si-XII (or R8-rhombohedral struc-
ture with eight atoms per unit cell), leading to a 9% expansion of material [23]. At further
decompressing of Si, the degree of rhombohedral distortion gradually decreases and a
mixture of Si-XII and Si-III phases (bcc 8 body-centred cubic structure with 16 atoms per
unit cell) is produced, whereas the Si-XII remains at ambient pressure. Various investi-
gations [20–25] have shown the probability of phase transformations in silicon during
nanoindentation. One can assume that slip bands are arising during nanoindentation under
load localisation, and their hindering provides peak stresses initiating phase transforma-
tions in local shear bands at a lower level in the range of 30–50 mN than was described in
the literature [23].

One can see in Figures 1 and 2 that opposed to brittle silicon, the single- and multilayer
coatings behave as constant values of stresses and penetration depth achieved at indentation
time from 5 to 35 s. This stage of cyclic nanoindentation is developing at a depth of about
100 nm. We can assume that dislocation sources are initiated at this time. Microplastic
deformation in these coatings is developing without flashy growth of microcracks. For later
impact testing times microcracks in the monolayer coating are nucleating and growing to
the critical length. Stresses in the multilayer coating remain stable during a long enough
time when microcracks grow, reaching their critical length. Then, microcracks grow without
increasing the applied stresses propagating into the volume, which leads to stress relaxation.
Microplastic deformation of a multilayer coating takes a much longer time and stops with
gradual stress-decreasing as a result of the initiation and propagation of microcracks into
the coating layers depth of about 280 nm corresponding to six TiAlCrSiYN/TiAlCrN
bilayers. Formation of hills around indentations in the case of microplastic deformation
and its absence at brittle cracking was previously shown on SEM images of imprints
in [2,14] (Figure 3).
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Figure 3. Cyclic variations of Hurst exponents for fatigue tests of silicon at 30 mN (a), 40 mN (b), and
50 mN (c) loads.

In accordance with the Mises principle [24], microplastic deformation can develop in
neighbouring regions in the presence of compatible deformation. It can be assumed that
a high number of interfaces in a multilayer coating should sharply reduce the plasticity
due to the disarrangement in compatibility in the transfer of the dislocation slip between
layers, but such a coating has a big margin of toughness compared with the monolayer
coating. This is clearly seen when we compare indentation depth stabilisation from 7 s to
52 s of the impact. There are two reasons for this phenomenon. The first is that a good
crystallographic conformity exists between the TiAlCrSiYN and TiAlCrN layers during
their epitaxial growth. The second reason is that the initiation and growth of microcracks in
each of the layers in the multilayer coating prevails over their transboundary propagation.
At the same time, the mature substructure and the small thickness of several nanometre
layers can significantly reduce peak Peierls stresses [26] and slow the growth of microcracks
to their critical size. The stabilisation of the indentation depth and the constancy of stresses
at long test times up to 300 s (Figures 1 and 2) may be due to the strain hardening and the
stabilization of coating plastic deformation at the selected indentation load.

The monolayer coating has lower impact toughness and it is fractured with cascade
formation of brittle cracks throughout the entire volume of the material. In the multi-
layer coating, microcracking is developing in several layers by sequential propagating of
microcracks between layers. This process is energy-consuming with one comparing to
simple crack branching in a monolayer. Obviously, during wear of coatings as in course of
cyclic nanoindentation tests, mechanical load is accompanied by microplastic deformation,
microcrack formation, and strain hardening.

It was of considerable interest to study the influence of initial stages of coating degra-
dation on further ones. For this purpose, the indentation curves shown in Figures 1 and 2
were subjected to fractal analysis.

We used the Hurst exponent as a tool measuring the long-term influence of previous
events on subsequent ones developed during nanoimpact tests. To determine the Hurst
exponent, nanoindentation curves presented in Figures 1 and 2 for 300 s of testing were
rescaled in short time intervals corresponding to individual jumps. For each series, the
following was determined: the end of the time series, the average value of the penetration
depth in each series, the difference between the maximum and minimum values (R),
standard deviation (S), and number of measurements (pulses) (N). The Hurst parameter
(H) was calculated using the following formula:

H = log(R/S)/log(N/2), (3)

In this analysis three ranges of the Hurst exponent are considered. The H value of
0.5 corresponds to a stochastic uncorrelated process. In this case, the prior and posterior
events are divorced from each other. The current process does not determine the following
one. If 0 ≤ H < 0.5, the process is unstable similar to the “white noise” when a mean
reversion is observed. A Hurst exponent in the range of 0.5 < H < 1 represents a sequence
of events coupled in time. Here, events inherit from previous ones, and each previous
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event affects the next one. In terms of chaotic dynamics, the process sensitivity to initial
conditions is observed in this case. Moreover, such long-term memory is preserved over
the whole analysed time series. That is, short-term processes will affect further short-term
processes, and long-term processes will affect further long-term processes. At H exceeding
0.5, the time series is a fractal and the series of self-similar processes are observed in it.

Figure 3 shows the cyclic variation of the Hurst exponent for nanoimpact tests of
silicon. The blue colour corresponds to calculations based on Figure 1 depth-time plots;
the red colour corresponds to the calculation based on Figure 2 stress-time. As one can see,
weakly interdependent processes are observed only in the very initial period up to 15 s of
nanoindentation at a load of 40 mN. This means that in the initial period of testing there is
a close relationship between the microcracks initiation and their propagation. In all other
cases during nanoindentation, the Hurst exponent value is less than 0.5, and degradation
of silicon develops as a stochastic process. At the 40 mN load, the curves of the Hurst
exponent calculated from the drop-in stresses or the increase in the depth of the crater,
are in alignment, but at other loads the divergence of the curves becomes noticeable after
15 s. These regions are marked by ovals on the plots. Most likely this difference in Hurst
exponents is observed because at this fatigue stage, the cascade of the lateral branching
of cracks develops in silicon, and the real contact area between indenter and material
distinguishes from what one expects for a given penetration depth. As the Hurst exponent
value for silicon is on average about 0.5, its fatigue brittle fracture occurs as a stochastic
process, when in the simplest case the branching of cracks does not relate to the number of
their nucleation centres.

Comparing Figures 3 and 4, one can see that the wear of both monolayer and multilayer
coatings differs significantly from the degradation of silicon: Hurst exponents are staying
above 0.5 up to 300 s of the fatigue tests.

Figure 4. Cyclic variations of Hurst exponents for nanoindentation tests of monolayer (a) and
multilayer (b) coatings.

Analysing the features of the plots in Figure 4, we can see that the Hurst exponent H
fluctuates within 0.5 < H <0.66. For each coating the Hurst exponents coincide completely
regardless of calculation method. This means that during fatigue tests the ductility of
the coatings is high and brittle degradation of the material near the indenter print is not
observed as distinguished from silicon. Each fluctuation peak H = F(t) signifies the accumu-
lation of coherent structural transformations and their subsequent relaxation. Microplastic
deformation and relaxation of accumulated micro-stresses occur at initial moments of the
tests. The average level of the Hurst criterion is slightly higher for the multilayer coating
than for the single layer one. This means that the processes of structural self-organization
in both coatings are sufficiently high and that if the Hurst exponent is higher than 0.5 for a
long series of observations, the long-term memory of events becomes significant.

Since the Hurst exponent is reliably higher than 0.5 during testing of up to 300 s, both
coatings are damaged gradually due to the slow growth of previously initiated microcracks.
Analysing Figures 2 and 4, we can conclude that the multilayer coating has an increased low-
cycle fatigue resistance compared to the monolayer coating. In the entire range of fatigue
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tests, microplastic deformations in the monolayer coating are developing for a short time at
the very initial moment of loading. Subsequently, cracks are nucleating and propagating by
the brittle fracture mechanism through nitride, spontaneously and at high speed without
any interrelation. The multilayer coating is characterised by a big toughness margin. So,
the fatigue in this coating develops with the presence of an incubation period when the
initiation and propagation of microcracks is accompanied by microplastic deformation and
relaxation of accumulated stresses without brittle degradation of coatings.

4. Conclusions

At the early stage of wear, microcracks under the influence of localised stresses are
nucleating and propagating in the coatings. During the incubation period, the nucleation of
cracks is accompanied by microplastic deformation, which significantly increases the stage
of damage accumulation and influences on cracks branching in the volume and on the
interfaces. In the monolayer coating the nucleation and growth of brittle microcracks occurs
throughout the whole deformed volume. During low-cycle fatigue tests the structural
self-organization is quite high in both multilayer TiAlCrSiYN/TiAlCrN and monolayer
TiAlCrSiYN coatings. In this case, the multilayer coating is characterised by larger tough-
ness. In these coatings, fatigue structural changes are interrelated in contrast to silicon
where the low-cycle fatigue develops as a stochastic accumulation of imperfections.
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Abstract: It is well known that layered double hydroxides (LDHs) are two-dimensional (2D) layered
compounds. However, we modified these 2D layered compounds to become one-dimensional (1D)
nanostructures destined for high-performance supercapacitors applications. In this direction, silicon
was inserted inside the nanolayers of Co-LDHs producing nanofibers of Si/Co LDHs through the
intercalation of cyanate anions as pillars for building nanolayered structures. Additionally, nanoparti-
cles were observed by controlling the preparation conditions and the silicon percentage. Scanning
electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy and thermal analyses
have been used to characterize the nanolayered structures of Si/Co LDHs. The electrochemical
characterization was performed by cyclic voltammetry and galvanic charge–discharge technique in
2M KOH electrolyte solution using three-electrode cell system. The calculated specific capacitance
results indicated that the change of morphology from nanoparticles or plates to nanofibers had a
positive effect for improving the performance of specific capacitance of Si/Co LDHs. The specific
capacitance enhanced to be 621.5 F g−1 in the case of the nanofiber of Si/Co LDHs. Similarly, the
excellent cyclic stability (84.5%) was observed for the nanofiber. These results were explained through
the attribute of the nanofibrous morphology and synergistic effects between the electric double
layer capacitive character of the silicon and the pseudo capacitance nature of the cobalt. The high
capacitance of ternary Si/Co/cyanate LDHs nanocomposites was suggested to be used as active
electrode materials for high-performance supercapacitors applications.

Keywords: Si/Co LDHs; 1D nanostructures; nanofibers; cyclic voltammetry; charge–discharge
method; supercapacitors

1. Introduction

The current global energy situation has become more critical because of environmental
problems and climate change. Therefore, the urgent and continued need for clean energy
has pushed the development of novel alternative sources of energy that are capable of
transforming energy as well as storing energy for longer durations [1–5]. Therefore, there is
an urgent need for an abundance of energy storage devices such as fuel cells, batteries, and
super capacitors (electrochemical capacitors), which are low cost, environmentally friendly,
more effective, and easier to manufacture. The interests in supercapacitors are being
stimulated due to the potential connection between traditional capacitors and batteries [6–8].
Supercapacitors (SCs), also called ultra-capacitors, are considered to be a new type of energy
storage/conversion device due to their high-power density, fast charging/discharging rate,
long lifecycle, wide operating temperature range, as well as its maintenance-free and
ecofriendly features. Due to its excellent properties, it is used in different application
systems such as hybrid electric vehicles, electronic devices, mortar starter, memory backup
system, industrial power and energy management [9–11].

Generally, supercapacitors or electrochemical supercapacitors can be divided into two
major categories based on its charging mechanism [12]. The first one is electric double
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layer capacitors (EDLCs), which store capacity or electrical energy through the adsorp-
tion/desorption between the electrode–electrolyte interface and carbon-based materials.
These are used as active materials for fabricating electrodes. The second is pseudo capaci-
tors, wherein energy is based on the faradic process at the surface of the electrode in the
electrolyte solution and the charge accumulates through the redox reaction. Conducting
polymers and transition metal oxide and hydroxide have been used in pseudo capacitors.
Pseudo capacitive electrode materials, especially binary metal oxides or hydroxides, have
been proven to be an outstanding specific capacitance material. Recently, transition metal
silicate oxide or hydroxides have focused on positive electrode materials due to their
higher theoretical capacity, easy synthesis, and low cost [13–15]. For example, Zhang et al.
synthesized three-dimensional Zn4Si2O7(OH)2·H2O which were used in supercapacitive
device applications [16].

Among the binary metal hydroxides materials, layered double hydroxides (LDHs)
are promising capacitive materials for many electrochemical processes because they have
layered structures that contain positive and negative charges which can act as active sites
for electrochemical processes [17]. The positive charges of the nanolayers of LDHs are
produced from the presence of di- and trivalent metals in order arrangements inside
nanolayers. To neutralize the positive charges of the nanolayers, selective anionic species
are intercalated to act as pillars for building the nanolayered structures of LDHs [18]. These
structures showed a high performance in different fields such as catalysis [19], magnetic and
optical applications [20], lithium-ion batteries [21] and particularly, supercapacitors [22,23].
For supercapacitors [24,25], the stable-layered structures of LDHs can attain the demands
of efficient supercapacitors such as long-life cycling at a high current density. For example,
a high energy density with 95% retention after 10,000 cycles was reported for CoS/NiCo
LDHs [26]. Additionally, a maximum energy density 35 Wh kg−1 was observed for NiAl
LDHs/Ni-MOF [27].

In recent years, [28], Si-based materials have attracted attention in electrochemical
processes because of their high theoretical capacity 4200 mA h g−1. Si–C–Cu composites [29]
and Si–C microspheres [30,31] which showed an enhanced electrochemical performance.
Therefore, many researchers have tried to combine silicon with LDHs for increasing the
electrochemical performance, but it was difficult because the structure of LDHs depends
on di- and trivalent elements. Recently, Li et al. [32] reported that Si supported on NiAl
LDHs increased the performance of anode material in lithium batteries. Additionally,
the pseudo-capacitive performance of Ni3Si2 nanowires was observed by Goh’s group,
indicating 54.8 C g−1 at 0.5 A g−1 in the case it was grown on a Ni-coated Si substrate and
313 C g−1 at 0.5 A g−1 for Ni foil [33]. In addition, higher specific capacitance (760 F g−1

at 0.5 A g−1) was observed for Ni3Si2 nanowires grown on Ni foam by Jiang et al. [34]. A
good supercapacitor performance was observed through preparing the single-crystalline
Co2Si nanowires producing ~983 μF cm−2 at 2 μA cm−2 [35].

To the best of our knowledge, there is no one working on the applications of Si/Co
LDHs for supercapacitors. Therefore, in the current study, series of Si/Co LDHs were
prepared and transformed to become nanofibers through the confinement of cyanate
anions inside nanolayered structures. The optimized Si/Co LDHs electrode material
exhibited excellent electrochemical performance in 2M KOH electrolytic solution; the
specific capacitance of Si/Co LDHs electrodes was up to 621.5 F g−1 at 2 A g−1 and the
capacitance retention was approximately 86.5% after 3000 continuous charge/discharge
cycles. This study can provide a reference for future studies of morphological control and
provide the strategies to enhance the performance of supercapacitor electrode materials.
Additionally, nanofibers may be useful for designing and fabricating nano-devices.

2. Materials and Methods

2.1. Preparation of Nanostructures

The hydrolysis of urea depends on temperature [36]. By controlling the temperature
of the aqueous solution of urea, it decomposes at a slow rate whilst producing ammonium
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carbonate or cyanate through two stages. During the slow decomposition of urea, the
reaction medium is converted from acidic into alkaline, which leads to precipitating the
nanostructures of Si/Co LDHs. Therefore, the urea was used in this reaction as a pH
controller and precipitant. Series of Si/Co LDHs were prepared after mixing aqueous
solutions of cobalt nitrate (0.03 M), urea (0.5 M) and silicon chloride (0.0096 M) under
vigorous stirring. The reaction is sensitive for the temperature. Therefore, it was precisely
adjusted at 80 ◦C. Depending on the time of the reaction, series of Si/Co samples were
prepared. After 16 h, the sample was separated and washed by the distilled water. This
sample was coded by SiCo-1-16. By continuing the heating process, the second sample was
separated after 20 h and coded by SiCo-1-20. By further heating for 26 h and 36 h, the third
and fourth samples were separated and coded by SiCo-1-26 and SiCo-1-36.

By increasing the molar ratio of Si/Co from 0.25 to 0.33, the fifth sample was pre-
cipitated after heating for 36 h of the same procedure. After washing and filtration, the
product was dehydrated under vacuum at room temperature. The sample was labeled here
after as Si/Co-2-36.

2.2. Physical Characterization

The morphology of the prepared samples was determined by scanning electron mi-
croscopy (SEM). The JEOL JSM-6330F (Tokyo, Japan) was used for imaging solid prepared
materials. By using powder X-ray diffraction a Rigaku RINT 2200 (Tokyo, Japan), the
structure of the prepared materials was determined through a source of radiation Cu Kα

(filtered) at λ = 0.154 nm with angles between 1.8◦ and 50◦. A Seiko SSC 5200 apparatus
(Tokyo, Japan) was used for measuring the thermal analyses of the prepared materials
using three techniques (differential thermal gravimetric—DTG; thermal gravimetric—TGA;
and differential thermal analysis—DTA). The thermal analyses were measured under a flow
of nitrogen and were carried out up to 800 ◦C with a heating rate of 10 ◦C/min. In order to
determine the functional groups of the prepared materials, Horiba FT-720 (Tokyo, Japan)
has used for performing Fourier transform infrared (FT-IR) spectroscopy using potassium
bromide discs in the range of 400–4000 cm−1.

2.3. Electrochemical Measurements

Electrochemical performance of all the electrodes was examined in a three-electrode
system with a Pt sheet, a Ag/AgCl electrode used as a reference and counter electrode,
respectively. To fabricate the working electrode firstly, slurry active material was pre-
pared by adding 80 wt% of the Si/Co LDH, 10 wt% of activated carbon (AC), 10 wt% of
polyvinylidene fluoride (PVDF) in anhydrous 1-Methyl-2-pyrrolidinone (NMP) and mixed
properly using a magnetic stirrer at ambient temperature and the slurry of active material
coated on chemically cleaned nickel foam of 1 × 1 area with mass loading at approximately
1 mg before drying in an oven at 90 ◦C for 12 h. All electrochemical measurements were
carried out in 2M KOH aqueous solution using CV and CD analysis.

3. Results and Discussion

3.1. Scanning Electron Microscopy

Scanning electron microscopy is an important technique for determining the morphol-
ogy of Si/Co LDHs. In order to obtain clear images, the samples were coated by a thin film
of platinum before measurements. However, whilst the SEM images of the natural samples
of layered double hydroxides showed platy morphology, the current samples of Si/Co
LDH exhibited an alternative morphology. Figure 1a shows the SEM images of sample
Si/Co-1-16. It indicates that the sample Si/Co-1-16 has fibers in the nano scale. In addition,
there are a few nanoparticles being observed in Figure 1a. These results were confirmed
through measuring the SEM images of sample Si/Co-1-26 as shown in Figure 1b and
Figure S1. Clear fibrous morphology was observed in a wide area of the sample Si/Co-1-26,
as seen in Figure S1a. By magnifying, it showed clear nanofibers in the shape of aggregates
and bundles, as seen in Figure S1b,c. In the other locations, the individual nanofibers were
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observed, indicating that the fibers of Si-Co-1-26 are in the nanoscale with a diameter of
50 nm, as shown in Figure S1c,d.

Figure 1. SEM images of samples (a) SiCo-1-16; (b) SiCo-1-26; (c,d) SiCo-2-36; and (e) EDX analysis
of SiCo-1-26.

By increasing the molar ratio of Si/Co from 0.25 to 0.33, SEM images of Si/Co-2-36
showed nanoparticles in addition to a fibrous structure, as shown in Figure 1c,d. Addition-
ally, Figure 1c revealed the aggregates of both nanofibers and the nanoparticles, together
indicating the presence of two phases. The appearance of nanoparticles after increasing
the content of silicon indicated that the extra silicon separated from the LDH structure
to build new phase.

By comparing with the familiar plate-like morphology of LDHs, the nano-fibrous
morphology of Si/Co LDH is unusual because the structure of LDHs consists of nanolayers
with interlayered anions acting as pillars. In the usual LDHs, it is logical because the
nanolayers of the majority of LDHs are composed of di- and tri-valent cations. Therefore,
one positive charge (+1) was produced and neutralized with one negative charge (one pillar
or one anion). However, in our study, the tetravalent silicon was used inside the nanolayers
with cobalt. Therefore, a positive charge (+2) was produced and neutralized by two anions.
Therefore, the nanofibers were formed through a mechanism which will be explained later
in the subsequent sections.

Energy-dispersive X-ray spectrometry (EDX) analysis has provided clear information
of the different elements in the outermost layers of the nanofibers of LDHs. Cobalt and
silicon in addition to oxygen were detected in the wide area of the SEM image of SiCo-1-26
as shown in Figure 1e. Additionally, the signals of both nitrogen and carbon are clearly
observed in Figure 1e, indicating the presence of cyanate and nitrate anions.
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X-ray photoelectron spectroscopy (XPS), which is also known as electron spectroscopy
for chemical analysis (ESCA), was used for measuring the oxidation state of cobalt in
sample SiCo-1-26. According to the electron binding energy of Co (2p3/2) for sample
SiCo-1-26, it was 785 eV, as shown in Figure S2. By comparing with the binding energy
of cobalt in CoO (783–781 eV) [37,38] and in Co2O3 (781–779 eV) [37,38], the presence of
cobalt as divalent cations was confirmed because the value 785 eV was near to the divalent
cation (783 eV) and far from the trivalent cation (781 eV).

3.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy was utilized to detect the interlayered anions
of Si/Co LDH and determine its functional groups. Figure 2 showed the FT-IR spectrum of
the nanofibers of Si/Co LDHs.
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Figure 2. Infrared spectrum of the sample SiCo-1-26.

Fourier transform infrared spectroscopy was utilized to detect the interlayered anions
of Si/Co LDH and determine its functional groups. Figure 2 showed the FT-IR spectra
of the nanofibers of Si/Co LDHs. The clear absorption bands, which were observed at
3467 cm−1 and 1637 cm−1, confirmed the presence of both the hydroxyl groups and the
interlayered water. Additionally, Figure 2 showed small bands at 2923 cm−1 and 2854 cm−1,
indicating the formation of hydrogen bonds between the interlayered water and anions.
These characteristic bands confirmed the formation of the LDH structure. The absorption
band of the interlayered cyanate anions was observed at 2190 cm−1. Additionally, the peak
at 1012 cm−1 which was due to stretching mode of C–N was confirmed the presence of
cyanate anions. In addition, the presence of nitrate anions was confirmed by two bands at
1508 cm−1 and 1384 cm−1. Additionally, the vibrational mode of nitrate (υ4) was observed
at 669 cm−1. Characteristic peaks for O–Si–O appeared as a broad peak at 1012 cm−1 while
the band observed at 462 cm−1 is due to Si–O–Co [39], as shown in Figure 2.

3.3. Powder X-ray Diffraction

Figure 3 displays the X-ray diffraction patterns of the prepared products after the
different reaction times 16–36 h. Figure 3(a) showed that the sample SiCo-1-16, which
precipitated after reaction time 16 h, has a non-crystalline structure.
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Figure 3. X-ray diffraction of Si/Co LDH: (a) SiCo-1-16; (b) SiCo-1-20; (c) SiCo-1-26; (d) SiCo-1-36;
and (e) SiCo-2-36.

In case the reaction time increased to 20 h, weak peaks started to grow as shown in
Figure 3(b). During a reaction time lasting between 26 h and 36 h, the weak peaks became
more observable in the diagram of sample SiCo-1-26, as shown in Figure 3(c). The main
peaks of the layered double structure were observed at 0.79 nm, 0.36 nm and 0.26 nm,
indicating the reflections of planes [003], [006], and [009], respectively. According to the
spacing for plane [003], the parameter (c) was calculated to be 2.37 nm. By comparing with
the (c) value of the synthetic and natural LDHs, a little shift was observed for the prepared
Si/Co LDHs. Additionally, other peaks were observed at a spacing of 0.27 nm, 0.26 nm,
0.25 nm and 0.23 nm. According to Gastuche et al. and Saber et al. [40,41], these peaks
agree with the diffuse non-basal reflections of the planes (100), (101), (012) and (104) of an
LDH structure and confirm that the Si/Co LDHs has disordered structure. These data agree
with the results which are previously published for Zn-Si LDH [41] and concluded that the
presence of silicon inside the nanolayers of LDHs caused the distortion of the nanolayered
structures of LDHs.

By increasing the molar ratio of Si/Co, an amorphous structure was observed for the
sample Si/Co-2-36, as shown in Figure 3(e). This means that the presence of a high silicon
content caused strong distortion for the layered structure because of creating a new phase,
which is consistent with the SEM results.

According to the SEM images and XRD results, in addition to the XPS and EDX spectra,
the effect of reaction and aging time plays an important role for building the nanofibers of
Si/Co LDHs. Figure 4 shows the schematic representation of the synthesis of 1D nanofibers.
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Figure 4. Schematic representation of the synthesis of 1D nanofibers.

3.4. Thermal Analyses

The thermal behavior of samples SiCo-1-16 and SiCo-1-36 was determined by measur-
ing the thermal gravimetric (TGA), differential thermal gravimetric (DTG) and differential
thermal analyses (DTA). Figure 5a showed that the total weight loss of SiCo-1-16 was 21%
and accomplished after heating at 500 ◦C, while the total weight loss of SiCo-1-36 was 27%
and observed at 601 ◦C, as shown in Figure 5b. This means that the Si/Co LDHs needed
more reaction time than 16 h to be completely formed. By studying the details of thermal
analyses, the TG diagrams revealed that the intercalated water and surface water were lost
through two stages in a similar way for both samples SiCo-1-16 and SiCo-1-36. At 100 ◦C,
the surface water of both samples was easily lost and was 7–8 wt%, which is consistent
with the clear peak in the DTG curve.

Figure 5. Thermal analyses of: (a) SiCo-1-16; and (b) SiCo-1-36.

The DTA curve confirmed that by observing the endothermic peak at 80 ◦C, the
water molecules which strongly bonded with the interlayered anions were lost at higher
temperatures of 222–258 ◦C for both samples and were 3–4 wt%. The decomposition of
the interlayered anions of sample SiCo-1-16 happened in two steps. The first step was
6 wt% and occurred at 331 ◦C. The second step was 4 wt% and took place at 500 ◦C. The
DTG curve revealed two peaks at 275 ◦C and 297 ◦C, confirming the presence of two
interlayered anions. Additionally, the dual interlayered anions were confirmed by DTA
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curve. However, in the case of sample SiCo-1-36, the first anion 9 wt% was sharply lost
at 274 ◦C, exhibiting an endothermic peak in the DTA curve and a sharp peak in the DTG
curve at 256 ◦C. Meanwhile, the second anion 7 wt% was gradually lost at up to 601 ◦C with
the dihydroxylation process of the nanolayers. These results concluded that the nanofibers
of Si/Co LDH formed after 26 h of reaction time. During this time, the dual anions of
cyanate and nitrate intercalated with a large amount of water inside the interlayered space.

3.5. Formation Mechanism of One-Dimensional Nanofibers

The usual geometry and morphology of Co-Al LDHs are two-dimensional layered
structures with a hexagonal shape [42]. In the current structure, a one-dimensional structure
was observed for Si/Co LDHs. According to the difference between the usual LDHs and
the current LDHs, the mechanism of conversion from a 2D material to a 1D structure can
be applied for explaining this behavior. The current Si/Co LDH creates cationic nanolayers
with positive charges (+2) on silicon because of the combination between the divalent cobalt
and the tetravalent silicon. In addition, the FI-IR results and thermal analyses confirmed
the presence of cyanate anions (CNO−) and nitrate anions which can be used as pillars for
building the LDH structure and neutralizing the positive charges (+2) of the nanolayers
of Si/Co. These cyanate anions were produced through urea hydrolysis while the nitrate
anions were released from the precursor of cobalt. Urea is a very weak Bronsted base
(pKb = 13.8). By controlling the temperature, urea is slowly hydrolyzed and decomposed
to form ammonium cyanate, converting the medium of the reaction from an acidic nature
(pH = 3) to alkaline nature (pH = 8).

This process needs a long time to produce enough amounts of cyanate anions in
addition to achieving an alkaline medium for precipitating LDHs. Therefore, SEM images
showed that the better quality of nanofibers was obtained after 26 h of the reaction. The
positive charges (+2), which produced from the combination between cobalt and silicon,
attracted the cyanate anions and/or nitrate anions which were identified by FTIR and
thermal analyses. The comparison between the structure and the size of both nitrate and
cyanate anions indicated that the intercalation of cyanate anions to build LDHs is more
favorable because of its straight structure. By competition with the nitrate anions, the pull
of two cyanate anions (−1) toward the silicon cation (+2) is occurred through only one
side as shown in Figure 6. The steric hindrance between these two anions created strong
repulsion forces inside the interlayered region of LDH. These forces pushed and pressed on
the nanolayers, especially on their edges leading to curling and curving for the nanolayers
producing nanofibers as shown in Figure 6.

Figure 6. Schematic representation of 1D nanofiber.

3.6. Electrochemical Studies

Electrochemical supercapacitor properties of the nano size one-dimensional Si/Co
LDH samples explored in three-electrode system. The system based on one-dimensional
Si/Co LDHs as a working electrode, platinum sheet as a counter electrode, Ag/AgCl as a
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compared electrode, and 2 moles of KOH electrolyte. A collection of the effective electro-
chemical method such as cyclic voltammetry (CV) and Galvano static charge–discharge
(GCD) applied to investigate the electrochemical properties of the SiCo-1-16, SiCo-1-26,
SiCo-1-36 and Si/Co-2-36 LDH electrode materials. The voltage range of the optimal
capacitance of the Si/Co LDHs was measured by the CV curves under the scan rate of
5 mV/s and the optimal range was from 0.0 V to 0.45 V (Figure 7a).

Figure 7. Comparative (a) CV curves of the SiCo-1-16, SiCo-1-26, SiCo-1-36, and SiCo-2-36 LDH
electrodes at fix scan rate of 5 mV/s; and (b) CD curves of SiCo-1-16, SiCo-1-26, SiCo-1-36, and
SiCo-2-36 LDH electrodes at fixed current density of 2 A g−1.

Figure 7a represents the comparative CV graphs of the SiCo-1-16, SiCo-1-26, SiCo-1-
36 and Si/Co-2-36 LDH electrodes at a fixed scan rate, which reveals the impact of the
synthesis time duration and mole ratio of Si/Co on their electrochemical properties. All
four samples of Si/Co LDH with a different synthesis time duration and different mole
ratio of Si/Co show regular CV curves and all four samples have a couple of redox peaks
between approximately 0.05 and 0.35 V at a fixed scan rate of 5 mV/s, which indicates the
faradic nature [43,44]. It is well known that the charges are stored with respect to the area
under the CV curves. The redox peak assigned the reaction of Co2+/Co3+ in the Si/Co LDH
in alkaline electrolytic solution [44–46]. From CV curves, it can be seen that the SiCo-1-26
sample’s large integrated area in the CV curve as compared to other samples of Si/Co
LDH indicates a higher specific capacitance provided by the SiCo-1-26 sample electrode.
This enhanced performance of the SiCo-1-26 LDH electrode is due to the nano fibrous
morphology of the material, which secondly might be due to the synergetic effect between
silicon as EDLC and the pseudocapacitive nature of cobalt. Changing the synthesis time
duration also affects the morphology of the electrode material, which affects the specific
capacitance of the electrode material. In the case of the SiCo-1-36 electrode, which was due
to a long synthesis time, the nano fibers became thick, which is responsible for the decrease
in the capacitance of the electrode material (SiCo-1-36). In the case of SiCo-2-36 from the
SEM images, it can be clearly seen that the nanoparticles adhere to the nanofibers and both
nanofibers and nanoparticles aggregate together, hindering the capacitive performance of
the SiCo-2-36 electrode.

The comparative GCD data are also proposed in Figure 7b at the current density
of 2 A/g−1 and in the potential range of the 0.0 to 0.4 V. All the electrodes demonstrate
rapid response and excellent electrochemical reversibility, confirming the faradic behavior
of electrodes. Moreover, the specific capacitance of these samples calculated from the
length of charge/discharge curve and from Equation (S1) mention inside the electronic
supplementary information of the Si/Co LDH electrodes confirm this result precisely.
The SiCo-1-16, SiCo-1-26, SiCo-1-36 and Si/Co-2-36 LDH electrodes depicted the highest
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calculated specific capacitance of 140 F g−1, 621.5 F g−1, 515 F g−1 and 326.5 F g−1 at the
current density of 2 A g−1 [47,48], respectively. The SiCo-1-26 LDH electrode has the largest
specific capacitance (621.5 F g−1) as compared to the SiCo-1-16 (140 F g−1), SiCo-1-36
(515 F g−1) and Si/Co-2-36 (326.5 F g−1) LDH electrodes; moreover, the calculated CD
result coordinates well with the CV result.

Figure 8 depicted the CV curves of all the electrode samples SiCo-1-16, SiCo-1-26,
SiCo-1-36 and Si/Co-2-36 LDH, respectively, at different scan rates between 5 mV s−1

and 70 mV s−1, and within the potential range of 0.0–0.45 V verses Ag/AgCl standard
electrode. CV curves of all the samples show the redox peak or redox activity on the
electrode surface, which clearly indicates the pseudocapacitor behavior of the electrode
material. Moreover, from the CV curves, the oxidation–reduction peaks can be observed,
which move towards to the higher and lower potential due to the reinforced electric
polarization and feasible kinetic irreversibility of the electrolytic ion on the electrode
surface. The electrode material which displayed the redox peak in the CV analysis should
not be presumed to be a pseudocapacitor, as the electrode keep altering over the whole
potential window. Consequently, the electrochemical supercapacitive performance of all
the Si/Co LDH electrodes were measured in terms of the specific capacity instead of
specific capacitance [27].

Figure 8. CV curves of the (a) SiCo-1-16; (b) SiCo-1-26; (c) SiCo-1-36; and (d) SiCo-2-36 LDH electrodes
at different scan rates.

For better applicability, the electrochemical behavior of the prepared electrodes was
directly evaluated by the galvanostatic charge–discharge (GCD) method at different current
densities. Figure 9 shows the CD curves of the SiCo-1-16, SiCo-1-26, SiCo-1-36 and Si-
Co-2-36 LDHs electrodes at the current densities ranging from 2 A g−1 to 10 A g−1. The
calculated specific capacitance of the electrode material with respect to the altering synthesis
time duration are as follows: in the case of SiCo-1-16, the LDH electrodes at 2, 3, 5, 7 and
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10 A g−1 are 140, 120, 125, 119, 112.5 F g−1, the SiCo-1-36 LDH electrode at 515, 427.5,
400, 350, 325 F g−1 and in the case of the SiCo-1-26 LDH electrode, the estimated specific
capacitances are approximately 621.5, 510, 475, 437.5, 375 F g−1, respectively. As compared
to the SiCo-1-16 and SiCo-1-36 LDH electrodes, the SiCo-1-26 LDH electrode delivered
a long time charge/discharge performance due to its unique (nano size particle mixed
fibrous) morphology, which provided the larger surface area and more active sites for
the electrolyte intercalation/deintercalation during the CD process and maximized the
utilization of the SiCo-1-26 LDH electrode.

Figure 9. GCD curves of the (a) SiCo-1-16; (b) SiCo-1-26; (c) SiCo-1-36; and (d) SiCo-2-36 LDH
electrodes at different current densities.

To understand the effect of the ratio of the Si and Co material on the morphology and
electrochemical performance of Si/Co LDH electrodes, the CV and GCD data profile of
the SiCo-2-36 LDH electrode are proposed in Figure 6. From the CV curve (Figure 7a), it
is clearly shown that the sample shows a small integrated area which displays that the
capacitance of SiCo-2-36 LDH electrode decreased. The CD curve (Figure 7b) also depicted
the lower performance of the SiCo-2-36 LDH electrode due to the aggregation of the
nanoparticles and nanofibers. The specific capacitance of the SiCo-1-16, LDH electrode at 2,
3 5, 7 and 10 A g−1 are 326.5, 303, 265, 211.75, 200 F g−1, respectively. Figure 10a represents
the calculated specific capacitance of the prepared electrodes (SiCo-1-16, SiCo-1-26, SiCo-1-
36 and Si-Co-2-36 LDHs electrodes) at different current densities. From Figure 10a, it clearly
shows that with the increasing current density, the specific capacitance of the synthesized
electrodes decreased due to the decreased penetration of the electrolyte at higher current.

The long-term stability performance of the electrode material is one of the most
important concerns in energy storage applications. Generally, metal oxides suffer from
the poor cyclic stability because of degradation [49,50]. The cyclic stability test and the
coulombic efficiency (Figure S3) of the optimized SiCo-1-26 LDH electrode were analyzed
by the GCD analysis at 5 A g−1 for continuous 3000 charge/discharge cycles. From Fig-
ure 10b, it is clearly shown that in the 400 initial cycles, the capacitance of the electrode
material rapidly decreases due to the active site saturation of the surface of electrodes
during the charge–discharge mechanism stability of the electrode. As shown in Fig-
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ure 10b, the nano size particle mixed fibrous retained 84.5% of the specific capacitance after
3000 cycles. The better performance of the SiCo-1-26 LDH electrode material was due to
the nano size particle mixed fibrous morphology, which provided more active sites during
the electrochemical test and helped stabilize the overall structure of the nanocomposite
during the continuous charging–discharge process up to 3000 cycles.

Figure 10. (a) Calculated specific capacitance of the SiCo-1-16, SiCo-1-26, SiCo-1-36 and Si/Co-2-36
LDH electrodes at different current densities; and (b) cyclic stability of SiCo-1-26 LDH electrodes
over 3000 cycles.

4. Conclusions

In the current study, a dual objective was attained by preparing the Si/Co nanofibers
and obtaining a new candidate for supercapacitor electrodes. The SEM images showed
that the prepared Si/Co LDHs, which were prepared after a reaction time of 26 h, had
nanofibers which were 50 nm in diameter. Additionally, the X-ray diffraction, FTIR and
thermal analyses showed that these LDHs have two interlayered anions; cyanate and
nitrate. The steric hindrance between the two bulky anions inside the interlayered region
of LDHs led to strong repulsion forces between them, causing curling for the nanolayers of
LDH-producing nanofibers.

The electrochemical characterization indicated that the change of the plate-like mor-
phology, which is the familiar morphology of LDHs, to that of nanofibers, had the positive
effect of improving the performance of the specific capacitance of Si/Co LDHs. The spe-
cific capacitance increased to 621.5 F g−1 in the case of the nanofiber of Si/Co LDHs.
In addition, the excellent cyclic stability arrived to 84.5%. Furthermore, the nanofibers
helped stabilize the overall structure of the nanocomposite during the continuous charging–
discharge process up to 3000 cycles. Finally, the high capacitance of the ternary system of
the Si/Co/cyanate nanofibers was suggested to be used as active electrode materials for
high-performance supercapacitors applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12091404/s1, Figure S1: SEM images of the sample SiCo-
1-26 at different magnification (a) 10 μm, (b) 100 nm, and (c,d) 50 nm; Figure S2: XPS analysis for
SiCo-1-26; Figure S3: Coulombic efficiency profile of the optimized electrode examined at current
density of 7 A g−1.

Author Contributions: Conceptualization, O.S.; methodology, O.S. and S.A.A.; software, M.O. and
A.O.; validation, O.S. and M.O.; formal analysis, O.S. and S.A.A.; investigation, O.S., S.A.A., A.O.
and M.O.; resources, O.S.; data curation, O.S., M.O. and A.O.; writing—original draft preparation,
O.S. and S.A.A.; writing—review and editing, O.S. and S.A.A.; visualization, M.O.; supervision, O.S.

48



Nanomaterials 2022, 12, 1404

and S.A.A.; project administration, O.S.; funding acquisition, O.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Deanship of Scientific Research in King Faisal University
(Saudi Arabia), grant number GRANT74 and the APC was funded by the same grant number
GRANT74.

Data Availability Statement: Data are available in a publicly accessible repository.

Acknowledgments: The authors acknowledged the Deanship of Scientific Research at King Faisal
University for financial support under the Research Annual Track (Grant No. GRANT74).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zheng, Y.; Zheng, S.; Xu, Y.; Xue, H.; Liu, C.; Pang, H. Ultrathin two-dimensional cobalt-organic frameworks nanosheets for
electrochemical energy storage. Chem. Eng. J. 2019, 373, 1319–1328. [CrossRef]

2. Yuan, M.; Guo, X.; Liu, Y.; Pang, H. Si-based materials derived from biomass: Synthesis and applications in electrochemical
energy storage. J. Mater. Chem. A 2019, 7, 22123. [CrossRef]

3. Chhetri, K.; Dahal, B.; Tiwari, A.P.; Mukhiya, T.; Muthurasu, A.; Ojha, G.P.; Lee, M.; Kim, T.; Chae, S.H.; Kim, H.Y. Controlled
Selenium Infiltration of Cobalt Phosphide Nanostructure Arrays from a Two-Dimensional Cobalt Metal–Organic Framework: A
Self-Supported Electrode for Flexible Quasi-Solid-State Asymmetric Supercapacitors. ACS Appl. Energy Mater. 2021, 4, 404–415.
[CrossRef]

4. Pan, Z.; Yang, J.; Zhang, Y.; Gao, X.; Wang, J. Quasi-solid-state fiber-shaped aqueous energy storage devices: Recent advances and
prospects. J. Mater. Chem. A 2020, 8, 6406–6433. [CrossRef]

5. Wang, X.; Zhang, Y.; Zheng, J.; Jiang, H.; Dong, X.; Liu, X.; Meng, C. Fabrication of vanadium sulfide (VS4) wrapped with
carbonaceous materials as an enhanced electrode for symmetric supercapacitors. J. Colloid Interface Sci. 2020, 574, 312–323.
[CrossRef] [PubMed]

6. Deka, B.K.; Hazarika, A.; Kim, J.; Kim, N.; Jeong, H.E.; Park, Y.-B.; Park, H.W. Bimetallic copper cobalt selenide nanowire-anchored
woven carbon fiber-based structural supercapacitors. Chem. Eng. J. 2019, 355, 551–559. [CrossRef]

7. Chhetri, K.; Tiwari, A.P.; Dahal, B.; PrasadOjha, G.; Mukhiya, T.; Lee, M.; Kim, T.; Chae, S.H.; Muthurasu, A.; Kim, H.Y. A
ZIF-8-derived nanoporous carbon nanocomposite wrapped with Co3O4-polyaniline as an efficient electrode material for an
asymmetric supercapacitor. J. Electroanaly. Chem. 2020, 856, 113670. [CrossRef]

8. Sun, H.; Zhu, J.; Baumann, D.; Peng, L.; Xu, Y.; Shakir, I.; Huang, Y.; Duan, X. Hierarchical 3D electrodes for electrochemical
energy storage. Nat. Rev. Mater. 2019, 4, 45–60. [CrossRef]

9. Jiang, H.; Yang, L.; Li, C.; Yan, C.; Lee, P.S.; Ma, J. High–rate electrochemical capacitors from highly graphitic carbon–tipped
manganese Oxide/Mesoporous Carbon/Manganese Oxide Hybrid Nanowires. Energy Environ. Sci. 2011, 4, 1813. [CrossRef]

10. Miller, J.R.; Simon, P. Electrochemical capacitors for energy management. Science 2008, 321, 651. [CrossRef]
11. Ansari, S.A.; Parveen, N.; Han, T.H.; Ansari, M.O.; Cho, M.H. Fibrous polyaniline@manganese oxide nanocomposites as

supercapacitor electrode materials and cathode catalysts for improved power production in microbial fuel cells. Phys. Chem.
Chem. Phys. 2016, 18, 9053. [CrossRef] [PubMed]

12. Wang, Y.; Song, Y.; Xia, Y. Electrochemical capacitors: Mechanism, materials, systems, characterization, and applications. Chem.
Soc. Rev. 2016, 45, 5925–5950. [CrossRef] [PubMed]

13. Wang, X.; Zhang, Y.; Zheng, J.; Liu, X.; Meng, C. Hydrothermal synthesis of VS4/CNTs composite with petal-shape structures
performing a high specific capacity in a large potential range for high-performance symmetric supercapacitors. J. Colloid Interface
Sci. 2019, 554, 191–201. [CrossRef] [PubMed]

14. Owusu, K.A.; Qu, L.; Li, J.; Wang, Z.; Zhao, K.; Yang, C.; Hercule, K.M.; Lin, C.; Shi, C.; Wei, Q.; et al. Low-crystalline iron oxide
hydroxide nanoparticle anode for high-performance supercapacitors. Nat. Commun. 2017, 8, 14264. [CrossRef] [PubMed]

15. Zheng, J.; Zhang, Y.; Meng, C.; Wang, X.; Liu, C.; Bo, M.; Pei, X.; Wei, Y.; Liv, T.; Cao, G. V2O3/C nanocomposites with interface
defects for enhanced intercalation pseudo capacitance. Electrochim. Acta 2019, 318, 635–643. [CrossRef]

16. Zhang, Y.; Jiang, H.; Wang, Q.; Meng, C. In-situ hydrothermal growth of Zn4Si2O7(OH)2·H2O anchored on 3D N, S-enriched
carbon derived from plant biomass for flexible solid-state asymmetrical supercapacitors. Chem. Eng. J. 2018, 352, 519–529.
[CrossRef]

17. Wu, X.; Jiang, L.; Long, C.; Wei, T.; Fan, Z. Dual support system ensuring porous Co-Al hydroxide nanosheets with ultrahigh rate
performance and high energy density for supercapacitors. Adv. Funct. Mater. 2015, 25, 1648–1655. [CrossRef]

18. Wang, Q.; O’Hare, D. Recent advances in the synthesis and application of layered double hydroxide (LDH) nanosheets. Chem.
Rev. 2012, 112, 4124–4155. [CrossRef]

19. Feng, J.-T.; Lin, Y.-J.; Evans, D.G.; Duan, X.; Li, D.-Q. Enhanced metal dispersion and hydrodechlorination properties of a
Ni/Al2O3 catalyst derived from layered double hydroxides. J. Catal. 2009, 266, 351–358. [CrossRef]

49



Nanomaterials 2022, 12, 1404

20. Liu, Z.; Ma, R.; Osada, M.; Iyi, N.; Ebina, Y.; Takada, K.; Sasaki, T. Synthesis, anion exchange, and delamination of Co-Al layered
double hydroxide: Assembly of the exfoliated nanosheet/polyanion composite films and magneto-optical studies. J. Am. Chem.
Soc. 2006, 128, 4872–4880. [CrossRef]

21. Li, Q.; Yi, Z.; Cheng, Y.; Wang, X.; Yin, D.; Wang, L. Microwave-assisted synthesis of the sandwich-like porous Al2O3/RGO
nanosheets anchoring NiO nanocomposite as anode materials for lithium-ion batteries. Appl. Surf. Sci. 2018, 427, 354–362.
[CrossRef]

22. Zhao, J.; Xu, S.; Tschulik, K.; Compton, R.G.; Wei, M.; O’Hare, D.; Evans, D.G.; Duan, X. Molecular-scale hybridization of clay
monolayers and conducting polymer for thin-film supercapacitors. Adv. Funct. Mater. 2015, 25, 2745–2753. [CrossRef]

23. Zhao, J.; Chen, J.; Xu, S.; Shao, M.; Zhang, Q.; Wei, F.; Ma, J.; Wei, M.; Evans, D.G.; Duan, X. Hierarchical NiMn layered
double hydroxide/carbon nanotubes architecture with superb energy density for flexible supercapacitors. Adv. Funct. Mater.
2014, 24, 2938–2946. [CrossRef]

24. Zhang, L.; Wang, J.; Zhu, J.; Zhang, X.; San Hui, K.; Hui, K.N. 3D porous layered double hydroxides grown on graphene as
advanced electrochemical pseudocapacitor materials. J. Mater. Chem. A 2013, 1, 9046. [CrossRef]

25. Li, Z.; Shao, M.; Zhou, L.; Zhang, R.; Zhang, C.; Han, J.; Wei, M.; Evans, D.G.; Duan, X. A flexible all-solid-state micro-
supercapacitor based on hierarchical CuO@ layered double hydroxide core shell nanoarrays. Nano Energy 2016, 20, 294–304.
[CrossRef]

26. Guan, X.; Huang, M.; Yang, L.; Wang, G.; Guan, X. Facial design and synthesis of CoSx/Ni-Co LDH nanocages with rhombic
dodecahedral structure for high performance asymmetric supercapacitors. Chem. Eng. J. 2019, 372, 151–162. [CrossRef]

27. Zheng, W.; Sun, S.; Xu, Y.; Yu, R.; Li, H. Sulfidation of hierarchical NiAl LDH/Ni-MOF composite for high-performance
supercapacitor. Chem. Electro. Chem. 2019, 6, 3375–3382. [CrossRef]

28. Gao, P.; Huang, X.; Zhao, Y.; Hu, X.; Cen, D.; Gao, G.; Bao, Z.; Mei, Y.; Di, Z.; Wu, G. formation of Si hollow structures as promising
anode materials through reduction of silica in AlCl3-NaCl molten salt. ACS Nano 2018, 12, 11481–11490. [CrossRef]

29. Zhang, H.; Zong, P.; Chen, M.; Jin, H.; Bai, Y.; Li, S.; Ma, F.; Xu, H.; Lian, K. Situ synthesis of multilayer carbon matrix decorated
with copper particles: Enhancing the performance of Si as anode for Li-ion batteries. ACS Nano 2009, 13, 3054–3062. [CrossRef]

30. Yi, Z.; Qian, Y.; Cao, C.; Lin, N.; Qian, Y. Porous Si/C microspheres decorated with stable outer carbon interphase and inner
interpenetrated Si@C channels for enhanced lithium storage. Carbon 2019, 149, 664–671. [CrossRef]

31. Prakash, S.; Zhang, C.; Park, J.D.; Razmjooei, F.; Yu, J.S. Silicon core-mesoporous shell carbon spheres as high stability lithium-ion
battery anode. J. Colloid Interface Sci. 2019, 534, 47–54. [CrossRef] [PubMed]

32. Li, Q.; Wang, Y.; Lu, B.; Yu, J.; Yuan, M.; Tan, Q.; Zhong, Z. Fabing Su. Hollow core-shell structured Si@NiAl-LDH composite as
highperformance anode material in lithium-ion batteries. Electrochim. Acta 2020, 331, 135331. [CrossRef]

33. Ramly, M.M.; Omar, F.S.; Rohaizad, A.; Aspanut, Z.; Rahman, S.A.; Goh, B.T. Solid-phase diffusion controlled growth of nickel
silicide nanowires for supercapacitor electrode. Appl. Surf. Sci. 2018, 456, 515–525. [CrossRef]

34. Jiang, Y.; Li, Z.; Li, B.; Zhang, J.; Niu, C. Ni3Si2 nanowires grown in situ on Ni foam for high-performance supercapacitors. J.
Power Sources 2016, 320, 13–19. [CrossRef]

35. Lee, J.; Yoo, C.Y.; Lee, Y.A.; Park, S.H.; Cho, Y.; Jun, J.H.; Kim, W.Y.; Kim, B.; Yoon, H. Single-crystalline Co2Si nanowires directly
synthesized on silicon substrate for high-performance micro-supercapacitor. Chem. Engin. J. 2019, 370, 973–979. [CrossRef]

36. Saber, O.; Kotb, H.M.; Osama, M.; Khater, H.A. An Effective Photocatalytic Degradation of Industrial Pollutants through
Converting Titanium Oxide to Magnetic Nanotubes and Hollow Nanorods by Kirkendall Effect. Nanomaterials 2022, 12, 440.
[CrossRef]

37. Barrioni, B.R.; Norris, E.; Jones, J.R.; Pereira, M.M. The influence of cobalt incorporation and cobalt precursor selection on the
structure and bioactivity of sol–gel-derived bioactive glass. J. Sol-Gel Sci. Technol. 2018, 88, 309–321. [CrossRef]

38. Saber, O. Preparation and characterization of a new nano layered material, Co–Zr LDH. J. Mater. Sci. 2007, 42, 9905–9912.
[CrossRef]

39. Wakahara, A.; Fujiwara, T.; Okada, H.; Yoshida, A.; Ohshima1, T.; Itho, H. Energy-Back-Transfer Process in Rare-Earth Doped
AlGaN. Mater. Res. Soc. Symp. Proc. 2005, 866, 391–396. [CrossRef]

40. Gastuche, M.C.; Brown, G.; Mortland, M. Mixed magnesium-aluminum hydroxides. Clay Miner. 1967, 7, 177–201. [CrossRef]
41. Saber, O.; Tagaya, H. Preparation of a new nano-layered materials and organic–inorganic nano-hybrid materials Zn–Si LDH. J.

Porous Mater. 2009, 16, 81–89. [CrossRef]
42. Salak, A.N.; Vieira, D.E.L.; Lukienko, I.M.; Shapovalov, Y.O.; Fedorchenko, A.V.; Fertman, E.L.; Pashkevich, Y.G.; Babkin, R.Y.;

Shilin, A.D.; Rubanik, V.V.; et al. High-Power Ultrasonic Synthesis and Magnetic-Field-Assisted Arrangement of Nanosized
Crystallites of Cobalt-Containing Layered Double Hydroxides. Chem. Eng. 2019, 3, 62. [CrossRef]

43. Parveen, N.; Ansari, S.A.; Ansari, M.O.; Cho, M.H. Manganese dioxide nanorods intercalated reduced graphene oxide nanocom-
posite toward high performance electrochemical supercapacitive electrode materials. J. Colloid Interface Sci. 2017, 506, 613–619.
[CrossRef] [PubMed]

44. Donga, X.; Yub, Y.; Zhang, Y.; Xu, Z.; Jiang, H.; Meng, C.; Huang, C. Synthesis of cobalt silicate nanosheets with mesoporous
structure and high surface area as the promising electrode for high-performing hybrid supercapacitor. Electrochim. Acta
2021, 380, 138225. [CrossRef]

50



Nanomaterials 2022, 12, 1404

45. Wang, Q.; Zhang, Y.; Jiang, H.; Li, X.; Cheng, Y.; Meng, C. Designed mesoporous hollow sphere architecture metal (Mn, Co, Ni)
silicate: A potential electrode material for flexible all solid-state asymmetric supercapacitor. Chem. Eng. J. 2019, 362, 818–829.
[CrossRef]

46. Rong, Q.; Long, L.-L.; Zhang, X.; Huang, Y.X.; Yu, H.-Q. Layered cobalt nickel silicate hollow spheres as a highly stable
supercapacitor material. Appl. Energy 2015, 153, 63–69. [CrossRef]

47. Parveen, N.; Hilal, M.; Han, J.I. Newly Design Porous/Sponge Red Phosphorus@ Graphene and Highly Conductive Ni2P
Electrode for Asymmetric Solid State Supercapacitive Device with Excellent Performance. Nano-Micro Lett. 2020, 12, 25.
[CrossRef]

48. Parveen, N.; Ansari, S.A.; Al-Arjan, W.S.; Ansari, M.O. Manganese dioxide coupled with hollow carbon nanofiber toward
high-performance electrochemical supercapacitive electrode materials. J. Sci. Adv. Mater. Devices 2021, 6, 472–482. [CrossRef]

49. Dong, X.; Yu, Y.; Jing, X.; Jiang, H.; Hu, T.; Meng, C.; Huang, C.; Zhang, Y. Sandwich-like honeycomb Co2SiO4/rGO/honeycomb
Co2SiO4 structures with enhanced electrochemical properties for high-performance hybrid supercapacitor. J. Power Source 2021,
492, 229643. [CrossRef]

50. Zhang, Y.; Wang, C.; Dong, X.; Jiang, H.; Hu, T.; Meng, C.; Huang, C. Alkali etching metal silicates derived from bamboo leaves
with enhanced electrochemical properties for solid-state hybrid supercapacitors. Chem. Eng. J. 2021, 417, 127964. [CrossRef]

51



Citation: Ali, S.S.; Arsad, A.; Hossain,

S.S.; Asif, M. A Detailed Insight into

Acoustic Attenuation in a Static Bed

of Hydrophilic Nanosilica.

Nanomaterials 2022, 12, 1509. https://

doi.org/10.3390/nano12091509

Academic Editors: Jihoon Lee

and Ming-Yu Li

Received: 21 March 2022

Accepted: 27 April 2022

Published: 28 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

A Detailed Insight into Acoustic Attenuation in a Static Bed of
Hydrophilic Nanosilica

Syed Sadiq Ali 1, Agus Arsad 2, SK Safdar Hossain 1 and Mohammad Asif 3,*

1 Department of Chemical Engineering, King Faisal University, P.O. Box 380, Al-Ahsa 31982, Saudi Arabia;
ssali@kfu.edu.sa (S.S.A.); snooruddin@kfu.edu.sa (S.S.H.)

2 UTM-MPRC Institute for Oil and Gas, School of Chemical and Energy Engg, Faculty of Engineering,
Universiti Teknologi Malaysia, Johor Bahru 81310, Malaysia; agus@utm.my

3 Department of Chemical Engineering, King Saud University, P.O. Box 800, Riyadh 11421, Saudi Arabia
* Correspondence: masif@ksu.edu.sa; Tel.: +966–11–4676849

Abstract: The commercial utilization of bulk nanosilica is widespread in concrete, rubber and plastics,
cosmetics and agriculture-related applications, and the market of this product is projected to exceed
USD 5 billion by 2025. In this investigation, the local dynamics of a nanosilica bed, excited with
sinusoidal acoustic waves of different frequencies, were carefully monitored using sensitive pressure
transducers to obtain detailed insights into the effectiveness of sound waves as a means of energy
transport inside the bed. The evolution of wave patterns and their frequency and power distributions
were examined both in the freeboard and in the static bed. These results were compared with those
obtained by using an empty column. The acoustic frequency strongly affected the signal power. The
average power of the acoustic signal in the freeboard region was twice higher than that for the empty
column, whereas the same (power) ratio decreased to approximately 0.03 inside the bed for 300 Hz.
However, at 360 Hz, the power ratio was substantially lower at 0.24 and 0.002 for the freeboard and
the granular bed, respectively, thereby indicating tremendous attenuation of acoustic waves in the
granular media at all frequencies.

Keywords: acoustic vibrations; nanosilica; frequency analysis; attenuation; freeboard region; granular
bed

1. Introduction

Ultrafine particles are widely used in process industries and laboratories owing to
their tremendously large surface area, which enhances the surface-based rate processes.
However, processing these particles is often challenging due to strong interparticle forces
(IPFs), which lead to the formation of large agglomerates and compromise the effectiveness
of these particles in actual applications. During the two-phase gas-solid processing, ag-
glomeration may lead to poor interphase mixing, low heat, and mass transfer rates, thereby
compromising the efficiency of the overall process [1–5].

Fluidization technology can be used to promote efficient interphase mixing between
the gas phase and the resident solid phase of the bed. This technique improves the heat
and mass transfer rates and lowers the energy consumption by limiting the pressure drop
to the effective weight of the bed [6–10]. However, the physical properties of the solid
phase have an important bearing on the nature of the fluidization. The fluidization of fine
and ultrafine particles is particularly challenging due to the presence of strong IPFs, which
leads to an uneven and non-homogeneous fluidization. To counteract the effect of IPFs,
fluidization assistance is often employed by inputting additional energy. This approach
helps improve the fluidization hydrodynamics by lowering the minimum fluidization
velocity (Umf), increasing the bed expansion and suppressing the hysteresis phenomenon
caused by the bed’s non-homogeneities [11–16].
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One of the most widely reported assisted fluidization techniques in the literature is
acoustic vibration, where sound waves act as a source of additional energy needed to
overcome the IPFs [17,18]. In fact, the application of acoustics, especially nanoacoutics,
in different areas of science, engineering, and medicine is a growing area of research [19].
Many studies have investigated the effect of the acoustic frequency and amplitude on
fluidization hydrodynamics by monitoring the minimum fluidization velocity in the pres-
ence of sound waves. For example, Zhu et al. [20] varied the sound pressure level (SPL)
and frequency in a short fluidized bed of hydrophobic nanoparticles and found that the
acoustic field helped lower the Umf and improve the bed homogeneity when the amplitude
exceeded 95 dB. They detected a stronger effect of the sound at a lower frequency and
higher amplitude. However, at frequencies greater than 2000 Hz, the effect of acoustics
was reportedly negligible. Apart from lowering the minimum fluidization velocity, sound
assistance can also improve the stability of the fluidized bed by suppressing the density fluc-
tuations, thereby promoting segregation based on the density difference [21]. The improved
hydrodynamics of sound–assisted fluidized beds can enhance the carbon capture efficacy
of activated carbon, and impart greater homogeneity to a bed of binary nano-powders
during their fluidization [22,23]. Similarly, the use of acoustics was reported to enhance
the fluidization quality and drying rate of lignite, thereby resulting in a better product
quality [24].

Xu et al. [25] studied the effect of acoustic waves on the fluidization of Geldart groups
C and A particles in a shallow fluidized bed (height: 4–5 cm) by placing the sound source
below the distributor. For both groups of particles, sound waves of 120 Hz frequency
were most effective in lowering the Umf, whereas the theoretical resonant frequency was
predicted to be 81 Hz. The authors also measured the SPL above the bed. However, at a
fixed amplitude and frequency, the SPL values mostly decreased with the velocity increase
for the group C particles. Meanwhile, SPL values recorded above the bed were relatively
unaffected for group A particles above 1.5 cm/s. The authors argued that this behavior can
be used to distinguish groups A and C particles.

Herrera et al. [26] examined the formation of standing waves in fluidized beds of fine
particles as a function of frequency by placing a sound source at the top of a 0.9 m long
column and by measuring the SPLs at different positions along the bed height. The SPL
profiles along the height showed good agreement with the classical one-dimensional wave
model that accounted for the attenuation phenomenon due to the damping of acoustic
vibrations in the fluidized bed. By using shallow beds (height: 4.5–8.3 cm), they obtained
velocity of sound as low as 24 m/s for a 40-m fly ash fluidized above the minimum
bubbling velocity. Kumar et al. [27] investigated the acoustic attenuation characteristics of
a 1.9 m long fixed bed with different packings. By conducting the nonlinear regression of
experimental data and using the predictions of the classical wave model, they calculated
the attenuation coefficient and acoustic velocity in the bed and found that the attenuation
increased along with frequency and decreased along with the increasing bed void fraction.
Increasing in the void fraction also increased the acoustic velocity and natural frequencies.

Cherntongchai et al. [28] determined the Umf of a sound-assisted shallow fluidized
bed (height ≈ 8.0 cm) of group A particles in the frequency range 50 Hz–500 Hz using a
sound source located at the top of a long fluidization column with SPL fixed at 80 dB. By
assuming that the SPL at the top of the bed is same as that of the sound source located
at the top of the fluidization column, they predicted the formation of standing waves at
different frequencies used in their experiments following the approach of Herrera et al. [26].
However, they did not consider the sound attenuation in the fluidized bed. They attributed
the Umf decrease at 50 Hz to the formation of a standing wave with kL = π/2, where k was
the wave number, and L is the height of the fluidized bed.

Al-Ghurabi et al. [29] monitored the pressure transients at different locations along the
height of a 370-mm long sound-assisted fluidized bed of hydrophilic particles with strong
agglomeration behavior. They found that the pressure fluctuations at the resonant frequency
were significantly higher than those obtained at non-resonant frequencies, whereas the
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mean values of the pressure drop were mostly unaffected by the frequency. Surprisingly,
the sound waves at frequencies significantly different from the resonant frequency hardly
affected the bed hydrodynamics. Moreover, the gas velocity mitigated the effect of acoustic
vibrations as the vigorous solid motion at high velocities absorbed the momentum of the
sound waves. During their downward propagation, the sound waves undergo significant
attenuation since the acoustic intensity, characterized by pressure fluctuations, in the lower
bed region was significantly smaller than that in the upper region.

Among assisted fluidization techniques, sound-assisted fluidization has been widely
investigated owing to its potential application as a low-cost alternative to the energy-
intensive assisted fluidization technique of mechanical vibration. While most studies have
mainly focused on improving fluidization hydrodynamics as discussed above, a deeper
insight into the evolution of the wave structures and the strength of the acoustic field
in the free board region and the granular bed has been clearly lacking in the literature.
This study sets out to fill this gap by investigating the effect of sound waves along the
height of a granular bed of highly porous nanosilica at different frequencies. The sound
velocity, while being approximately 343 m/s in the air (and therefore in the free-board
region with a negligible particle concentration) can be as low as 20 m/s in the granular
bed [26]. The presence of these two acoustically interacting yet physically separate regions
would lead to the evolution of different wave patterns given that the natural frequencies of
standing waves are critically dependent upon the sound velocity. Unlike in previous studies
where the sound effects were mainly characterized by fluidization behavior (e.g., minimum
fluidization velocity), this work directly monitors the acoustic waves (with frequencies
ranging from 200 Hz to 400 Hz emitted from the source) in the bed and the freeboard region
by using sensitive pressure transducers. The highest acoustic frequency (i.e., 400 Hz) used
was below the Nyquist frequency of 500 Hz. The experimental results were also compared
with that of an empty column to clearly delineate the effect of the granular bed on the
evolution and attenuation of wave structures. Such a study that clearly sheds light on the
limitation of the sound waves as means of the fluidization assistance has in fact been long
overdue. Results of this investigated clearly reveal that the effect of acoustic vibrations is
mainly limited to the upper part of the granular bed. Even at a depth of 0.5 m from the
upper bed interface with a sound source of 125 dB, the signal attenuation becomes too
significant that any perceived effect of sound waves on the fluidized bed hydrodynamics
hardly appears justifiable.

2. Experimental

2.1. Experimental Setup

The detailed schematic of the experimental setup is reported in Figure 1. A 1.5 m
tall transparent perspex column with 0.07 m internal diameter (ID) was used as the test
section. A 0.3 m long plenum was used as the calming section. A distributor, with
2 mm holes and 2.7% opening, was used to separate the test section from the calming
section. The distributor was covered with a nylon mesh of pore size 20 μm to prevent
the solid particles from passing through the holes of the distributor. A 0.3 m long and
0.15 m ID disengagement section was placed at the top of the test-section to minimize
the entrainment losses. Acoustic vibrations were generated using a downward-facing
loudspeaker placed above the disengagement section at a distance of approximately 1.75 m
from the distributor. The loudspeaker was connected to the audio port of a laptop through
an amplifier. A MATLAB program (MathWorks, Natick, MA, US) was used to generate
sinusoidal waveform of the required frequency.
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Figure 1. Schematic of the experimental set-up.

The acoustic waves were monitored using 10 different pressure transducers as shown
in Figure 1. The positions of the pressure ports from the distributor are presented in Table 1,
where the distances from the distributor (x) are normalized with respect to the distance of
the sound source (i.e., L = 1.75 m) to yield dimensionless distance, x, from the distributor.
Highly sensitive bidirectional differential pressure transducers (PX163-005BD5V, Omega,
Norwalk, CT, US) with a response time of 1 ms and a bandwidth of 1 kHz were used.
The range of these transduces were ± 5 in H2O (i.e., ±1244 Pa) to ensure an accurate
measurement of low-pressure events taking place in our acoustically perturbed system.
The pressure transducers were connected to a data acquisition (DAQ) system (USB-6289,
National Instruments, Austin, TX, US), operated using the LabVIEW software (National
Instruments, Austin, TX, US). The pressure transient data were acquired at a rate of 1000 Hz.

Table 1. Location of pressure ports with distances measured from the distributor.

Pressure Port P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Location, x (m) 0.01 0.1 0.2 0.3 0.5 0.7 1.0 1.15 1.3 1.5
Location x (m/m) 0.01 0.06 0.11 0.17 0.29 0.40 0.57 0.66 0.74 0.86

2.2. Nanosilica Powder

Hydrophilic nanosilica (Aerosil 200, Evonik Industries AG, Essen, Germany) with
a reported primary size of 12 nm and specific surface of 200 m2/g were used in our
experiments. In a powdered bed, these materials have a porosity of approximately 0.977
and a tapped density of approximately 50 kg/m3. In dry dispersion, the nanosilica mainly
takes the form as multi-level agglomerates with a wide size distribution varying from 2 μm
to 100 μm [30,31].
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2.3. Measurements and Calibration

The pressure fluctuations can be characterized as the root mean square of sound
pressure, prms, which is the standard deviation of the recorded pressure transients or root
mean square when the average pressure is zero

prms =

√√√√ 1
(N − 1)

N

∑
i=1

(
Pi − P

)2 (1)

where N is the number of data points, pi is the instantaneous pressure in Pa, and P is its
average value.

prms can be converted into SPL (dB) as

SPL = 20 log10

[
prms

Pre f

]
(2)

where pre f = 2 × 10−5 Pa is the reference pressure. However, to obtain precise SPL values
in the experiments, a calibration was performed to interpolate SPL with prms using a Bruel
and Kjaer, Type 4231 (Nærum, Denmark) sound pressure level meter. To this end, the
pressure and SPL were recorded simultaneously by plugging both the SPL meter and
pressure traducers in the same pressure tap. As shown in Figure 2, the pressure transducer
output in terms of Pa can be related to SPL (dB) as

SPL = 9.646ln(prms) + 83.05 (3)

Figure 2. Calibration of the SPL meter with respect to root mean square pressure amplitude.

2.4. Methodology

The sound pressure level of the acoustic source (i.e., loud-speaker) was fixed at 125 dB.
Two sets of experiments were carried out by varying the sound frequency and recording the
pressure dynamics at 1000 Hz. An empty column was used in the first set of experiments,
whereas a nanosilica bed was employed in the second set of experiments. The height of the
bed was set to 0.78 m in the experiments. The experiments were carried out by varying
frequencies in the range of 200 Hz to 400 Hz (i.e., 200, 220, 240, 270, 300, 320, 340, 360, 380,
and 400 Hz).

3. Mathematical Model

3.1. Empty Bed

When an acoustic wave travels from one medium to another, a part of incident wave
is reflected by the interface, whereas the other portion transmits though the interface to
another medium. When the reflected wave overlaps the incident wave, a new waveform
called standing waves is generated due to the superimposition of incident and reflected
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waves, which is termed as standing wave. The pressures of the reflected and transmitted
acoustic waves at the interface are related with that of the incident wave in terms of the
impedances of these two media as follows [32]:

pr

pi
=

z2 − z1

z2 + z1
(4)

pt

pi
= 2

z2

z2 + z1
(5)

where pi is the pressure of the incident wave, pr and pt are the pressures of the reflected
and transmitted waves, respectively. The z1 and z2 are the specific acoustic impedances of
the first medium and second media.

The one dimensional propagation of plane acoustic pressure waves in air can be
described as [26,32]:

∂2 p
∂t2 − c2 ∂2 p

∂x2 = 0 (6)

where c is the speed of the acoustic wave in the medium, and t and x are the temporal
and spatial coordinates, respectively. The longitudinal sound waves travel from the source
towards the distributor, which acts as a closed boundary. The reflected wave from the
distributor forms a standing wave when superimposing the incident wave. The general
solution of Equation (6) is given as [32]

p(x, t) =
√
(A + B)2cos2(kx) + (A − B)2sin2(kx) cos(ωt − φ) (7)

where

φ = tan−1
(
(A − B)
(A + B)

tan(kx)
)

(8)

Here, k = ω
c = 2π f

c = 2π
λ , is the wave number, f is the frequency, ω is the angular

frequency, and λ is the wavelength.
For the case of an empty column, the boundary is the distributor, which is a rigid thick

perspex plate with a specific acoustic impedance of 3.2 × 106 Pa·m−1s [33]. Given that the
specific acoustic impedance of air is 415 Pa·m−1s, we have z2 � z1, and hence pr ≈ pi in
Equation (4). The amplitudes of the incident and reflected waves are equal. Therefore,

p(x, t) = P0

√
cos2(kx)
cos2(kL)

cos(ωt) (9)

where P0 is the amplitude of the waves originating from the source of acoustic vibrations
(i.e., loudspeaker).

The standing wave formation results in the development of nodes and antinodes in
the closed column that can be predicted as follows using amplitude term in Equation (9)

kL = (2n − 1)
π

2
; n = 1, 2, 3, . . . . . . (10)

which corresponds to the pressure antinodes or displacement nodes. Therefore, kL = π/2
gives rise to the first harmonic with one node and one antinode. For the case with L= 1.75 m
and 27 ◦C, the fundamental frequency is approximately 50 Hz. Note that closed pipe
will allow only odd harmonics. Therefore, the frequency of the third, fifth, and seventh
harmonics will be 149, 249, and 348 Hz, respectively, given that the velocity of sound at
27 ◦C is approximately 348 m/s.

3.2. Static Granular Bed of Ultrafine Particles

During the propagation of acoustic waves through the freeboard region, part of the
pressure intensity transverses through the interface and contributes to the augmentation of
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energy in the granular bed, whereas the remaining energy is reflected as shown in Figure 3.
The upper layer of the bed acts as the first interface for the reflection and refraction of
the acoustic waves. The transmitted wave pt1 travels through the bed and reaches the
distributor at the bottom, which acts as the second interface. The reflected wave pr1 from
the first interface superimposes with the incident wave pi1 to form a standing wave in the
freeboard. However, the resultant standing wave in the freeboard is different from the
standing waves formed in the completely empty column due to the difference between the
two media. The fraction of sound intensity that is transmitted to the other medium and
the one that is reflected back can be calculated by using the acoustic power transmission
coefficient, αt and acoustic power reflection coefficient, αr [32].

αt =
It

Ii
=

pt
2z1

pi
2z2

(11)

αr =
Ir

Ii
=

pr
2

pi
2 (12)

Figure 3. Incidence, reflection and transmission of acoustic waves from the bed interface and
the distributor.

Substituting Equations (3) and (4) into Equations (11) and (12) yields

αt =
4z1z2

(z1 + z2)
2 (13)

αr =
(z2 − z1)

2

(z1 + z2)
2 (14)

The specific acoustic impedance can be calculated as [34]

z = ρbc (15)

The velocity of sound in a medium is calculated as [35,36]

c =
1√

ρb

(
ε

Kg
+ (1−ε)

Kp

) (16)

where Kg and Kp are the bulk moduli of the gas and solid particles in the bed, respectively.
For air, Kg = 1.01× 105 Pa, and KP = 3.67× 107 Pa for SiO2. The speed of sound in the gran-
ular bed is therefore 45.4 m/s, whereas specific values of impedance are 2152.43 Pa m−1s
and 415 Pa m−1s for the bed and air, respectively. Equations (13) and (14) are then used
to calculate the acoustic power transmission coefficient, αt = 0.54 and acoustic power
reflection coefficient, αr = 0.46. However, when the acoustic wave reaches the distributor,
complete reflection takes place at the rigid distributor interface

(
z2 = 3.2 × 106 Pa m−1s

)
,

leading to αr ≈ 1 in Equation (14), given that z2 � z1. Moreover, in the particles bed, we
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have pt1 > pr2 due to the attenuation of acoustic resulting from the energy absorption by
the nanosilica bed.

4. Results and Discussion

This section initially presents the experimental data for the empty column for different
sound frequencies recorded at several locations along the height of the closed column
shown in Figure 1. The case of the highly porous static bed of ultrafine nanosilica is
considered afterwards. Unlike previous studies that were mostly carried out using shallow
beds, using sensitive pressure transducers in this work allowed utilization of a relatively
long bed with a height of 0.78 m. The sound amplitude and recoding locations were kept
the same as the ones for the empty column to examine the evolution and attenuation of
the wave patterns during their downward propagation through the nanosilica particle bed
toward the distributor.

4.1. Empty Column Dynamics under Acoustic Vibrations

Although the experiments were carried out for 10 different frequencies ranging from
200 Hz to 400 Hz, Figure 4 shows the experimental data only for three selected acoustic
frequencies (i.e., 220, 240 and 360 Hz) to examine how the difference in frequencies, whether
small or large, affects the evolution of wave patterns in the empty column. The normalized
distance of the measurement point from the distributor is shown as the boxed legend.
Although the difference between 220 Hz and 240 Hz was not substantial, yet their wave
dynamics significantly differed. For instance, the 240 Hz acoustics, demonstrated localized
high-density pattern, resulting from the presence of different waves with close frequencies.
Interestingly, the location closest to the sound source (i.e., x = 0.86) in Figure 4a,b (at
220 Hz and 240 Hz) had much smaller fluctuations compared with farther away location
at x = 0.74. The amplitude of acoustic waves subsequently decreased while moving away
from the source until reaching x = 0.40 (Figure 4a,b), which was slightly below the midpoint
of the empty column. However, the wave amplitude demonstrated a modest increase
farther away from the acoustic source (i.e., x = 0.29) before decreasing at x = 0.17 and
progressively increasing in the lower portion of the closed empty column. The highest
degree of disturbance was observed slightly above the distributor at x = 0.06, whereas
a substantial attenuation in magnitude was observed immediately above the distributor.
The difference in sound frequency, albeit insignificant, critically influenced the acoustic
amplitude. For instance, at the same locations (e.g., at x = 0.06) the amplitude of acoustic
disturbance for 240 Hz was almost twice as large as that for 220 Hz.

When the frequency increased to 360 Hz (Figure 4c), the fluctuations mostly showed a
significant increase compared to those observed at the corresponding locations for 220 Hz
and 240 Hz. For instance, at x = 0.06, the amplitudes of pressure fluctuations were as high
as ±1000 Pa. By contrast, the fluctuations were substantially mitigated at other locations
(e.g., x = 0.40, 0.17, and 0.01). The dependence of the wave amplitude on the location
was mainly due to the superposition of the incidence wave with the one reflected from
the distributor, which resulted in the formation of standing waves. Theoretically, there
should have been a displacement node (or pressure antinode) at the distributor that acts
as a closed boundary. On the contrary, the amplitude at this location was smaller than
that at x = 0.06, which could be an artefact of the perforations present on the distributor.
According to the wave model, when a closed empty column is subjected to acoustics of
360 Hz (i.e., kL ∼= 7.2π/2), which is close to the seventh harmonic (i.e., the third overtone)
a standing wave with four nodes and an equal number of antinodes is formed.

The pressure transients in Figure 4 comprise of waves of different frequencies even
though an acoustic wave of a single frequency was introduced in the column. This aspect
of the acoustics dynamics is explored to obtain deep insights into this phenomenon by
carefully analyzing the signals in the frequency domain. For the case of the 220 Hz acoustics
shown in Figure 5a, two small-amplitude yet prominent peaks of comparable magnitude
corresponding to 220 Hz and 320 Hz were observed at x = 0.86. Interestingly, peak of
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320 Hz was more prominent than that of 220 Hz. Therefore, the total standard deviation
of the acoustic fluctuations at x = 0.74 was 175 Pa, followed by 160 Pa at x = 0.06, where
several acoustic frequencies were present, apart from the prominent peak at 220 Hz. The
high amplitude waves at widely varying locations inside the column indicates the presence
of pressure antinodes. Meanwhile, the lowest standard deviation of 25 Pa was recorded at
x = 0.40, which indicates the presence of a pressure node. Low standard deviations of 44,
49, 54, and 51 Pa were also observed at x = 0.86, 0.66. 0.57, and 0.17, respectively.

Figure 5b illustrates the case of 240 Hz acoustics. Unlike in 220 Hz, a prominent peak
appeared only for 240 Hz at x = 0.74, whereas smaller peaks around the one at 240 Hz ap-
peared at x = 0.66. The spread of other frequencies around the 240 Hz peak was not as wide
as that around 220 Hz peak. This phenomenon can be observed across different locations
where the pressure transients were recorded, and resulted in the evolution of localized
high-density wave patterns as shown in Figure 4b. The highest standard deviation of
301 Pa, which indicates a pressure antinode, was recorded at x = 0.06 (near the distributor),
and was almost twice that obtained for 220 Hz sound waves. The second highest standard
deviation of 210 Pa was recorded much closer to the sound source at x = 0.74.

The amplitude spectra of the pressure signals recorded at different locations when the
column was excited with the 360 Hz frequency sound waves are shown in Figure 5c. The
high magnitude fluctuations at x = 0.74, 0.57, 0.29, and 0.06 seen in Figure 4c can be ascribed
to the formation of antinodes. However, unlike the 220 Hz and 240 Hz acoustic waves
considered before, the prominent amplitude peak was almost exclusively contributed by
360 Hz acoustic disturbances. The standard deviation of the pressure fluctuations near the
distributor (i.e., at x = 0.06) was 650 Pa (SPL = 146 dB), which was even higher than the
125 dB amplitude used for the sound source. At x = 0.40, the lowest degree of fluctuation
was observed with a standard deviation of 16 Pa, which corresponded to an SPL of 110 dB.

The predictions of the wave equation for the closed column at selected frequencies
are shown in Figure 6, which plots the variation of the sound pressure level (SPL) with
the distance above the distributor. The formation of pressure nodes and antinodes at
various locations along the height of the fluidization column indicates a clear trend with a
changing frequency. As the frequency increased, the nodes and antinodes also increased
in number and shifted their positions. For example, the mathematical model predicted
pressure nodes at x = 0.17 and at x = 0.23 above the distributor at 360 Hz (i.e., kL ∼= 7.2π/2),
which is clearly supported by the experimental data shown in Figure 4c. Another node
was observed at x = 0.69, which closely corresponds to the behavior observed at x = 0.74
(Figure 4c). A notable difference was also observed in the amplitudes of the standing waves
by changing the source frequency. The amplitudes of standing waves generated with a
360 Hz source frequency is significantly higher than those of standing waves generated
at lower frequency even though the experimental configuration remained the same. This
behavior was also clearly reflected in the experimental data shown in Figures 3 and 4.

Figure 7 compares the experimental data for 240 Hz and 360 Hz. In both cases, a clear
discrepancy was observed at the lower boundary. The wave amplitude at the distributor,
which was a pressure antinode, was smaller than that of the point immediately above it
(i.e., x = 0.06). Such difference can be mainly attributed to the perforations on the distributor,
which mitigate the development of a displacement node at the distributor. However, the
model predictions and the experimental data showed an overall good agreement for the
case of 360 Hz. Meanwhile, some discrepancies were noted for the case of 240 Hz due to
the presence of waves of other frequencies.
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Figure 6. Model predictions of sound pressure level in an empty column subjected to sound waves
of different frequencies.

Figure 7. Comparison of model predictions with experimental data in an empty column subjected to
sound waves of frequencies (a) 240 Hz and (b) 360 Hz.
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4.2. Static Granular Nanosilica Bed Dynamics under Acoustic Vibrations

Figure 8 shows the behavior when the column is filled with nanosilica up to the
height of 78 cm. Two different frequencies (i.e., 240 and 360 Hz) are considered here.
Figure 8a presents the case of 240 Hz. The behavior in the freeboard region was similar
to that observed for the case of an empty column as far as amplitudes are concerned. For
instance, at x = 0.74, the standard deviations for the empty column and the nanosilica bed
are 210.4 Pa and 210.8 Pa, respectively. Moreover, the pressure transients appeared to be
superimposition of waves of different frequencies. Even the uppermost region of the bed
at x = 0.40 did not show any significant difference. However, the sound intensity was
significantly attenuated in the bed owing to the presence of nanosilica powder. At x = 0.06,
the standard deviation was only 13.3 Pa, whereas that of empty column was 301.2 Pa. The
Y-scale varies from −50 Ps to 50 Pa in the second row of the figure, whereas that in the first
row varies within the ±500 Pa range.

For the same bed height, the effect of the 360 Hz acoustic waves was different than
that of 240 Hz waves (Figure 8b). The amplitude of waves recorded in the freeboard region
was mostly lower than those observed in the empty column even for locations close to the
sound source and far from the boundary of the granular nanosilica bed (e.g., at x = 0.86).
A significant difference was also observed in the freeboard region at x = 0.57, where an
antinode turned into a node due to the presence of the bed. This phenomenon indicates the
formation of a new standing wave pattern that evolved as a result of the interference of
the reflected waves from the bed interface and the distributor. However, the magnitude of
the wave had a lower resultant amplitude due to the absorption of sound energy by the
granular medium as indicated by Equations (13) and (14). As seen in Figure 8b, the main
difference was observed for the transients occurring inside the granular nanosilica bed.
While the fluctuations for the empty bed varied by ± 600 Pa, less than ±40 Pa variations
were observed in the locations inside the bed. For instance, at x = 0.06, the difference in the
standard deviation was almost 100 times; 6.5 Pa (101 dB) for the nanosilica bed and 650 Pa
(146 dB) for the empty column. Interestingly, the difference in the standard deviations
between x = 0.40 (20.3 Pa, immediately below the top interface), and x = 0.29 (19.4 Pa, well
within the bed) was negligible, although one would expect the sound waves to attenuate
along with increasing penetration depth inside the bed. This phenomenon can be attributed
to the evolution of a new standing wave pattern inside the porous granular nanosilica bed.

In the frequency domain (Figure 9), several peaks simultaneously appeared in the
neighborhood of the dominant frequency (i.e., 240 Hz), when the system was excited with
240 Hz frequency. This phenomenon can be clearly observed in the freeboard region and
the upper part of the granular bed. However, as the acoustic waves traveled down the
granular bed, the other frequency components were filtered out, thereby retaining only the
dominant frequency component. The bed excited with 360 Hz sound waves demonstrated
similar behavior. In most cases, the dominant peak at 360 Hz was clearly visible. Although
attenuated, the dominant frequency wave was retained by the granular nanosilica bed
while filtering out the other frequencies.
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4.3. Signal Power

The average power of the signal for the empty column and nanosilica bed was evalu-
ated by integrating or summing the power spectra over the frequency. Figure 10 presents
signal power only for selected frequencies (i.e., 220, 240, 360, and 380 Hz) in addition to
the mean signal power of all frequencies considered in this study. Figure 10a considers the
case of the empty column and clearly shows the peaks and troughs due to the existence
of pressure nodes and antinodes. The sound waves of 360 Hz exhibited prominent peaks
and troughs. These results were supported by the theoretical predictions in Figure 6. The
dominant frequency was the main contributor to the signal power. When the column was
partially filled with nanosilica, a significant change can be observed in the power profiles
along the bed height as shown in Figure 10b. The nearly thousand-fold decrease in the
magnitude of power inside the bed could be ascribed to the absorption of sound energy.
In fact, the penetration of sound energy was limited only to the upper part of the bed.
In this study, the bed height was set to 0.78 m (i.e., x = 0.45), and the first pressure port
from the top of the bed was located at x = 0.40 (i.e., 0.70 m from the distributor). Despite a
significant dissipation of the sound energy, the clear presence of peaks and troughs indicate
the evolution of the standing wave pattern inside the bed. A pressure node was observed
at x = 0.17 and an antinode was reported at x = 0.06 near the distributor. Meanwhile, the
freeboard region, despite the absorption of energy in the bed, was not similarly affected
as far as the power is concerned. Another noteworthy difference was observed between
Figure 10a,b. The prominent peaks and troughs of 360 Hz sound waves in the empty
column were suppressed due to the presence of the bed. In sum, changing the frequency of
the sound waves does not significantly impact the power transmission inside the bed.

The power transmission and dissipation due to the presence of the granular nanosilica
bed were further explored by comparing the power deep inside the bed at a distance of
x = 0.06 from the distributor with the corresponding value for the empty column. The
case of the freeboard region at x = 0.74 was also considered. The ratios for both cases are
presented in Figure 11a. The ratio for the freeboard region mostly varied from 0.5 to 5.
Interestingly, the average signal power (i.e., pressure fluctuations) at 300 Hz and 320 Hz
in the freeboard region was almost five time larger than that in the empty column due to
the shifting of the pressure antinode in response to the presence of the granular static bed.
Meanwhile, the higher value of frequencies above 340 Hz resulted in significantly lower
ratios. A similar trend was also observed for deep inside the bed at x = 0.06. However, the
average signal power in the absence of the bed was 200 to 10,000 times higher than that in
the presence of a bed, which clearly demonstrates that the presence of a granular nanosilica
bed results in a significant power attenuation.

Figure 10. Cont.
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Figure 10. Power distribution of sound waves along the column length for (a) empty column and
(b) nanosilica bed.

Figure 11. Effect of frequency on the acoustic attenuation (a) at a specific point inside the bed and in
the freeboard region, and (b) the average effect for the entire bed and the freeboard region (the empty
column values are used as reference).
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Only a single location, each for the freeboard and the bed, where the peak fluctuations
occurred has been considered so far in the above. The overall average signal powers for the
freeboard region extending from x = 0.57 to 0.86 and for the granular bed region extending
from x = 0.0 to 0.40 were also computed. Figure 11b compares the average powers thus
obtained with the corresponding values for the empty bed to gain further insights into
the region-wise signal attenuations. The observed trend was similar to that shown in
Figure 11a where local ratios are presented. A smaller ratio was observed at 360 Hz since
the signal power at this frequency was most pronounced in the empty column. However,
the presence of the granular nanosilica bed mitigated its effect, resulting in lower values of
power ratios.

5. Conclusions

Unlike previous studies that mostly used SPL meters, sensitive pressure transduces
were utilized in this work to monitor the wave patterns generated in the closed empty
column and static granular bed subjected to acoustic disturbance by placing a sound
source at the top of the column. The amplitudes of the signal (i.e., pressure fluctuations)
differed across various locations along the height of the column, indicating the evolution of
standing wave patterns. Although the sound source was excited with a single frequency,
the frequency domain analysis of the signal revealed the presence of disturbances of
other frequencies. However, the granular nanosilica bed filtered the disturbances and
retained only the dominant frequency component of the signal. A careful comparison of the
disturbances between the empty column and the static granular bed revealed a significant
dissipation of the signal power as the waves propagated downward the bed toward the
distributor. The effect of the sound waves could only be observed in the upper region of the
bed. Compared with the empty column, the signal power decreased by several orders of
magnitude along with increasing distance from the upper interface of the bed. The sound
frequency clearly affected the signal strength. However, contrary to the case of the empty
column, the locations of pressure nodes and antinodes were not affected by the change of
the frequency in the nanosilica bed.
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Nomenclature

c speed of acoustic wave in the medium (m/s)
I acoustic intensity
K bulk modulus
prms root mean square of sound pressure
N number of data points
pi instantaneous pressure/incident pressure (Pa)
pr reflected pressure (Pa)
pt transmitted pressure (Pa)
P average value of pi
P0 amplitude of the waves originating from the source (Pa)
SPL sound pressure level (dB)
x distance from the distributor along the bed height (m)
x dimensionless distance from the distributor, i.e., x = x/L (m/m)
z specific acoustic impedance
L height of the acoustics source from distributor (m)
Greek symbols
μ air viscosity at room temperature (N·s m–2)
k wave number
f acoustic frequency
ω angular frequency
λ wavelength
α acoustic power transmission coefficient
ρb bulk density of the medium (kg/m3)
ε bed porosity
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Abstract: CdS films with a wide range of substrate temperatures as deposition parameters were fab-
ricated on Corning Eagle 2000 glass substrates using RF magnetron sputtering. The crystallographic
structure, microscopic surface texture, and stoichiometric and optical properties of each CdS film
deposited at various substrate temperatures were observed to be highly temperature-dependent. The
grown CdS thin films revealed a polycrystalline structure in which a cubic phase was mixed based
on a hexagonal wurtzite phase. The relative intensity of the H(002)/C(111) peak, which represents
the direction of the preferential growth plane, enhanced as the temperatures climbed from 25 ◦C to
350 ◦C. On the contrary, the intensity of the main growth peak at the higher temperatures of 450 ◦C
and 500 ◦C was significantly reduced and exhibited amorphous-like behavior. The sharp absorption
edge revealed in the transmission spectrum shifted from the long wavelength to the short wavelength
region with the rise in the substrate temperature. The bandgap showed a tendency to widen from
2.38 eV to 2.97 eV when the temperatures increased from 25 ◦C to 350 ◦C. The CdS films grown at the
temperatures of 450 ◦C and 500 ◦C exhibited glass-like transmittance with almost no interference
fringes of light, which resulted in wide bandgap values of 3.09 eV and 4.19 eV, respectively.

Keywords: cadmium sulfide; thin film; substrate temperature; RF magnetron sputtering; physi-
cal property

1. Introduction

Cadmium sulfide (CdS) is a “Group II-VI compound semiconductor formed by cad-
mium (Cd) belonging to Group IIB metallic elements and sulfur (S) included in Group VI
non-metallic elements” [1]. CdS is one of the n-type semiconductor materials exhibiting a
bandgap of 2.42 eV [2]. Due to these characteristics, it is mainly applied to optoelectronic de-
vices such as photovoltaics [3,4]. Moreover, several researchers are focusing on CdS because
it can be applied to devices, such as piezoelectric, photonic, and thin-film transistors [5–7].
CdS thin films are deposited using various techniques, such as “sputtering” [8], “molecular
beam epitaxy (MBE)” [9], “chemical vapor deposition (CVD)” [10], “chemical bath deposi-
tion (CBD)” [11], and “spray pyrolysis” [12]. Each of these deposition techniques has its
own set of advantages and disadvantages. One of the widely utilized deposition process
techniques for fabricating CdS films more efficiently is radio-frequency (RF) magnetron
sputtering. RF magnetron sputtering enables better adhesion, wider coverage, higher
uniformity, the convenience of thickness control, and higher film density at relatively low
substrate temperatures in the film manufacturing process compared to other deposition
techniques [8]. The physical characteristics of RF magnetron sputtered CdS thin films are
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directly dependent on deposition parameters, such as “the substrate temperature, working
pressure, gas flow rate, growth time, and RF power” [8,13,14]. Among these deposition
parameters, “the substrate temperature is the main experimental factor that determines
the crystallographic, optical and electrical properties of thin films” [13,14]. The surface
texture and thickness of the grown thin film also change significantly corresponding to
the marginal variation in the substrate temperature during the sputtering process. More-
over, the desired phase can be obtained if the substrate temperature is sufficiently high
despite insufficient sputtering power or deposition pressure. N. Akcay et al. “fabricated
CdS thin films with the thickness of 50 nm or less at the substrate temperature of 200 ◦C
using RF magnetron sputtering and applied it as the buffer layer for CZTS thin-film solar
cells” [13]. Das et al. “demonstrated the effect of the temperatures on various properties
of RF-sputtered CdS thin films grown at substrate temperatures ranging from 25 ◦C to
300 ◦C” [14]. In a previous study, we also discussed “the structural and optical properties of
CdS thin films prepared at the temperatures between 25 ◦C and 250 ◦C” [15]. Most studies
on the application of CdS films as buffer layers explain the physical properties at substrate
temperatures below 300 ◦C. However, the characteristics of the devices may be determined
based on the characteristics of CdS films exhibited at substrate temperatures above 300 ◦C
when the CdS film is applied as a junction layer for electronic devices other than the buffer
layer of solar cells [16–18]. Therefore, further research on the physical properties of CdS
thin films over a wide range of substrate temperatures is required.

In this paper, CdS thin films were fabricated on glass substrates by RF magnetron
sputtering by applying a wider range of substrate temperatures (25–500 ◦C) as experimental
parameters than in previous studies. In particular, the singularity of structural and optical
property fluctuations seen at 450 ◦C and 500 ◦C is a unique result that has not been
previously reported in other papers. Additionally, we discussed in depth how deposition
temperatures affect the structural, morphological, compositional, and optical aspects of
CdS thin films.

2. Materials and Methods

2.1. Deposition of CdS Thin Films

CdS thin films with various substrate temperatures were prepared on Corning Eagle
2000 glass substrates by RF magnetron sputtering. Corning Eagle 2000 glass substrate
features a strain point of 666 ◦C and a softening point of 985 ◦C and has better thermal
stability than soda-lime glass, which has a strain point of 520 ◦C and a softening point of
820 ◦C. The CdS target used in the sputtering process was 4 mm thick, 50 mm in diameter,
and 99.99% pure (4N). A 25 × 25 mm2 glass was used as the substrate for CdS thin-film
deposition, and the fine glass particles generated during glass cutting were blown away
using a nitrogen gun. Glass substrates were placed in a beaker containing deionized (DI)
water and ultrasonically cleaned for 10 min to remove residual organic substances on
the surface of the substrate. The substrates were immersed in a beaker containing a 99%
or higher purity of acetone, ethyl alcohol, and isopropyl alcohol, followed by ultrasonic
cleaning for 5 min after each post-primary cleaning. The surfaces of the substrates after
ultrasonic cleaning were dried using a nitrogen gun and immediately loaded into a vacuum
chamber to minimize external contamination. The initial vacuum degree of the chamber
for the sputtering process was 5.0 × 10−6 Torr (0.667 mPa) or less using a turbopump.
Moreover, 55 sccm of argon gas was introduced into the chamber through a mass flow
controller. The surface impurities of the CdS target were removed by performing pre-
sputtering for 30 min at an RF power of 60 W and a deposition pressure of 3.0 × 10−2 Torr
(4 Pa) before the deposition of a CdS thin film. The substrate was isolated from the target by
a movable shutter during the pre-sputtering and cleaning of the target surface. Thereafter,
CdS thin films were deposited on the substrates for 15 min by increasing the RF power to
120 W and adjusting the temperature from 25 ◦C to 500 ◦C at the same deposition pressure.
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2.2. Characterization of CdS Thin Films

The crystallographic characteristics of the CdS thin films were analyzed using X-
ray diffraction (XRD, D8 Advance, Bruker, Billerica, MA, USA) with a Cu Kα radiation
wavelength (λ) of 0.15406 nm. The surface morphology, grain size, film thickness, and
elemental composition of the CdS thin films were evaluated by a field emission scanning
electron microscope (FESEM, S-4800, HITACHI, Tokyo, Japan) and an energy dispersive
X-ray spectrometer (EDS, 7953-H, Horiba, Kyoto, Japan) attached as an additional accessory.
The optical transmittance was observed under a wavelength variable of 190 to 1100 nm
through an ultraviolet-visible (UV–Vis) spectrometer (UV-1800, SHIMADZU, Kyoto, Japan).
The energy bandgap was calculated based on the data collected from the transmittance
measurements.

3. Results and Discussion

3.1. Structural Properties of CdS Thin Films

Figure 1 illustrates the XRD patterns of CdS thin films deposited at various substrate
temperatures (Ts) measured at 2 theta (θ) diffraction angles ranging from 20◦ to 80◦. The
deposited CdS films were mixed in hexagonal (H) and cubic (C) structures (JCPDS No.
01-077-2306 and 01-080-0019) [19]. According to the JCPDS card showing information
about the CdS crystal system, it is difficult to ascertain a distinct Miller index for the XRD
pattern represented at 2θ diffraction angles of 26.5◦ and 54.6◦. This is due to the 2θ angles
representing the hexagonal and cubic structures as being 26.53◦ and 26.55◦, respectively,
with the difference between the two angles being only 0.02. The angular difference between
the hexagonal and cubic structures expressed at 54.64◦ and 54.67◦, respectively, is also very
insignificant at 0.03. Therefore, the diffraction peaks appearing at these two angles can be
expressed by the Miller indices of H(002)/C(111), which represent the mixture of hexagonal
and cubic phases [19,20].

Ts

Ts

Ts

Ts

Ts

Ts

 

Ts
Ts
Ts
Ts
Ts
Ts

(a) (b) 

Figure 1. (a) XRD results of CdS thin films fabricated at various substrate temperatures, and (b) the
details of the H(002)/C(111) peaks corresponding to the main diffraction plane in the XRD patterns.

The peaks for the H(002)/C(111) plane representing the preferential growth orientation
were observed at a diffraction angle of 26.5◦ [21,22]. Relatively weak peaks corresponding to
the H(101), H(102), H(103), H(112), and H(212) planes representing the hexagonal structure
were observed at diffraction angles of 28.2◦, 36.6◦, 47.8◦, 51.9◦, and 75.6◦, respectively. As
the temperature ascended to 350 ◦C, the intensity of the principal diffraction peaks increased
proportionately. However, the intensity of the dominant peaks dropped dramatically for
the films grown at higher temperatures (450 ◦C and 500 ◦C). The intensity of the peak on the
H(004)/C(222) plane at a diffraction angle of 54.6◦ depended on the substrate temperature
at the main peaks. The full width at half maximum (FWHM) of the H(002)/C(111) peaks
for CdS thin films deposited at a variety of substrate temperatures is summarized in Table 1.
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The FWHM values were analyzed using DIFFRAC.SUITE software, which was provided
by Bruker. The Scherrer formula (D = 0.9λ/βcosθ) was used to determine the crystallite
size [23]. The crystallite size of the CdS thin film at 25 ◦C was 46.6 nm. The crystallite
size gradually increased to 52.3 nm at 150 ◦C, 56.4 nm at 250 ◦C, and 59.2 nm at 350 ◦C,
corresponding to the increase in substrate temperature. However, for the films formed at
450 ◦C and 500 ◦C, the crystallite size was reduced to 51.7 nm and 55.7 nm, respectively.

Table 1. Detailed values representing the structural properties of CdS thin films fabricated at various
substrate temperatures.

Substrate
Temperature

(◦C)

2 Theta
(deg)

FWHM
Value
(deg)

Crystallite Size
by XRD

(nm)

Grain Size
by FESEM

(nm)

Thickness
by FESEM

(nm)

25 26.55 0.183 46.6 43.3 333
150 26.57 0.163 52.3 49.4 378
250 26.56 0.151 56.4 65.4 437
350 26.56 0.144 59.2 77.2 396
450 26.55 0.165 51.7 47.8 254
500 26.60 0.153 55.7 55.3 569

3.2. Morphological and Compositional Properties of CdS Thin Films

Figure 2 represents the FESEM images of the surface morphology and cross-section of
the prepared CdS thin films at various substrate temperatures. The crystal grains with an
average diameter of 43.3 nm are closely bonded to each other to form a thin-film surface in
the CdS film prepared at the temperature of 25 ◦C. A temperature of 25 ◦C corresponds to a
relatively low temperature in terms of promoting “initial nucleation and providing a high
density of nuclei to obtain a surface texture” [24]. When growing a thin film by sputtering,
if the substrate temperature is raised while fixing the deposition time, sufficient activation
energy for nucleation and growth is supplied according to the temperature increase during
the deposition process. Therefore, the substrate temperature becomes an effective process
condition to improve the density and thickness of the thin film and the grain size [25]. The
average grain size value for CdS films improved to 77.2 nm when the temperature was
elevated to 350 ◦C. Moreover, the spacing of adjacent grain boundaries also widened. The
average thickness of the CdS film deposited at 25 ◦C was measured to be 333 nm. The
thickness of the film grew with increasing temperatures to 378 nm at 150 ◦C and 437 nm at
250 ◦C. Through these observations, it could be seen that the thickness of the CdS thin film
deposited by the sputtering process gradually improved with the substrate temperature
up to 250 ◦C. The thickness of the films deposited at 350 ◦C and 450 ◦C, on the other
hand, plummeted to 396 nm and 254 nm, respectively. The decrement in the thickness
of the films observed at the temperatures between 350 ◦C and 450 ◦C is due to the re-
evaporation phenomenon occurring at higher substrate temperatures above 300 ◦C [24,26].
The surface and cross-sectional images of the CdS thin film deposited at 450 ◦C show that
the crystals grew in extremely irregular directions under these conditions. The crystal
growth irregularities were more pronounced in the images of CdS films deposited at
the temperature of 500 ◦C, exhibiting a shape that resembled nanorods. The surface
morphology and thickness variations occurring at high temperatures over 450 ◦C are
consistent with the amorphization tendency observed in the XRD results. The structural
and optical singularities at 450 ◦C and 500 ◦C were observed for the first time during
our research.

The results of the EDS analysis of the chemical composition are listed in Table 2. The
average values of the four different points are indicated. The atomic percentage of Cd
was higher than that of S for CdS films deposited at temperatures between 25 ◦C and
350 ◦C. The atomic percentage of Cd represents a continuously decreasing trend with
increasing substrate temperature. The reduction of Cd content is presumed to be due to
the surface mobility and vapor pressure of the Cd element being higher than that of the
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S element, so that the Cd atoms preferentially escape from the CdS film along with the
rise in the substrate temperature [14]. The atomic ratio of elemental S to Cd in the films
grown at the temperatures between 250 ◦C and 350 ◦C was approximately equal to the
stoichiometric composition of CdS. Conversely, the atomic percentage of S was higher than
that of Cd at 450 ◦C and 500 ◦C. The S/Cd ratio was also calculated to be 1.14 and 1.09,
which are values that deviate from the stoichiometric composition. The results of the EDS
investigation show that the deterioration of the crystallinity and the non-uniformity of the
surface microstructure of the CdS thin films grown at substrate temperatures of ≥450 ◦C
can be attributed to the collapse of the stoichiometry induced by the volatilization of the
Cd element [27–29].

 

Figure 2. Surface morphology and cross-sectional FESEM images of CdS thin films at (a) Ts = 25 ◦C,
(b) Ts = 150 ◦C, (c) Ts = 250 ◦C, (d) Ts = 350 ◦C, (e) Ts = 450 ◦C and (f) Ts = 500 ◦C.

Table 2. Values of the variation in the chemical composition of CdS thin films grown at various
substrate temperatures.

Substrate
Temperature (◦C)

Cd
(Atomic %)

S
(Atomic %)

S/Cd
Ratio

25 53.15 46.85 0.88
150 51.59 48.41 0.94
250 50.89 49.11 0.97
350 50.87 49.13 0.97
450 46.57 53.43 1.14
500 47.76 52.24 1.09

3.3. Optical Properties of CdS Thin Films

Figure 3 shows the optical transmittance results for CdS thin films fabricated over
a wide substrate temperature range. The sharp absorption edge of the CdS thin film
deposited at 350 ◦C was observed near the wavelength of 500 nm. However, at higher
temperatures between 450 ◦C and 500 ◦C, the absorption edge wavelengths were confirmed
at 300 nm and 270 nm, respectively. The average transmittance of the room-temperature-
sputtered CdS thin film measured for wavelengths between 500 to 1100 nm was 66%. The
transmittance values for the CdS thin film improved to 76.3% at 150 ◦C, 82.8% at 250 ◦C,
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81.5% at 350 ◦C, and 91.2% at 450 ◦C with the increase in the substrate temperature. At a
substrate temperature of 500 ◦C, the transmittance decreased to 88.8% compared to the
immediately preceding condition. The absorption edge of the transmittance spectra at
substrate temperatures of 450 ◦C and 500 ◦C shifted to the shorter wavelength region.
The blue shift of the absorption edge is thought to be related to the shape of the crystal’s
growth. We previously mentioned the singularity of the shape variation of the surface and
cross-section of CdS films grown at 450 ◦C and 500 ◦C through the SEM results in Figure 2.
In the deposited films under these conditions, the spacing between adjacent crystal grains
is unusually wide. It also indicates that the crystal growth was randomly grown in an
irregular direction rather than perpendicular to the substrate. Due to these results, it is
thought that the transmittance pattern of the deposited CdS film in this temperature range
exhibits an amorphous-like behavior. Moreover, the interference fringes of light observed
in the 500 to 1100 nm wavelength range were absent. This may be due to the volatilization
of the Cd element, which occurs when exposed to temperatures above 450 ◦C, as indicated
in Table 2.

Ts
Ts
Ts
Ts
Ts
Ts

(a) (b) 

Figure 3. Optical transmittance spectral results for CdS thin films fabricated at various substrate
temperatures: (a) transmittance spectrum and (b) average transmittance distribution.

The energy bandgap of the CdS thin film was “calculated by substituting the ab-
sorption coefficient (α) derived from the transmission spectrum into the following Tauc
equation” and is shown in Figure 4 [30].

(αhυ)1/n = A(hυ − Eg) (1)

In this equation, “A is the constant for the effective mass (M) associated with the bands,
and h is Planck’s constant. The frequency of the incident radiation is υ, the bandgap of
that material is Eg, and the exponent n is the transition probability” [14,30]. The transition
probability, n, was calculated by substituting the value of the direct allowed transition (1/2)
in Equation (1). The Eg was determined by approximating the (αhυ)2 graph on the y-axis
corresponding to the photon energy (hυ) extrapolated to α = 0 with a straight line [2,31].
The bandgap of the CdS thin film deposited at a substrate temperature of 25 ◦C was 2.38 eV.
“This bandgap value is higher than the bulk of CdS at 300 K (2.42 eV)” [32]. The bandgap
value widened from 2.39 eV to 2.97 eV as the substrate temperature was raised from
150 ◦C to 350 ◦C. The analysis of XRD patterns (Figure 1), FESEM images (Figure 2), and
EDS data (Table 2) established that substrate temperatures of up to 350 ◦C were effective
deposition parameters for the formation of CdS thin films. Therefore, it can be considered
that this temperature range has a positive effect on the grain size, crystal structure, and
stoichiometric composition in the growth stage of the CdS thin films. The band gaps at
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higher substrate temperatures (450 ◦C and 500 ◦C) were 3.09 eV and 4.19 eV, respectively.
This steep increase in the bandgap is due to the blue shifting of the transmission spectrum
following the amorphous nature of the CdS thin films. It should be noted here that the
measured bandgap values under these substrate temperature conditions may be somewhat
inaccurate. The thickness of the film is one of the important parameters when plotting the
bandgap with the Tauc equation. The cross-sectional SEM image of the 450 ◦C samples
shown in Figure 2 represents a higher density than the 500 ◦C samples. The thickness of
the sample at 450 ◦C was calculated based on the average of the points where the particles
grown perpendicular to the substrate were densely distributed. At a substrate temperature
of 500 ◦C, grain growth occurs randomly in a direction perpendicular or oblique to the
substrate. Since the length of each grown crystal is different, it is only possible to estimate
the film thickness rather than accurately measuring the film thickness. The film thickness of
the sample was calculated based on the average length of crystals grown at perpendicular
or very close angles. Therefore, depending on which viewpoint is applied, the thickness
of the film deposited at 500 ◦C may differ from the value of 569 nm shown in Table 2; the
actual thickness is estimated to be much thinner than that value. For these reasons, the
inhomogeneous substrate coverage observed at 450 ◦C was further aggravated at 500 ◦C,
leading to accelerated amorphous behavior and an increased bandgap [33].

Figure 4. Energy band gap of CdS thin films as determined by transmittance spectroscopy.

4. Conclusions

In this study, we comprehensively analyzed the effect of substrate temperature on the
structural, compositional, and optical properties of RF-sputtered CdS thin films. All CdS
thin films grown at various substrate temperatures (25–500 ◦C) showed a polycrystalline
structure with mixed hexagonal (H) and cubic (C) phases. The diffraction peak for the
H(002)/C(111) plane was observed at 26.5◦, indicating a preferential growth orientation.
The diffraction intensity for the main peak showed a tendency to significantly improve
more than twofold as the substrate temperature increased from 25 ◦C to 350 ◦C. In contrast,
the intensity for the peak at the temperature conditions of 450 ◦C and 500 ◦C decreased and
showed a value significantly lower than that of the CdS film deposited at 25 ◦C. FESEM im-
age analysis confirmed that substrate temperature has a respectable effect on morphological
changes such as the surface and thickness of CdS thin films. In particular, in the image of
the CdS thin film grown at 500 ◦C, it was confirmed that crystal growth was performed in
an arbitrary direction rather than perpendicular to the substrate. The distance between the
grains was also observed to widen compared to the lower substrate temperature, revealing
non-uniform crystal growth. The stoichiometric ratio (S/Cd) of the CdS films grown at
250 ◦C and 350 ◦C showed the same value of 0.97. This value is slightly less than the stoi-
chiometric ratio of bulk CdS. The volatilization of Cd was observed in CdS films prepared
at higher temperatures (450 ◦C and 500 ◦C). Therefore, the chemical composition of the
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films represents an S-rich stoichiometry. The sharp absorption edge of the CdS thin film
fabricated at a substrate temperature of 25 ◦C was observed near a wavelength of 500 nm,
and the average transmittance was 66%. Subsequently, the transmittance of the film was
enhanced to about 81.5% and 91.2% at temperatures of 350 ◦C and 450 ◦C, respectively. At
the substrate temperature of 500 ◦C, the transmittance decreased slightly compared to the
previous condition and showed a value of approximately 88.8%. The band gaps of the CdS
thin films grown at substrate temperatures of 25 ◦C and 150 ◦C were 2.38 eV and 2.39 eV,
respectively, which were close to those of bulk CdS. The bandgap of the CdS thin film
deposited at the higher substrate temperature presented a tendency to widen in proportion
to the increase in temperature.
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Abstract: In the past few decades, nanotechnology has been receiving significant attention globally
and is being continuously developed in various innovations for diverse applications, such as tissue
engineering, biotechnology, biomedicine, textile, and food technology. Nanotechnological materials
reportedly lack cell-interactive properties and are easily degraded into unfavourable products due to
the presence of synthetic polymers in their structures. This is a major drawback of nanomaterials
and is a cause of concern in the biomedicine field. Meanwhile, particulate systems, such as metallic
nanoparticles (NPs), have captured the interest of the medical field due to their potential to inhibit
the growth of microorganisms (bacteria, fungi, and viruses). Lately, researchers have shown a great
interest in hydrogels in the biomedicine field due to their ability to retain and release drugs as well
as to offer a moist environment. Hence, the development and innovation of hydrogel-incorporated
metallic NPs from natural sources has become one of the alternative pathways for elevating the
efficiency of therapeutic systems to make them highly effective and with fewer undesirable side
effects. The objective of this review article is to provide insights into the latest fabricated metallic
nanocomposite hydrogels and their current applications in the biomedicine field using nanotech-
nology and to discuss the limitations of this technology for future exploration. This article gives an
overview of recent metallic nanocomposite hydrogels fabricated from bioresources, and it reviews
their antimicrobial activities in facilitating the demands for their application in biomedicine. The
work underlines the fabrication of various metallic nanocomposite hydrogels through the utilization
of natural sources in the production of biomedical innovations, including wound healing treatment,
drug delivery, scaffolds, etc. The potential of these nanocomposites in relation to their mechanical
strength, antimicrobial activities, cytotoxicity, and optical properties has brought this technology
into a new dimension in the biomedicine field. Finally, the limitations of metallic nanocomposite
hydrogels in terms of their methods of synthesis, properties, and outlook for biomedical applications
are further discussed.

Keywords: metallic; nanocomposite; hydrogel; nanotechnology; drug delivery; tissue engineering;
wound care

1. Introduction

Nanotechnology is one of the latest fields in science and engineering; it deals with the
design of nanoscale devices and systems, where the dimensions of the particles are less than
100 nm [1]. Since the 20th century, the advancement of nanotechnology through exploration
and evolution has driven it to become one of the crucial domains for closing the gaps, both
in the research and the industrial fields. The significant properties, such as the antimicrobial
and electrocatalytic properties, thermal stability, luminescence, etc., can be transformed
by nanotechnology and will eventually be applied to manifold applications, such as tissue
engineering, biotechnology, biomedicine [2], cosmetics [3], food [4], textiles [5,6], and others.
Some of the applications of nanotechnology in various fields are illustrated in Figure 1.
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Figure 1. Involvement of nanotechnology in various industrial fields.

An extensive investigation of the drug delivery systems aided by nanotechnology has
revealed excellent site-specific delivery and drug release properties to control targeted dis-
eases. Over the past 2 years, the severe acute respiratory syndrome-associated coronavirus
(SARS-CoV-2) pandemic has overwhelmed global healthcare systems. Thus, it is crucial
that a rapid, early, accurate, cost-effective, and on-site diagnosis be invented to accommo-
date the spread of such viral diseases, including via nanotechnology. Ibrahim et al. [7]
reviewed the effectiveness of gold (Au) and silver nanoparticles (Ag NPs) as biosensors
in the detection of pathogenic RNA viruses. According to them, these NPs possess excel-
lent characteristics, such as good biocompatibility, broad structural variety, and notable
bio-imitative behaviours, for the efficient detection of pathogens.

Meanwhile, at present, the utilization of NPs can lead to unfavourable and longer-
term side effects [8,9]. There is insufficient understanding of the particle size, morphology,
absorption by immune system cells, safety risks, and toxicity, which are major concerns
during the uptake of drugs [10]. Meanwhile, in the field of tissue engineering, despite the
ability of nanocomposite materials to minimize the effects of tissue injury and artificial
organ tissue, the fundamental knowledge about bio-mimic materials incorporated with
nanotechnology is still lacking in this area, and thorough investigative studies supported
by clinical approval are required [11]. Although biomedicine nanotechnology has brought
the healthcare sector to a new level, challenges in the design of these nanomaterials, such
as poor reproducibility, specificity, efficacy, affordability, and adverse side effects, still need
to be diligently overcome. In view of this, the present review article selectively focuses on
the evolution of metallic nanocomposite hydrogels in recent years and their applications in
the field of biomedicine, specifically in drug delivery, wound care, and tissue engineering.

A lot of research work has been carried out to extensively explore the fabrication
of nanomaterials for use in the field of biomedicine [10,11]. These nanomaterials, which
comprise selected materials integrated with NPs, are produced by various techniques,
including both physical and chemical methods, as well as by considering the correlation
between their particle size and morphology through either in vivo or in vitro studies. The
fabrication process involves the selection of suitable techniques and materials for the
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synthesis of the nanomaterials. Therefore, the next section will further discuss the types
and methods of the synthesis of NPs to gain a comprehensive understanding of the reported
techniques being used to fabricate NPs.

2. Types and Methods of Synthesis of Nanoparticles

Various nanostructures, such as micelles, liposomes, dendrimers, metallic NPs, and
nano-coatings, have been utilized in the development of nanotechnology, especially in the
biomedicine field [12–16]. Among the various known NPs, metal or metal oxide NPs are the
most promising ones due to their antibacterial properties in association with a high surface-
to-volume ratio [17]. The potential of NPs as antibacterial agents is dependent on their
size, structure, and morphological behaviour, which could lead to different applications
in the biomedical field, such as drug delivery, wound healing, and tissue engineering.
Arokiyaraj et al. (2017) [18] elucidated the finding that Ag NPs extracted from the Rheum
palmatum root exhibited an average particle size of 121.5 nm, with a zone of inhibition
of 13–15 mm against the S. aureus and P. aeruginosa, produced through the well diffusion
method. Recently, Feroze et al. (2020) [19] reported that the average size of Ag NPs
synthesized from fungal metabolites of Penicillium oxalicum ranged from 60 to 80 nm. Their
results demonstrated a better antibacterial performance, with a maximum zone of inhibition
of 17.5 ± 0.5 mm (against the S. aureus and S. dysenteriae) and 18.3 ± 0.60 mm (against the
S. typhi), using a similar method. Both of the referred works signified that the antibacterial
activities of NPs are directly correlated to the size of the NPs, where the smaller the size
of the particles, the higher their surface-to-volume ratio, thereby leading to their better
performance as antibacterial agents.

NPs are known as particulate dispersions or solid particles or groups of atoms with
dimensions in the range of 1–100 nm. Alterations to the surface area and/or volume of
the NPs will lead to modifications of their properties, such as their mechanical, thermal,
optical, and catalytic behaviour, which can be exploited in diverse applications, such as
in the biological fields [20,21]. In the last decade, the fabrication of NPs based on polysac-
charides [22], polymers [23,24], and plant-derived bioactive compounds [25] incorporated
with active drugs has proven to be efficient in treating various pathological conditions.

The synthesis of NPs can be classified into two major methodologies, namely the bottom-
up and top-down methods. Generally, in the bottom-up approach, atoms, molecules, or small
particles are joined together to form a nanostructured building block of NPs. A few examples
of the use of the bottom-up approach in the preparation of NPs are physical and chemical
vapour deposition, liquid state synthesis, chemical reduction, gas phase, and the solvothermal
methods [26]. In contrast, the synthesis of NPs using the top-down technique involves
reducing the size of the bulk material via different physical and chemical treatments. Some of
the physical techniques that are commonly used in the top-down method are lithography, laser
ablation, sputtering deposition, pulsed electrochemical etching, and vapour deposition [27].
The techniques that have been discussed herein are illustrated in Figure 2.

The utilization of different techniques and materials in the fabrication of NPs yields
NPs with distinct properties, such as variations in the particle size and structure, morphol-
ogy, and intrinsic behaviour. The bar chart in Figure 3 illustrates the average particle size
of ZnO NPs synthesized using a variety of techniques. The chart indicates the different
techniques and solvents used to obtain a distinct particulate size, eventually leading to a
variety of significant properties in the ZnO NPs. Among all the techniques mentioned, the
ZnO NPs produced by the solvothermal method exhibited a small particle size distribution,
which was actually less than 10 nm. The use of ethanol as a solvent led to the formation of
small, highly-dispersed ZnO NPs with a uniform shape and size [28]. This finding showed
that the solvent plays an important role in the synthesis of ZnO NPs. A similar work by
Thareja et al. (2007) [29] supported the use of water and alcohol as solvents to produce
smaller-sized ZnO NPs (17 nm), which were significantly smaller than the size of the ZnO
NPs (70 nm) produced through the use of acetone as the liquid media in the laser ablation
method. In contrast, Hasanpoor et al. [30] described the fabrication of ZnO NPs using the
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microwave irradiation technique, where the nanoparticles displayed a particle size ranging
from 50–150 nm and had a variety of morphologies at the different radiation powers of
540 W and 680 W. In fact, the morphological properties of the ZnO NPs also varied with the
use of different techniques and solvents during the synthesis of the ZnO NPs, as presented
in Figure 3. Therefore, the particle size and morphology of the NPs are dependent on the
preparation technique and the solvent used for the construction of the NPs.

Figure 2. List of different bottom-up and top-down methods commonly used for NP synthesis.

Figure 3. Comparison of the average size of particles (in nm) and morphological structures of ZnO
NPs synthesized using different techniques: solvothermal [28], laser ablation [29], microwave irradia-
tion [30], green synthesis [31], microwave-assisted ball milling [32], sol-gel [33], hydrothermal [34],
and spray pyrolysis [35].
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Nowadays, scientists have come to realize that most of the conventional methods
(physical and chemical techniques) used for the synthesis of NPs can have major adverse ef-
fects on humans and nature. The physical methods used for the preparation of NPs include
mechanical/ball milling, chemical etching and precipitation, microwave decomposition,
thermal/laser ablation, and so on [36,37]. These methods come at a high cost in terms of
resources, energy, time, and space and are considered as inconvenient for application in
the research and industrial fields [38]. Meanwhile, common conventional methods that
utilize chemicals, such as solvent extraction–evaporation, solvent diffusion, organic phase
separation, sol gel, laser pyrolysis, and others, are usually associated with the utilization
of hazardous organic solvents that are harmful to the environment and can affect the
physiological structure [39]. In fact, these chemical methods can lead to the formation of
toxic by-products and involve expensive, complicated, and laborious processes, which
are unfavourable to the ecosystem, and lab work [40]. For that reason, it is necessary to
use alternative synthesis pathways to eliminate most of the adverse effects, especially in
an effort to minimize the disposal of waste and to avoid the possible use of hazardous
and toxic materials. Despite the unique features of NPs that are beneficial for diverse
applications, numerous nanomaterials have also exhibited toxicity at the nanoscale level.
In order to eliminate this issue of toxicity, researchers and scientists have explored the
fabrication of bio-nanoparticles by incorporating green chemistry into nanotechnology with
the use of plants, microbes, etc. [41]. The green synthesis method has become a promising
route to be explored by scientists as it uses biological sources, such as plant, bacteria, or
fungi, to develop eco-friendly, non-hazardous, and biocompatible NPs. The plant-mediated
green synthesis of NPs is a well-known method that utilizes plant extracts. This green
synthesis method has gained significant attention among researchers exploring the different
behaviours/properties of NPs in relation to the various type of plants used [42]. Sur et al.
(2018) [43] utilized biosynthesized Ag NPs obtained from Reetha (Sapindus mukorossi) and
Shikakai (Acacia concinna) plant extracts as an effective surface-enhanced Raman scattering
(SERS) active substrate for the rapid identification of harmful bacteria, such as Mycobac-
terium tuberculosis. In another work, reported by da Silva et al. (2019) [44], a rare transition
metal oxide of zirconia NPs (ZrO2 NPs) was successfully fabricated using Euclea natalensis
plant extract as a bio-reducing agent. Recently, Abel et al. (2021) [45] reported on the green
synthesis of ZnO NPs via an aqueous coffee leaf extract (Coffee arabica), which served as a
reducing agent to stabilize the particle length. This had a valuable antibacterial potency
on pathogens in wounds. Meanwhile, Phang et al. (2021) [46] elucidated the potential of
using CuO NPs from the water extracts of papaya (Carica papaya L.) peel biowaste as a
photocatalyst for the degradation of palm oil mill effluent (POME) in wastewater treat-
ment under ultraviolet (UV) irradiation. It was noticed that about 66% of the COD was
reduced in the POME solution with the use of the biosynthesized CuO NPs under UV
light irradiation for 3 h, indicating the degradation of soluble proteins and carbohydrates
in the POME. The result showed that there was an improvement in the photocatalytic
degradation of POME in the presence of the CuO NPs when compared to the absence of
the NPs in dark conditions. Thus, the research work proved that NPs are considered as a
promising photocatalyst in accelerating the treatment of POME wastewater.

Overall, physical and chemical methods have been developed to produce NPs. Never-
theless, these approaches may have a negative impact on the environment, human health,
and the ecosystem. A few of the major concerns that have arisen in the production of NPs
are to do with their high cost, hazardous nature, and the formation of toxic by-products.
In order to overcome these issues, the development of an alternative route that is eco-
friendly, affordable, and facilitates the creation a sustainable ecosystem is highly necessary.
Green synthesis has become an alternative option and a promising pathway to replace
the physical and chemical methods for the preparation of NPs as it is biocompatible and
environmentally friendly. The rising popularity of the green synthesis method has triggered
scientists to produce NPs from diverse sources, such as plant, bacteria, fungi, and algae.
However, microorganisms, such as bacteria, fungi, and yeast, are exposed to the risk of
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culture contamination, tedious operations, and less control over the size of the NPs. Mean-
while, plant-mediated bio-synthesis has received wide attention for the fabrication of NPs
due to the abundance of sources and the various choices of flora that can be explored. A
review on the fabrication of metal or metal oxide NPs derived from plants will be presented
in the following section.

3. Recent Advances on Plant-Mediated Nanoparticles

Recently, NPs synthesized from metals (i.e., Ag, gold (Au)) and metal oxides (i.e.,
ZnO, titanium oxide (TiO2), copper oxide (CuO), iron oxide (Fe2O3), and alumina (Al2O3))
have attracted tremendous attention in the research world due to their potential as strong
antibacterial agents as a consequence of their large surface-area-to-volume ratio [47]. The
introduction of transition materials into their structures makes them the best candidates for
the synthesis of metal-based NPs as they possess partially filled d-orbitals in their elements,
which makes them more redox-active (easier to reduce to zerovalent atoms), a feature that
facilitates the aggregation of their NPs [48].

Usman et al. (2019) [49] prepared a series of gold NPs (Au NPs) at various concen-
trations of palm oil leaf extract via the ultrasound radiation technique. They confirmed
that increasing the concentration of the palm oil leaf extract (POLE) during synthesis re-
sulted in an increase in the average particle size and a decrease in the polydispersity index
(PDI) of the synthesized Au NPs. In another work, by Ramimoghadam et al. (2013) [50],
ZnO NPs were successfully synthesized using palm olein (PO) as a bio template via the
hydrothermal method. Their findings showed that the particle size distribution tended to
exhibit a dual mesoporous distribution, namely micro- and nano-structures with various
volumes of PO. Ismail et al. (2019) [51] also worked on the effect of using honey on copper
nanoparticles (Cu-NPs) via a green method aided by ultrasonic irradiation. An evaluation
of the antibacterial assay and its cytotoxicity against selected bacteria and mammalian
cell lines, respectively, revealed that the Cu NPs without honey had a higher cytotoxicity
and higher killing activity compared to Cu NPs with honey. A study by Sharma and
co-workers (2020) [38] reported on the potential photocatalytic and antimicrobial activities
of synthesized ZnO NPs via the green synthesis technique. This study further revealed
that the largest zone of inhibition was predominantly attained by B. subtilis, followed
by E. coli and S. aureus. Furthermore, the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) values were between 195 and 3125 μg mL−1

and 6250 and 12,500 μg mol−1, respectively, with these outcomes being lower than the
values reported in previous findings [52,53], where the chemical-based approach had been
chosen as the method of synthesis. Eventually, the ZnO NPs synthesized via the green
method clearly showed that the plant-mediated ZnO NPs were more efficient as antibac-
terial agents. Table 1 shows a list of the NPs fabricated via green synthesis over the past
five years (2018–2022). According to the table, a variety of metal or metal oxide NPs from
various plant sources are considered as potential antimicrobial agents that can kill or inhibit
the growth of various microorganisms. It is believed that these plant-mediated NPs can be
utilized in diverse applications and industries where there is a high risk of contamination
by bacteria and fungi.
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Table 1. List of nanoparticles with their applications.

Nanoparticles Technique Pathogens Application Reference

CuO Green synthesis (Aloe vera
leaf extract)

A. hydrophila, P. fluorescens,
F. branchiophilum Fisheries [54]

ZnO Green synthesis (Curcuma
longa L.)

B. subtilis, K. pneumonia, B.
licheniformis, E. coli, A. niger,

C. albicans.
Wound care [55]

CuO Green synthesis
(Carica papaya leaves)

B. subtilis, B. megaterium, B. cereus, S.
epidermidis, E. coli, K. pneumonia,

K. oxytoca, S. typhimurium.
Textiles [56]

Ag
Green synthesis

(Mahua oil cake (MOC) of
Madhuca latifolia L.)

S. aureus, S. faecalis, L. monocytogenesi,
E. coli, S. typhimurium Food packaging [57]

Ag Green synthesis (Crocus
sativus L. wastages)

E. coli, P. aeruginosa, K. pneumonia,
S. flexneri, B. subtilis Biomedicine [58]

Ag
Green synthesis

(Capsicum Annuum
var Annuum)

- Tissue engineering [59]

Au (gold) Green synthesis
(Hubertia ambavilla) - Cosmetics [60]

Fe3O4
Green synthesis

(Lagenaria siceraria) E. coli, S. aureus Drug delivery [61]

Palladium (Pd)
Green synthesis

(gum harri
(Anogeissus latifollia)

P. aeruginosa, S. aureus Catalyst [62]

AgNO3, Cu(NO3)2,
Ce(NO3)3, La(NO3)3,

Zn(NO3)2

Green synthesis
(Senna occidentalis)

E. coli, S. aureus, C. globosum,
A. alternata Paint coating [63]

CdO Green synthesis (green tea) - Electronic devices [64]

Nevertheless, most of the metal and metal oxide NPs, such as ZnO NPs, Ag NPs,
TiO2 NPs, and others, are highly toxic to human health and have become a major concern
with regard to clinical and pharmaceutical handling. Cytotoxicity, oxidative stress, and
mitochondrial dysfunction can occur in various cell lines due to the reduction in Zn-
dependent enzymes and transcription factors by an increase in [Zn2+] ions, as a result
of the dissolution of ZnO NPs in the extracellular region [65,66]. This was supported
by Chen et al. (2019) [67], who stated that the cytotoxicity of ZnO NPs in HepG2 cells is
dependent on the size or concentration of the ZnO NPs. According to Aadli et al. (2019) [68],
lignin-functionalised Ag NPs have a toxic effect on MCF-7 cancer cells in a dose-dependent
manner, and they suggested that the cell toxicity of Ag NPs might possibly be due to the
generation of reactive oxygen species (ROS), such as hydrogen peroxide or their conversion
into highly reactive hydroxyls or superoxide radicals. Niska et al. (2018) [69] mentioned in
a review that TiO2 NPs also have a toxic effect, whereby the NPs accumulate on the surface
of human keratinocytes (HaCaT cells), are absorbed by endocytosis, and generate ROS to
cause mitochondrial damage to DNA and genotoxicity in human keratinocytes.

Thus, it is necessary to select a suitable method and the raw materials for a proper
design of nanomaterials to reduce the toxicity of the substances. One such potential method
involves reducing the dissolution of the toxic particulates to eventually hinder or lessen the
toxicity of the materials. This can be done by modifying the composition or by doping in an
extra component to improve the stability of the NPs. In addition, the addition of exogenous
chelating agents in the synthesis may help to reduce the toxicity of the dissolved ions [70].
Díez-Pascual et al. (2015) [71] investigated the wound healing potential of polymeric films
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reinforced with chitosan-modified ZnO NPs and suggested that the modification of the
ZnO NPs with chitosan reduced their cytotoxicity towards human cells. This was attributed
to the increase in size of the NPs due to the physical attachment of biopolymers to the ZnO
surface. Norouzi et al. (2021) [72] reported an insignificant loss of cell viability in HFF
cells at a concentration of less than 500 μg/mL of polyvinyl alcohol/ZnO NPs (PVA/ZnO)
through a cytotoxicity assay. The result showed that at concentrations below 500 μg/mL,
the cell viability of HFF cells was higher than 82.8%, thereby indicating that PVA/ZnO NPs
are non-toxic to human cells at that concentration level. The findings on the cytotoxicity of
ZnO NPs from the above works were compared with the reported works [73], and it was
revealed that there was an improvement in the toxicity of NPs on human cells when PVA
was integrated into the NPs.

Recently, hybrid hydrogels together with nanotechnology have shown a significant
potential to be used as antimicrobial agents. Some of the latest research work related
to nanocomposites that has been reported in the open literature will be discussed in the
subsequent subtopic.

4. Innovation of Metallic Nanocomposite Hydrogels

Recently, hydrogels have been attracting much attention among scientists due to their
fascinating ability to absorb and retain a sufficient amount of water. A hydrogel comprises
a network of monomers or polymers linked together by hydrogen bonds, electrostatic
interactions, hydrophobic interactions, or covalent bonds to form a hydrophilic 3-D polymer
network [74]. The medical application of nanotechnology, which is recognized in an
emerging field known as nano-medicine, is still under development.

Farjadian et al. (2019) [75] evaluated the thermo- and pH-responsive characteristics of
nano-carrier drug delivery platforms based on lysine-modified poly (vinylcaprolactam)
(PVCL) crosslinked by poly (ethylene glycol) diacrylate (PEGDA) to form a nano-hydrogel
conjugated with doxorubicin (DOX). The release profile of PVCL-DOX revealed that the
highest release of 80% was obtained at 40 ◦C and pH 5 within 72 h, which indicates that the
substance can suitably adhere to cancer sites. Additionally, PVCL-DOX showed an efficient
response in killing cancer cells in in vitro studies on MCF-7 cell lines compared to that of
the free DOX. This indicates that the prepared substance has a potential to be utilized as an
effective anti-cancer agent. Meanwhile, Abbaszadeh et al. (2020) [76] fabricated a novel
chitosan-based quercetin nanohydrogel (ChiNH/Q) and highlighted that the nanocom-
posite had distinct antitumour and anti-inflammatory properties that could regulate the
proliferation of breast cancer cells. This was a novel finding as it demonstrated, for the
first time, the application of ChiNH/Q on the global genomic DNA methylation profile of
HEPG2 cells. A study into the antitumour properties of the prepared ChiNH/Q revealed
that the level of methylated cytosine was significantly higher (1.01%) than the free-Q and
ChiNH-treated cells (0.993% and 0.992%, respectively). This demonstrated the efficiency of
this nanohydrogel in inhibiting tumour cells by decreasing the DNA methyltransferases
(DNMTs) gene expression and also by increasing the global DNA methylation in HepG2
cancer cells. In another work, Kamiński et al. (2020) [77] investigated the potential be-
haviour of the synthesized polymer hydrogel, HydroGel Bacterial Cellulose (HGBC), which
originated from a kombucha-derivative, as a replacement for synthetic materials, such
as polyamide (nylon), polyester, acrylic, Kevlar, etc., in the textile industry, especially for
use by astronauts in space. This HGBC material is one of the future innovations that is
being explored widely due to its excellent mechanical durability, good swelling properties,
fire-resistance, and comfort. Figure 4 shows photographs of the finished materials using
HGBC for clothing.
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Figure 4. Photographs of (a) wristband, (b) T-shirt sewn with fabric coated HGBC, (c) condition of
wristband after 2 weeks. Adapted from Ref. [77].

Nevertheless, one drawback of using hydrogels on their own is their low mechanical
strength, especially when used as scaffolds, which require high mechanical strength with
good tolerance of compression and elasticity. This low mechanical property hinders their
utilization for handling and loading in different parts of the body. Thus, the insertion of
metallic NPs into hydrogels to form metallic nanocomposite hydrogels can increase the
entanglements in its polymeric matrix to yield a high mechanical strength [78]. Dil et al.
(2018) [79] reported on the antibacterial potential of novel porous gelatine silver/AcA
(NPGESNC-AcA) nanocomposite hydrogels through free radical polymerization. Accord-
ing to their study, the gelation hydrogel with Ag NPs gave a better performance against E.
coli (Gram-negative bacteria) compared to S. aureus (Gram-positive bacteria). This result
may be due to the fact that the cell walls of Gram-negative bacteria have a thinner lipid
layer that could have facilitated the penetration of the released Ag NPs into the bacterial
cell membrane to eventually destroy them. Gholamali et al. (2019) [80] developed a new
drug delivery system comprising oxidized starch/CuO nanocomposite hydrogels through
the in situ method. They performed in vitro drug release profiles at different concentrations
of CuO NPs on the hydrogels to determine the cumulative release of the drug from the
metallic nanocomposite hydrogels. The reduced cumulative release of the drug, ibupro-
fen, with respect to increases in the concentration of NPs in an acidic environment was
attributed to the role played by the CuO NPs as the primary precursor of the prolonged
drug release behaviour. The outcome showed that a lower concentration of CuO NPs in
the hydrogel matrix provided a better drug release profile, making it suitable for controlled
drug delivery. In another work, Ahmadian et al. (2019) [81] also obtained a similar out-
come with regard to the drug delivery potential of polyvinyl alcohol/CuO (PVA/CuO)
nanocomposite hydrogels at pH 7.4. It was observed that as the number of CuO NPs
increased, the drug release rate was lowered because the entrapped drug molecules could
not easily diffuse into the contacted hydrogel network. Katas et al. (2021) [82] successfully
synthesized Ag NPs using a spent mushroom substrate (SMS) as a reducing agent. The NPs
were then incorporated with genipin-crosslinked gelatine hydrogels as a wound dressing.
The biosynthesized AgNP hydrogel proved to be an effective antibacterial material against
S. aureus, P. aeruginosa, Bacillus subtilis (B. subtilis), and Escherichia coli (E. coli).

Concurrently, any change in the size of the NPs is expected to alter their physical
and chemical properties due to an increase or decrease in their surface area. Meanwhile,
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the hydrophilic properties and high-water content of hydrogels could cause outstanding
mechanical and swelling properties. Thus, combining NPs and hydrogels under the
same mechanism is a technological development that will result in nanocomposites with
outstanding properties for applications in drug delivery, wound dressing, agriculture,
textiles, and others. The fabrication of nanocomposite hydrogels incorporated with metallic
NPs is still new, and thus, comprehensive and extensive studies are essential to obtain a
full picture of the functionality of these types of nanocomposites in various applications. In
this review, the focus on the utilization of metallic nanocomposite hydrogels in the field of
biomedicine will be discussed in the next subtopic.

5. Functionalization of Biobased Metallic Nanocomposite Hydrogels in
Biomedicine Applications

5.1. Drug Delivery Systems

It has been ascertained worldwide that the use of NPs for drug delivery involves
complex research, with promising outcomes being generated from in vitro studies and
small animal models. Nevertheless, research into the use of these nanomaterials on humans
is still limited due to the translational gap that exists between animal and human studies.
It has been observed that the behaviour and functionality of nanomedicines in the body
are associated with the physiological and pathological differences between animal model
species and humans [83].

Nanotechnology is a novel solution for overcoming the bottleneck in the issue of
complexity owing to the fast development of nanoscience and the magnificent performance
of nanomaterials. A nano-drug delivery system comprises nanomaterials with the full
potential to enhance the stability and water solubility of drugs, extend the cycle time,
elevate the uptake rate of target cells or tissues, and reduce enzyme degradation, thereby
improving the safety and effectiveness of the drugs [84]. Two main aspects in the fabrication
of metallic nanocomposite hydrogels are their pore size and their water intake, which must
be taken into account during the drug-loading process to achieve the optimum release rate
of the drugs into the targeted cells. The pore size of the nanocomposite hydrogel must
fit the size of the immobilized drugs, while a high-water content is necessary to create a
convenient environment for the immobilization of the drugs [85].

The schematic diagram in Figure 5 illustrates the drug delivery mechanism. In brief,
Figure 5a shows that the drugs, made up of polymers, are loaded into the metallic nanocom-
posite hydrogel through physical or chemical attachments [86]. Next, this nanomaterial is
administered into the patient’s body via an injection and is then transported into the blood
vessels, as depicted in Figure 5b. At a certain point, due to the different environments at
the site of the tumour, such as the presence of enzymes or a difference in pH, temperature,
electric field, and redox potential, this condition could trigger the smart nanomaterial
to release the drug loaded in the nanocomposite to interact with the tumour cells. The
drug/therapeutic agent can be released from the nanocomposite hydrogel through three
mechanisms, namely (i) diffusion-controlled or (ii) chemically controlled degradation or
(iii) swelling-controlled mechanisms. As shown in Figure 5c, the immobilization of these
drugs in the targeted tissues can cause the partial or complete destruction of tumour
cells [87,88].

Amiri et al. (2017) [89] successfully prepared novel alginate/CoFe2O3 metallic nanocom-
posite beads (Alg/CFO MNPs) hydrogels in the presence of caffeine via the co-precipitation
method. This work is claimed to be the first to deal with a combination of alginate hydrogel
beads with magnetite cobalt ferrite nanoparticles (CFO MNPs) as a drug carrier. The
in vitro study proved that the release profile of this nanocomposite hydrogel was elevated
at neutral pH compared to an acidic environment, which influenced the diffusion of drugs
into the nanomaterials. In an acidic environment, the hydrogels are mainly surrounded by
carboxylic acid and easily undergo protonation, which eventually results in a decline in
drug diffusion. Basu and co-workers (2018) [90] developed semi-interpenetrating-hydrogel-
silver nanocomposites (SNA) via a facile and simple green methodology through the
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free radical copolymerization of sodium alginate/polyacrylamide (NaAlg/PAAm) onto
Dolichos biflorus Linn, which acted as a reducing agent. According to their study, the loading
efficiency of the drug was greatly induced by the concentration of the drug and the impreg-
nation time. Both factors contributed to the high increase in the drug loading in the initial
phase, which eventually dropped off at a certain concentration and time. These effects may
be attributed to the high drug diffusion level during the early loading stage. Meanwhile,
Chen et al. (2018) [91] successfully fabricated Au NPS from carrageenan oligosaccharide
(CAO) hydrogels, which were used as the reducing and capping agent. They investigated
the antitumour activities of their synthesized NPs on colorectal cancer and breast cancer
in vitro. Based on the synthetic route and mechanism shown in Figure 6, there was a
reduction of Au3+ to Au0 ions in the reaction system, indicating the formation of Au NPs.
Meanwhile, the CAO, which acted as a capping agent, was added to obtain CAO-Au-NPs
nanocomposite hydrogels. The CAO was surrounded by gold atoms to form nano-sized
particles.

Figure 5. The proposed schematic diagram showing stages of drug delivery mediated by metallic
nanocomposite hydrogel: (a) drug loading into metallic nanocomposite hydrogel, (b) immobilization
of metallic nanocomposite hydrogel in blood vessel to targeted tissues, and (c) drug release process.
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Figure 6. Schematic diagram showing the mechanism of carrageenan oligosaccharide (CAO) hy-
drogel capped the gold nanoparticles (Au-NPs). Subsequently, the cytotoxicity test of CAO-AuNPs
nanocomposite hydrogel on cancer cells (HCT-116 cells and MDA-MB-231 cells) was also conducted.
Adapted from Ref. [91].

Organic–inorganic hybrid hydrogels based on an interpenetrating polymer network
(IPN) synthesized from polyaspartic-acid-based polymers embedded with Ag, CuO, and
ZnO NPs were successfully designed by Sattari et al. (2018) [92]. In general, the fusion of
NPs and IPN hydrogels increased the stability of the drug, curcumin, in the network and
eventually caused a slower release of the drug. In addition, Sattari and co-workers also
concluded that the pH environment affected the release of curcumin from the synthesized
hydrogel, where it was observed that there was an increased release of the drug from the
hydrogel at its natural pH due to an increase in the electrostatic repulsion and a reduction
of the hydrogen bonds between the ionic groups. Recently, Nagaraja et al. [93] elaborated
on the potential use of natural polymer-based stimuli-responsive silver nanocomposite
hydrogels (TGIAVE-Ag) obtained through a simple redox polymerization and a green
method using an aqueous extract of Terminalia belliricia seeds. The prepared TGIAVE-Ag
exhibited excellent antimicrobial activity with a large inhibition zone ranging between
12–18 mm against K. pneumonia, P. aeruginosa, E. coli, and S. aureus as Gram-positive and
Gram-negative bacteria, through the disc diffusion method. They suggested that the Ag
NPs generated free radicals and Ag+ ions, which led to the formation of pits and the
eventual death of the cells.

In general, natural sources are used to synthesize green NPs, which act as a reducing
and stabilizing agent, before the metal atoms are reduced to metal ions. These nano-scale
particles will eventually combine with the hydrophilic hydrogels, which commonly contain
–OH, –COOH, –CONH2, –CONH, and –SO3H, to elevate the rate of drug diffusion into
the targeted cells. Tumour cells or tissues usually behave differently in the environment
compared to normal cells, and therefore, the materials must be able to withstand the changes
in the behaviour of tumour cells while transporting the drugs. Metallic nanocomposite
hydrogels have shown their ability to adapt to external stimuli, such as pH, temperature,
and enzymes, at the tumour site, thus enhancing the diffusion rate of the therapeutic
agent in the drug delivery system. In addition to drug delivery, these nanomaterials
have also exhibited a potential in wound care applications, which will be discussed in the
following subsection.
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5.2. Wound Care Applications

Skin is the largest organ of the body and comprises multiple components and functions.
The outer layer of the skin is composed of dead cells and the epidermis, which acts as a
protection against the environment. The dermis or so-called middle layer, which consists
of living cells with a network of blood vessels and nerves, is responsible for the detection
of any external stimulus and the thermal regulation of the enclosed body. The inner layer
of the skin is mainly formed of fat, and its function is to insulate the body against shock. A
wound is caused by a physical trauma, where the skin is torn, cut, or punctured (an open
wound) or where a blunt force trauma causes a contusion (a closed wound) [94].

There are two types of wounds, namely acute wounds and chronic wounds. In general,
acute wounds are injuries with minimal microbial load or zero infection, scab generation,
and immune cell infiltration in the beginning stage. Consequently, acute wounds can be
repaired within a short period of time [95]. On the other hand, chronic wounds take a
longer time to repair due to the challenging process of being reimposed into the normal
anatomical structure and functions [96].

Wound healing is typically divided into four different phases, namely: (i) haemostasis,
(ii) inflammation, (iii) proliferation, and (iv) remodelling [20]. Figure 7 shows a schematic
diagram of the flow of the wound healing process. These phases are clarified in the
following points:

(i) Stage 1: Haemostasis—once the skin experiences an injury, the haemostasis process
will generate platelet clotting, accompanied by the formation of a fibrin matrix that
acts as a scaffold for cell infiltration [97].

(ii) Stage 2: Inflammation—the second stage, which is the inflammation process, will start
immediately after blood clotting, and it takes around 24 h to 4–6 days to complete
the process. In this stage, proteolytic enzymes and pro-inflammatory cytokines will
be secreted over the immune cells around the wound area. These inflammatory
cells produce reactive oxygen species (ROS), which are responsible for protecting the
organism from bacteria and infections. Gram-positive bacteria, such as S. aureus and
S. pyogenes, can be found predominantly in the first stage of infection, while Gram-
negative bacteria (i.e., E. coli and P. aeruginosa) dwell in wounds that have already
developed. In this context, an extensive understanding of cell-material interactions is
vital to trigger an exploration of new biomaterials. The discovery of new biomaterials,
including nanocomposite hydrogels, which can mimic the microenvironment of
the skin, is essential to enhance the rate of wound healing, especially in chronic
diabetic patients. The metallic nanocomposite hydrogel should be able to target the
macrophages to become regenerative and, eventually, be able to regulate the excretion
of signalling molecules. Consequently, a polymeric matrix offers structural support
and carries information to be passed to the cells for their in-growth.

(iii) Stage 3: Proliferation—all foreign particles and tissue debris are eliminated from
the wound by neutrophils and macrophages, thus preventing infections [98]. The
activation of the support system following the arrival of the neutrophils at the lesion
is associated with the loss of granules in the platelet, the liberation of chemotactic
signals by the necrotic tissue, and bacterial deterioration.

(iv) Stage 4: Remodelling—finally, the system will eventually evolve by causing the
macrophages to react to injuries. These cells are in charge of the phagocytosis of fibrin
and cellular debris, and they release the macrophage-derived growth factor (MDGF)
for fibroblasts and endothelial cells [97].
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Figure 7. Illustration on the wound healing process. The four stages of wound healing, which are
(i) Stage 1: Hemostasis phase; (ii) Stage 2: Inflammatory phase; (iii) Stage 3: Proliferation phase; and
(iv) Stage 4: Remodeling phase. Reprinted with permission from Ref. [98]. Copyright 2020 Elsevier.

The materials used to cover or treat wounds have also evolved from simple wound
covers into commercial wound dressings, with the latest one involving smart technology.
Originally, common materials, such as honey, animal oils or fats, cobwebs, mud, leaves,
moss, or animal dung in a crude form were used as wound dressings, and later, two or
more of these components were combined for convenience of use and to improve their
clinical effectiveness. Up to the end of the 19th century, absorbent sheets were produced
by scraping sheets of old linen with sharp knives. These were eventually replaced by
cotton in the middle of the 20th century [94]. Wound dressings, such as gauze, sterilized
absorbent cotton, and bandages, are commonly found in clinical practices due to their low
cost. However, these dressings can only provide physical protection and are limited in
their wound healing mechanisms when it comes to maintaining a moist environment and
preventing infections [96]. Nowadays, smart wound dressing has emerged as a promising
strategy for enhancing wound care management by modifying the materials to another
level of innovation in advanced wound dressing technologies. The developed smart wound
dressing is not only able to provide physical protection but can also act as a diagnostic
sensor that is able to monitor the condition of a wound and apply a proper treatment to
promote the healing process [99,100].

Recently, the emergence of metallic nanocomposite hydrogels in wound healing ap-
plications has driven these nanotechnologies into new inventions in the science and engi-
neering fields. The role of these nanocomposite hydrogels in wound care is dominantly
favourable due to their fascinating biocompatibility, controllable physical characteristics,
natural drug-loading system, and abundance of functional groups [101]. A study by Haseeb
and co-workers (2017) [102] revealed that their fabricated wound dressing containing silver
nanoparticles (Ag NPs), produced from linseed hydrogels (LSH), showed excellent antimi-
crobial and wound dressing properties. Based on their antimicrobial activity, it was found
that the LSH-Ag NPs actively inhibited the growth of several bacteria and fungi, such
as the S. mutans, S. epidermidis, P. aeruginosa, E. coli, S. aureus, B. Subtilis, A. odontolyticus,
and A. niger strains. Additionally, the LSH films impregnated with Ag NPs showed a
wound closure of 100% for rabbits on the 15th day. A similar outcome was obtained from
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a commercialized Band-Aid dressing on the excised wound of a group of healthy male
rabbits. Nevertheless, the excised wounds on a rabbit patched with the LSH-Ag NPs film
displayed a faster recovery compared to the standard Band-Aid dressing.

Next, Ezealisiji et al. (2019) [103] reported on the successful synthesis of ZnO NPs
nanocomposite hydrogels, using a Solanum torvum extract as the bio template, which were
tested for their effects on the hepatic and renal functions of Wistar rats. They found that
the moisturizing and humectant properties of the hydrogels enhanced the diffusion of the
nanomaterials into the skin by reversibly agitating the stratum corneum, which eventually
contributed to an added driving force for the transference of the nanomaterials into the
skin. Later, the metallic nanocomposite hydrogels resulted in the initiation of oxidative
stress, mitochondrial impairment, and DNA denaturation, while accelerating apoptosis of
the skin structure. Another work by Batool et al. (2021) [55] revealed the effectiveness of
ZnO-NPs/silica gel hydrogels (ZnO-NP/SG) fabricated from Aloe barbadensis leaf extract
for wound healing in male albino mice. The prepared wound dressing showed a promising
potential for the control of bacterial growth as it is biocompatible and can accelerate wound
healing behaviours in mice, which proves its therapeutic ability. According to Batool
et al., the high concentration of ZnO-NP/SG loaded at 30 ppm resulted in a higher wound
recovery rate than in the control sample. Meanwhile, it was found that at a concentration of
15 ppm, it was capable of healing 95% of the wound within 11 days. These results showed
that the ZnO-NP/SG dressing had a better control of bacterial growth, was biocompatible,
and accelerated wound healing properties in mice, thereby indicating its therapeutic ability.

In summary, metallic nanocomposite hydrogels are considered as ideal materials for
offering a protective barrier against bacterial infections, as well as in promoting the rate
of wound healing, as they are biodegradable, biocompatible, non-toxic, antimicrobial,
biologically adhesive, biologically active, and haemostatic. The moist condition of this
nanomaterial is able to prevent wound dehydration, which could slow down the wound
healing process. At the same time, the NPs embedded in the hydrogels are responsible
for acting as an antimicrobial agent by inhibiting the formation and growth of bacterial or
fungal strains. In fact, it has been proven in extensive research studies that nanocomposite
hydrogels can replace the conventional Band-Aid dressings available in the market due to
their potential to enhance the wound healing process at a faster rate than the standard Band-
Aid dressings. With a deeper understanding and with further studies into nanocomposite
hydrogels, these smart nanomaterials can be commercialized in the market in the future
and can be safely used, either in daily life or in the clinical field. Next, the functionality of
metallic nanocomposite hydrogels in tissue engineering applications will be explored and
discussed in the subsequent sub-topic.

5.3. Tissue Engineering and Regenerative Medicine (TERM)

Many factors can contribute to the burden of orthopaedic trauma, and these mostly
involve bone and cartilage fractures due to road accidents, work and sports injuries, degen-
erative diseases, such as osteoporosis, osteoarthritis, cancer, cystic fibrosis, and hereditary
bone diseases, such as marrow abortion. The abrasion implications defined by bone de-
fects, bone fractures, severe pain, fever, redness, and others demand a proper reformation
and rehabilitation [104]. Moreover, various physiological signals, such as biochemical,
mechanical, and electrical signals, are essential in the process of tissue regeneration. Tissue
impairment normally produces local physiological electricity, followed by the interchang-
ing transmission of electrical signals between cells. The emergence of external electrical
signals in the tissue regeneration system can cause changes in the electrical charges between
the cells and can stimulate the adherence, migration, proliferation, and differentiation of
stem cells. Thus, it is essential to select suitable electrically active materials that are capable
of transferring electrical signals through, for instance, a scaffold to build a biomimetic
electro-micro-environment for the purpose of stem cell differentiation [105].

In order to cater for injuries and diseases, the development of tissue engineering
has shown a great potential for innovation in clinical applications. Tissue engineering
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and regenerative medicine (TERM) comprise a restoration process and the substitution or
regeneration of damaged tissues, which are difficult to repair. Figure 8 presents the tissue
engineering approaches that are commonly practised. Prior to the development of the tissue
or organ, it is essential to isolate some cells from a small tissue biopsy performed on the
patient to gain an understanding of the characteristics of the specific tissue cells, as depicted
in Figure 8a. The isolated cells are then expanded and seeded into three-dimensional (3D)
scaffolds that mimic the natural extracellular matrices (ECM) of the targeted tissue, where
they undergo proliferation as well as differentiation, as shown in Figure 8b–d. The scaffolds
are responsible for transporting the cells to the targeted site in the patient’s body, enhancing
cell-biomaterial interactions, aiding cell adhesion, and enabling sufficient gases, nutrients,
and growth factors to be transported to the seed cells to maintain the survival, proliferation,
and differentiation of the cells. Subsequently, these cell-loaded scaffolds are transplanted
into the patient by injecting or implanting the fabricated tissue at the desired site via
surgery, as depicted in Figure 8e [106]. Thus, it is essential that the materials be fabricated
according to the needs in the TERM applications by taking into account certain factors,
such as the cell proliferation, the type of cells at the targeted site, and the signal connection.

Figure 8. Schematic illustration demonstrated the most common tissue engineering mechanism,
starting with (a) isolation of cells from body, (b) implantation cells onto scaffold, (c,d) cell proliferation,
and (e) transplantation or injection. Adapted from Ref. [106].

Nowadays, the transplantation of tissues acquired from a healthy donor (an allograft)
or from a patient’s own body (an autograft) is one of the many options available to patients.
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However, a few drawbacks that could occur during tissue transplantation are the lack of
donor tissue, the possibility of infection, the high chance of tissue rejection, and faulty
graft guts [107]. Over the past 5 years, numerous techniques, such as supercritical fluid
technology and 3D printing, have been widely used to fashion the scaffolds for tissue
engineering [108]. Hakimi et al. (2018) [109] invented a remarkable portable 3D bioprinter
(weight < 0.8 g) with a microfluidic cartridge that can be utilized for the bioprinting of skin
sheets. The study demonstrated a successful in situ bioprinting on porcine and murine
wound models, where the wounds were fully covered with a homogeneous layer according
to the thickness of the wound. The wounds treated with the in situ deposited sheet stopped
bleeding approximately 5 min later and were able to achieve haemostasis after 10 min.
Such portable 3D printers can be revolutionized in the current healthcare market, especially
for emergency cases such as burn trauma that require immediate treatment [110].

Meanwhile, a metallic nanocomposite hydrogel possesses a network that acts as an
artificial scaffold, which can be fitted into a 3D microenvironment. This approach has
become an innovative technique in the modern TERM field, where the main goal of the
TERM is to assemble functional constructs of tissues or organs by restoring and main-
taining the damaged tissues or whole organs. In addition, this nanocomposite hydrogel
has unique properties, such as high-water content, biocompatibility, stimuli-responsive
features, and bio-responsive functions, which could offer various materials of choice for
manifold TERM applications [111,112]. Although they possess water-bearing properties,
the common hydrogel matrices are unable to conduct electrical signals and can obstruct
the signal connection between cells. Nowadays, the development of conductive hydrogels
offers a more promising potential in the tissue engineering field compared to the common
hydrogels due to their capacity to stimulate electrical signals between cells and promote a
physiological microenvironment for electroactive tissues [105].

Various research works have been established to create biomaterials that can mimic
the microenvironment of the skin. Previously, Zulkifli et al. (2017) [113] reported on the fab-
rication of low-toxicity hydroxyethyl cellulose/silver NPs (HEC/Ag NPs) nanocomposite
hydrogel scaffolds, which are ideal for skin tissue engineering applications. Rakhshaei et al.
(2019) [114] prepared chitosan-gelatine/ZnO nanocomposite hydrogel scaffolds (CS-GEL/
nZnO) through in situ synthesis and studied the cytocompatibility of the nanomaterial on
normal human dermal fibroblast cells (HFF2). In comparison to the previous report [115],
where the NPs were simply added to the matrix of the scaffold, the production of this
nanomaterial through in situ synthesis was clearly able to elucidate a higher antibacterial
and lower cytotoxicity effect because the ZnO NPs were well distributed in the polymeric
matrix. Thus, the in situ synthesis of CS-GEL/nZnO hydrogels is strongly recommended
for biomedical applications, especially for skin tissue engineering. Recently, Zhou et al.
(2020) [111] reviewed the proliferation and expansion of cardiomyocytes using Au NPs
fused with a silk-based hydrogel (SF/ECM). They reported that the uniform distribution of
Au NPs in the matrix provided a favourable conductivity and had a biological effect on
cardiac repair, where this metallic nanocomposite hydrogel was able to effectively decrease
the size of infarct tissue from 89% to 65%.

In brief, TERM is one of the vital fields of biomedicine, and a detailed understanding
of its mechanism and conceptualization is still required if it is to be applied in real-life
applications. Although a hydrogel contains a certain amount of water and is biocompatible,
the hydrogel itself possesses a low viscosity and is unable to conduct electrical signals,
which makes it unfavourable for utilization in TERM. Thus, to satisfy the requirements
for its use as a scaffold, the hydrogel matrix must be modified to obtain the required
structure and properties. A few factors, such as cell proliferation, adhesion, migration,
and signalling, must be considered in the engineered tissues prior to the fabrication of
the metallic nanocomposite hydrogels to enable them to be used for the treatment of
organ failures resulting from diseases and injuries. Combinations of the selected NPs and
hydrogels can be tailored to create crosslinked networks with enhanced mechanical strength
and electrical, optical, magnetic, and biomedical properties. In addition, nanocomposite
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hydrogels can be used as a temporary alternative to replace burnt or injured tissue as they
have the ability to mimic the microenvironment of human tissue. However, inventions
using this nanotechnology are still limited and must be further established in the future.
Thus, the next section gives an overview of the limitations and future perspective of metallic
nanocomposite hydrogel technology in order to identify important ideas that can be used
to overcome the current limitations of this technology.

6. Limitations and Future Perspective of Metallic Nanocomposite
Hydrogel Technology

In brief, the fabrication of metallic nanocomposite hydrogels containing NPs from
various natural sources through green synthesis has shown a tremendous potential for
diverse applications, especially in the biomedicine field. In previous studies in the lit-
erature [116,117], conventional hydrogels suffered from poor mechanical strength and
fast/abrupt biodegradation limits, thus making them unfavourable for most applica-
tions [118]. Meanwhile, the instability of NPs in aqueous solutions has become a major
constraint to the advancement of novel nanomaterials [119]. Therefore, various emerging
technologies to reinforce hydrogels composed of nanomaterials are being identified to close
the gap by enhancing the strength and elastic modulus of these nanocomposites. Although
publications on NPs and hydrogels abound, publications on the fabrication of hydrogels
incorporated with metallic NPs are still limited and need to be explored further. In the
fabrication or modification of metallic nanocomposite hydrogels, a few factors, such as
structural modification, material stability, processability, and solubility, which might affect
the production, must be taken into consideration as these conditions will vary greatly and
have an impact on the hydrogel cross-linking materials [120]. From another perspective,
there are also concerns with regard to the adverse effects of the cytotoxicity of the nanoma-
terials used due to the controversial interaction between the uncertain mechanisms of the
NPs and cells [121]. Therefore, the selection of the best materials and techniques for the
preparation of these novel antimicrobial metallic nanocomposite hydrogels is crucial, and a
few factors need to be taken into consideration in observing their biocompatibility with cell
growth and their precise functions.

7. Conclusions

The introduction of biosynthesized metallic nanocomposite hydrogels has become a
new alternative route for the replacement of non-biodegradable synthetic materials. The
excellent properties of metallic nanocomposite hydrogels, such as their small size, moist
condition, biodegradability, high thermal stability, conductivity, and good mechanical
strength, have greatly affected the development of nanotechnology for various application
fields, such as in biomedicine, coatings, food industry, packing, and others. In this review,
a few of the current fabricated metallic nanocomposite hydrogels and their use in the
field of biomedicine, such as in drug delivery, wound healing, and TERM, were discussed
extensively. In addition to that, the limitations on the use of these metallic nanocomposite
hydrogels were briefly explained at the end of this review. The most crucial challenge with
regard to biosynthesized metallic nanocomposite hydrogels is that their complex mecha-
nism and interaction with biomolecules have not been clearly distinguished. In addition,
parameters such as the size, shape, agglomeration, purity, surface area, surface charge,
functionalization, storage stability, and adverse cytotoxicity of the metallic nanocomposite
hydrogels must also be considered during the synthesis of these nanocomposite. Over-
all, in-depth and comprehensive studies on the mechanism and compatibility of metallic
nanocomposite hydrogels on human cells need to be carried out to create advanced smart
wound dressings in the near future.
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Abstract: The accumulation of plastic waste resulting from the increasing demand for non-degradable
plastics has led to a global environmental crisis. The severe environmental and economic drawbacks
of inefficient, expensive, and impractical traditional waste disposal methods, such as landfills,
incineration, plastic recycling, and energy production, limit the expansion of their applications to
solving the plastic waste problem. Finding novel ways to manage the large amount of disposed
plastic waste is urgent. Until now, one of the most valuable strategies for the handling of plastic
waste has been to reutilize the waste as raw material for the preparation of functional and high-
value products. Electrospun micro/nanofibers have drawn much attention in recent years due
to their advantages of small diameter, large specific area, and excellent physicochemical features.
Thus, electrospinning recycled plastic waste into micro/nanofibers creates diverse opportunities
to deal with the environmental issue caused by the growing accumulation of plastic waste. This
paper presents a review of recycling and reutilizing polymer waste via electrospinning. Firstly,
the advantages of the electrospinning approach to recycling plastic waste are summarized. Then,
the studies of electrospun recycled plastic waste are concluded. Finally, the challenges and future
perspectives of electrospun recycled plastic waste are provided. In conclusion, this paper aims to
provide a comprehensive overview of electrospun recycled plastic waste for researchers to develop
further studies.

Keywords: electrospinning; recycling; reutilizing; plastic waste

1. Introduction

Synthetic polymers such as polyethylene terephthalate (PET), polystyrene or expanded
polystyrene (PS) and polyamide (PA) have been widely applied in various commercial and
household applications since the 1940s owing to their fascinating properties of low-cost,
light weight, corrosion-resistance, and processability [1]. The conveniences and benefits of
plastic products have significantly increased their production, leading to a large amount of
disposed plastic in landfills. Due to the low biodegradation of plastic waste, the resulting
accumulation of white pollution seen everywhere causes adverse environmental issues
not only to human beings but also to wildlife such as birds [2,3]. Therefore, figuring out
effective methods to deal with plastic waste is urgent.

Landfills, incineration, plastic recycling, and energy production are the current post-
consumer treatments for the disposal of plastic waste, as shown in Table 1 [4–10]. In addition
to recycling, the other three approaches have drawbacks, such as waste of space (landfills),
high cost (energy production), and toxic byproducts (incineration), which restricts their
further development as treatments for plastic waste. Additionally, the traditional recycling
method aims to eliminate plastic waste rather than encourage its beneficial, value-added
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reuse. Modern recycling is a superior choice for utilizing plastic waste in valuable products
in response to the circular economy. This minimizes the accumulation of plastic waste to
alleviate environmental concern and realizes reutilization to create economic value.

Table 1. Various management methods of plastic waste and their influence.

Management Advantages Disadvantages Ref.

Landfill Convenience Occupies large space/
Difficult to decompose [4]

Incineration

Recovery of thermal
energy/

Reduction in the weight
and volume of waste

Harmful to the
environment [5]

Mechanical pulverization
(Physical recycling)

Reused as materials
compounded with

additives

Remanufactured
products with worse

properties
[6]

Microbial decomposition Reduces secondary
pollution

Needs special conditions
Releases methane gas [7,8]

Thermal decomposition
(Chemical recycling)

Low pollution/
High utilization rate/

High value of products
Relatively complicated [6,9]

Physical and chemical
modification reuse

Recycled products with
good properties

and values/
Less secondary pollution

Needs high-level
techniques and high costs [6]

Mechanical recycling Economical/
Environmental

Difficult to recycle complex
and contaminated polymer

waste/Intense
energy consumption

[9,10]

Therefore, cost-effective recycling technologies and higher-value applications should
be developed. Due to their specific chemical and physical properties, such as high surface
ratio, high porosity, light weights and small diameters nanomaterials have attracted lots
of attention in various fields, including bioengineering, electronic devices, energy stor-
age, etc. [11–15]. Commonly, nanomaterials can be prepared by drawing [16], template
synthesis [17], phase separation [18], self-assembly [19], centrifugal spinning [20], and
electrospinning [14,21]. Electrospinning is the primary choice for fabricating nanomaterials,
especially micro/nanofibers, due to its simplicity, low costs, and efficiency. Furthermore,
the materials for electrospinning are various, and polymers are the most used. There-
fore, electrospinning is a promising way to reuse polymeric waste, turning plastic waste
into higher-value products [22]. Many studies have changed recycled plastic waste into
fibers [23,24]. Zander et al. prepared nanofibers from pure and mixed waste, including
polyethylene (PET), polystyrene (PS), and polycarbonate (PC) by electrospinning and estab-
lished that their mechanical performance is better than that of commercial polymers with
the same molecular weight [25].

Similarly, Esmaeili and colleagues synthesized PET, PS, and PC nano/microfibers by
solution electrospinning and investigated the effect of various operational parameters, es-
pecially needle diameter and spinning voltage, on the properties of the obtained fibers [26].
Thus, to offer a platform for reviewing the potential of electrospinning in reutilizing plastic
waste, this review mainly discusses the advantages of electrospinning for recycling and
reutilizing plastic waste and focuses on the electrospinning studies to date of the main
plastic waste types containing PET, PS, and PA. In the final section, the challenges and
future perspectives of electrospun recycled plastic waste are addressed.
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2. Advantages of Electrospinning for Reutilizing Polymeric Waste

Electrospinning is a versatile and straightforward technique for fabricating micro/
nanofibers employing electrostatic force, which uses polymer solutions or melts as raw
materials. A conventional electrospinning system consists of three major components: a
spinneret (supplying polymer sources), a high voltage power supply (providing electric
forces), and a collector (collecting micro/nanofibers), as shown in Figure 1 [27]. During
the process, the polymer solution or melt forms a “Taylor cone” at the end of the spinneret
by continuously increasing the spinning voltage between the spinneret and the collec-
tor [28]. As the applied voltage exceeds a certain critical value, a polymer jet is ejected
from the “Taylor cone” tip, which then solidifies into micro/nanofibers in the collector. The
electrospinning technique possesses several attractive merits: simplicity, low cost, mass pro-
duction, and wide application. There are three primary advantages of the electrospinning
technique when recycling and reutilizing plastic waste, as shown in Figure 2 [29–39].

Figure 1. The mechanism of electrospinning. Reprinted from ref. [27].

2.1. Diversity of Electrospinning Materials

Electrospinning can recycle and utilize plastic waste owing to the technique’s diversity
of polymer sources. Traditional electrospinning can be classified into solution electro-
spinning [40] and melt electrospinning [41], based on the state of the polymer used. In
solution electrospinning, if the polymers can be matched with appropriate solvents, they
can be electrospun into micro/nanofibers. Additionally, melt electrospinning is proposed
to give a chance for the polymers lacking suitable solvents used in solution electrospinning,
which expands the polymer choices used in electrospinning. Thus, the two types of elec-
trospinning methods are complementary, making the method adaptable for a variety of
materials. It is obvious that the common raw materials for electrospinning are polymers,
including natural polymers, synthetic polymers, and hybrid blends [42–44]. Fortunately,
most polymeric waste belongs to synthetic polymers such as PET, PS, PA, and so on, which
can be easily electrospun into micro/nanofibers with appropriate electrospinning process-
ing conditions [25,45,46]. Furthermore, the use of additives (such as nanoparticles) in the
raw materials is feasible, leading to a wider range of material choices for recycling and
utilizing plastic waste. The diversity of electrospinning materials is the first advantage of
electrospinning for recycling and using polymeric waste.
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Figure 2. (a) Materials for electrospinning (b–f). Various technologies for electrospinning:
(b) centrifugal electrospinning [29], (c) multi-jet electrospinning [30], (d) needleless electrospin-
ning [31], (e) multi-hole electrospinning [32], and (f) gas-assisted electrospinning [33] (g–l) Special
structures of electrospun fibers: (g) necklace-like fibers [34], (h) core-shell fibers [35], (i) hollow
fibers [36], (j) porous fibers [37], (k) Janus fibers [38]. and (l) helical fibers [39]. (b,j) Reprinted with
permission from ref. [29,37]. Copyright American Chemical Society. (c–i) Reprinted with permission
from ref. [30–36]. Copyright Elsevier. (k) Reprinted with permission from ref. [38]. Copyright 2019
Springer. (l) Reprinted with permission from ref. [39]. Copyright 2020 Royal Society of Chemistry.
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2.2. Variety of Modified Electrospinning Techniques

Electrospinning has attracted lots of attention in a wide range of applications due to
its simplicity, flexibility, and applicability. However, some challenges exist in traditional
electrospinning, such as the residues of organic/toxic solvents (solution electrospinning),
complex systems, large fiber diameters (melt electrospinning), and low production rates.
To satisfy the requirements of upscaling electrospinning production, multiple modified
electrospinning techniques have been developed to solidify their foundation for expanded
nanotechnological applications. To realize mass production of electrospinning, needleless
electrospinning [47,48], multi-jet electrospinning [49], multi-hole electrospinning [50], gas-
assisted electrospinning [51], and centrifugal electrospinning [52] have been demonstrated.
Among these modified electrospinning fabrication methods, the needleless electrospinning
systems have evolved into many different configurations based on the moving state of
the spinnerets, classified into two types: rotating spinnerets and stationary spinnerets. As
for the rotating spinnerets in needleless electrospinning, multiple jets are automatically
introduced by the movement and vibration of the spinnerets. In comparison, stationary
spinnerets in needleless electrospinning utilize external forces, such as magnetic forces,
gravity, and gas bubbles to produce multiple jets [48]. Multi-jet and multi-hole electrospin-
ning apply the exact mechanism to alter one jet to several jets by increasing the number
of nozzles. In addition, gas-assisted electrospinning and centrifugal electrospinning add
other forces to help the electrospinning process upscale fiber production.

Unlike conventional single nozzle electrospinning, all the above-mentioned modified
electrospinning techniques can produce multiple jets simultaneously, leading to mass
production of micro/nanofibers. That is to say, various electrospinning techniques create
a large number of opportunities to transform plastic waste into valuable products for
commercial applications. This is the second advantage of electrospinning techniques for
recycling and reutilizing plastic waste.

2.3. The Complexity of Electrospinning Structures

It is known that the electrospun fibers are usually nonwoven, which limits their ap-
plications in a variety of areas such as bioengineering, electronic components and flexible
devices. Therefore, many strategies, including management of the electrospinning process
and configurations, have been proposed to manufacture ordered fibers [53]. For example,
Xia et al. reported that uniaxially aligned nanofibers were prepared by electrospinning
with a collector consisting of two separate pieces of electrically conductive substrate [54].
Similarly, Li et al. also obtained uniaxially aligned electrospun fibers by a different way of
using a rotating cylinder collector and two oppositely placed metallic needles with opposite
voltages in 2006 [55]. Moreover, magnetic-assisted electrospinning was established to fabri-
cate aligned fibrous arrays by Jiang et al. [56]. Those studies import external forces or apply
special collectors to prepare ordered fibers by electrospinning. However, it is still hard to
control a single jet during electrospinning, even with those modified methods. Fortunately,
direct-writing electrospinning (DWE), combining electrospinning with 3Dprinting, was
created and can tune a single electrospun jet to the designed path during the fabrication
process. This was first proposed by Kameoka and colleagues [57] to prepare patterned
fibers using a low spinning voltage and a small spinning distance. Subsequently, numerous
studies have been published to take advantage of this technique to obtain specially designed
structures [58–61]. The appearance of the DWE method offers a novel way of fabricating
complicated structures with fabulous functions. Furthermore, an electrospinning approach
called coaxial electrospinning is suitable for preparing core-shell structures [62–65]. Ac-
cording to the above discussion, it can be concluded that electrospinning can produce fibers
with lots of structures, such as hollow structures, multilayer structures, porous structures,
core/shell structures, and so on, which offers diverse opportunities for plastic waste to be
electrospun into different patterns adaptable to a growing number of applications [66–71].
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3. Typical Polymer Waste and Reutilization via Electrospinning

In the second section, the advantages of electrospinning for recycling and reutilizing
plastic waste are summarized. It is easy to see that electrospinning is an amazing recycling
technique for turning plastic waste into high-value products. Thus, lots of studies focus
on preparing plastic waste via electrospinning and are shown in Table 2 [25,72–89]. In
the following parts, the types of polymer waste reutilized through electrospinning are
illustrated in detail.

Table 2. Summary of polymeric products (membranes or fibers) prepared from plastic waste sources
of PET, PS, PA, etc., via electrospinning.

Products
Origin

Waste Source
Performance Discussion (Indicator) Application Ref.

PET, PS, PC
nanofibers

Water bottles,
styrofoam,
Compact

discs (CDs)

Elastic moduli: 15 to 60 MPa/
High water filtration efficiency (over 99%) of

1 μm particles

Ultra/micro
filtration [25]

Tough mesomorphic
fiber membranes

Coca Cola
bottles

(500 mL)

Fiber diameters: 0.4 to 4.3 μm/
High strength (62.5 MPa), modulus (1.39 GPa),

toughness (65.5 MJ m−3)/ High absorption
capacity of smoke residuals (43 × its own weight)

Smoke
filtration [72]

PET
nanofibrous
membranes

Beverage
bottles

Fiber diameters: 95 ± 37 nm/
High filtering efficiency (more than 98% for

particles over 120 nm)

Filtration
media in
face mask

[73]

PET
membranes PET bottles

Fiber diameters: 1.29 μm/
High mechanical resistance (4 MPa)/
High collection efficiency (98.4%) and

low-pressure drop (212 Pa)

Air filters [74]

PET fibers Clear soda
packaging

Mean fiber diameter: 3.25 to 0.65 μm/
Mechanical strength: 3.2 to 4.5 MPa/ High

filtration efficiency (up to 99%)

Air/gas
filtration [75]

PET
membranes

Plastic water
bottles

Fiber diameters: 100 nm/
High filtration efficiency (more than 99%

of particles as small as 500 nm/6 log reductions
for Gram-negative and Gram-positive bacteria)

Water
filtration [76]

Electrochemical active
microporous carbon

structure
Used PET bottles

The medium combines
double-layer and redox reaction

pseudocapacitance characteristics.

Energy
storage [77]

PET films on paper and
textile materials

Used mineral water
bottles

The impregnated with PET
do not absorb water droplets.

Waterproof
materials [78]

PET nanofibers Used grade PET
bottles, PET granule

Minimum fiber diameters: 61 to 93 nm (Produced
by melt-electrospinning) - [79]

PET nanofibers Clear PET
bottles Fiber diameters: 45 to 65 μm - [80]

Colored PET
nanofibers

Recycled
PET bottles

Good colorfastness/
Good mechanical strength

Advanced
colorful

applications
[81]

PET
nanofiber mats

Recycled
PET bottles

Good colorfastness/
Good mechanical strength/

Low processing temperature/
Minimum dyeing time

Advanced
apparel

applications
[82]
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Table 2. Cont.

Products
Origin

Waste Source
Performance Discussion (Indicator) Application Ref.

PET/lignin
nanofibers

Waste water
bottles Average fiber diameter: 191 ± 60 nm Separators/

filters [83]

Sooth uniform
PET nanofibers

Waste PET
materials

Minimum average fiber diameter:
105.03 ± 36.79 nm - [84]

Lignin/recycled
PET fibrous mats

Waste water
bottles Average fiber diameter: 80 to 781 nm - [85]

Carbon
nanofibers

Used PET
water bottles

Average fiber diameter: 191 ± 60 nm/ The C
content of the nanofibers: 94.3%

Advanced
separation [86]

Adsorptive membranes PET bottle waste
Cr(VI) removal capacity (5.54 mg/50 mg)/
Reusability (93.7% adsorption effectiveness

after five cycles)

Removal of
hexavalent
chromium
from water

[87]

PDMS
functionalized PET
fibrous membranes

Recycled PET
pellets

Superoleophilic properties (oil contact angle of
0◦)/ Anti-water-fouling properties/ High flux

(~20,000 L m−2 h−1)/ High separation efficiency
(>98%)

Oil/water
separation [88]

Conductive PET
nanofibers Water bottles

Average fiber diameter of copper-coated r-PET
nanofibers (700 nm)/

Low electrical resistance (0.1 Ω)/
Flexible/ Good mechanical strength

Wearable
electronics/

Flexible
sensors/Energy

storage

[89]

3.1. PET

PET is a common synthetic thermoplastic polyester prepared by polycondensation,
which can be reused by heating. This plastic has a low crystallization rate, high melting
point, and facile processing. Based on the fabricating process and thermal history, it can
exist in the form of amorphous (transparent) and semicrystalline (opaque or white). Owing
to its superior physicochemical properties, such as chemical resistance and thermal stability
and non-toxicity, PET can be employed in numerous fields, especially as one of the most
suitable packaging plastics for storing various liquids, including water, soft drinks and
milk, and oil. However, the scarcity of space, accumulation threats to the environment, and
proliferation of pathogenic microorganisms make recycling PET inevitable. As mentioned
before, the traditional recycling approaches of plastic waste have merits and demerits [90].
One of the best chances for recycling and reutilizing plastic waste such as PET is to recreate
them as new functional products with special functions via electrospinning. Electrospinning
is a technology that can fabricate fibers with diameters in the micro/nano scale, which
are an order of magnitude lower than that of fibers produced by conventional melt-blown
spinning [91]. Based on the publications related to recycling and reutilizing PET waste by
electrospinning, there are several ways to make the best use of recycled PET.

3.1.1. Directly Electrospun Recycled PET into Micro/Nanofibers for Different Applications

Most of the electrospun recycled PET micro/nanofibers are applied for filtration. For
instance, Andersson et al. developed a tough mesomorphic fiber membrane with recy-
cled PET by electrospinning, which shows a good performance for smoke filtration, as
shown in Figure 3 [72]. The IR-absorbance of the fiber mat increases in the 3000–2850 cm−1

and 3500–3200 cm−1 ranges after smoke filtration, indicating that the CH and OH are ab-
sorbed by fiber mats, respectively. Additionally, the absorption of hydrocarbons/alcohols
increases with decreasing the fiber diameter. Similarly, Nosko et al. found that the electro-
spun recycled PET fibers with an average diameter of around 95 nm show an enhanced
filtration efficiency of particles with a size of about 120 nm, and the fibers exhibit good
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vapor permeability and breathability, which can be promising filtration media for per-
sonal protection [73]. Except for using electrospun recycled PET for filtration, researchers
have also studied the effects of electrospinning processing parameters on the filtration
efficiency of the electrospun recycled fibers. For example, Aguiar and colleagues used
recycled PET to develop microfiber membranes and evaluated their properties as air filter
media for nanoparticles by changing the solution concentrations [74]. In the same year,
they electrospun the same membrane by adjusting solution concentrations and tuning the
needle diameter, electrospinning processing time, and collector rotation speed [75]. All
the above publications are about the air filtration of electrospun recycled PET fibers [92].
There are also studies focused on water filtration. Zander et al. prepared recycled PET
nanofibers via solution electrospinning which can be employed for water filtration [76].
They tested the performance of the filter by passing through an aqueous solution of latex
fluorescent beads ranging from 30 to 2000 nm. The result shows that the filters are effective
in removing the beads with diameters of 1 and 2 μm in the solution, but they are ineffective
for removing the particles under 500 nm. Similarly, Attila et al. electrospun recycled
PET to polymer fibers with diameters ranging from 200 to 600 nm, with potential use in
filtration [93]. In addition, electrospun recycled PET can be applied in energy storage [77],
antibiotics [94], electromagnetic shielding, [95] and so on. Karashanova et al. demonstrated
that electrospun recycled PET on paper and textile materials results in a waterproof coating,
possibly used for protective clothing and waterproof paper [78]. The above researches
utilized solution electrospinning to treat recycled PET. Moreover, Yazdanshenas et al. used
melt electrospinning to prepare nanofibers from PET bottles [79]. Additionally, Militky
and colleagues applied melt electrospinning to fabricate PET nanofibers from recycled
PET bottles and studied the effects of the processing parameters on the morphology of the
fibers [80].

Figure 3. (a–c) Micrographs of electrospun fibers with different concentrations of PET: (a) 10 wt%,
(b) 15 wt%, (c) 20 wt%. (d) Schematic illustration of smoke filtration testing (e–f). Photographs of
fiber mats: (e) before and (f) after smoke filtration testing. (g) IR-spectroscopy of clean fiber mats
and smoke-exposed fiber mats with average fiber diameters of 0.4, 1.0 and 4.3 mm. Reprinted with
permission from ref. [72]. Copyright 2015 Royal Society of Chemistry.
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3.1.2. Recycled PET as a Raw Source of Electrospinning for Mechanism Research

Electrospun PET fibers can become functional materials and be used as raw sources
to perform mechanism studies. For instance, Khatri and colleagues conducted a kinetics
and thermodynamic study on the dyeability of electrospun waste PET fibers and found
that the obtained fibers display excellent properties, such as superior colorfastness, strong
mechanical strength, low processing temperature, etc. [82]. In another study, they utilized
recycled PET to fabricate colored nanofibers through electrospinning and they conducted
physicochemical studies of the obtained fibers [81]. Zuburtikudis et al. attempted to
adjust the electrospinning variables to tailor the average fiber diameter of electrospun
lignin/recycled PET fibers [83]. Ahmed et al. conducted a similar study by using the
Taguchi design experiment to obtain the optimum electrospinning experimental conditions
for recycled PET [84]. However, Marzouqi and colleagues employed the same materials,
lignin/recycled-PET, as electrospun raw materials to study the effect of the obtained fibers’
nanoscale dimensions on the carbonization process, which is significant in optimizing the
carbonization process [85].

3.1.3. Combine Electrospinning with Other Techniques to Fabricate Functionalized Fibers

In addition to using electrospinning as a method of recycling, researchers also combined
electrospinning with other techniques to obtain functionalized fibers. Zuburtikudis et al.
fabricated carbon nanofibers by electrospinning a mix of lignin and recycled PET with a
carbonization process [86]. Similarly, Attia et al. fabricated lignin-based fibers from a blend
of recycled lignin and PET by electrospinning, which can be used to remove methylene
blue dye in water [96]. In another study, Khorram and colleagues prepared adsorptive
membranes for chromium removal from wastewater with electrospun recycled PET fibers
treated with cold plasma and functionalized with chitosan. The results show that the
functionalized chitosan electrospun membranes with the plasma treatment possess the
highest adsorption capacity compared with membranes without plasma treatment and
neat nanofibrous PET [87]. In the study by Sakai et al., a functional fibrous membrane with
recycled PET for oil/water separation was fabricated by a two-step method. Firstly, the
recycled PET was electrospun into a fibrous membrane and then the membrane was dip-
coated with polydimethylsiloxane (PDMS) [88]. In another study by Li et al., hierarchical
porous recycled PET was manufactured into fibers, also via two steps: electrospinning and
solvent post-treatment, which showed the high efficiency of aerosols and virus capture [97].
Figure 4 illustrates the whole preparation process of the mentioned fibers in [97].

Figure 4. Process of recycled PET electrospinning and post-treatment. Reprinted with permission
from ref. [97]. Copyright 2021 American Chemical Society.

Furthermore, Siyal and colleagues synthesized electrospun recycled PET nanofibers
with excellent conductivity and good mechanical strength by electrospinning and electro-

114



Nanomaterials 2022, 12, 1663

less deposition methods [89]. In another study, Sinha-Ray et al. used a novel supersonic
solution blowing method consisting of an electrospinning scheme coupled with a super-
sonic converging-diverging de Laval nozzle connected with an air compressor to prepare
recycled PET mats for filtration of PM0.1–2 [98]. Apart from preparing functional fibers,
one study by Naguib et al. manufactured core-shell fibrous mats in two steps: fabricating
recycled PET to fibers by electrospinning and then coating the polyaniline by chemically
polymerization, which can be utilized as a potential supercapacitor device (Figure 5) [99].

Figure 5. (a) Process of fabricating the PET core fibers from the recycled PETE1 recyclable beverage
bottles. (b) The production process of PAni@PET core-shell fibers. (c) Morphology of the pure PET
fibrous core. (d) PAni@PET core-shell structure. (e) SEM photograph of the exposed core. Reprinted
with permission from ref. [99]. Copyright 2016 IOP Publishing.

3.1.4. Electrospun Recycled PET Incorporated with Additives to Obtain Fibers with
Unique Properties

To endow better mechanical properties and unique properties (e.g., filtration efficiency)
to the electrospun recycled PET fibers, some groups put additives into the recycled PET
during electrospinning [100–104]. One type of additive is polymers. For example, Manuel
et al. fabricated composite fibers consisting of recycled PET, purchased polyacrylonitrile
(PAN) and styrene via electrospinning and investigated their mechanical properties [101].
The composite presents high values of hardness and elastic modulus, which are 4.5 and
7.5 times those of PAN fiber values, respectively. Petrik et al. reported that electrospun
recycled PET fibers modified with 2-(aminomethyl) pyridine could be an adsorber for Cu2+

from an aqueous solution [102]. Hu et al. prepared two kinds of nanofibrous membranes
for membrane distillation with the recycled PET waste via electrospinning. One was
pristine and the other was modified with 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(FAS), showing a better endurance performance [103]. In another study by Goh et al., a
soft, flexible, fluffy and 3D aerogel was made with waste PET for the water treatment
of heavy metals and energy harvesting [104]. The aerogel was chemically modified by
coating polydopamine (PDA) and soaking with PEI to improve its efficiency and versatility.
As shown in Figure 6, the preparation process and the SEM images of the 3D aerogel
are presented.
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Figure 6. (a) Process of fabricating the 3D PPP aerogel from PET bottles. (b) Mechanisms for Michael
addition reaction occurred during the surface modification process. (c–e) FESEM images of fibers:
(c) pristine PET fibers, (d) pDA coated fibers (PET-pDA), and (e) PET-pDA-PEI (PPP) fibers. Reprinted
with permission from ref. [104]. Copyright 2021 Elsevier.

Apart from using synthetic polymers as additives in the above studies, some re-
searchers also employed natural polymers. Sangermano et al. fabricated a nanofibrous
membrane with recycled PET and chitosan for oil/water separation and discussed the
effect of chitosan concentrations on separation performance [105]. The PET nanofiber mem-
branes may possess amphiphilic properties after being modified by hydrophilic chitosan.
Furthermore, the morphology, the chemical composition and wettability of the membranes
are related to the chitosan concentrations in the solutions, which affects the selective sepa-
ration behavior of the membranes. Alena et al. demonstrated that electrospun PET/silk
fibroin–composite fibers can be used as aerosol filtration membranes for dirt, bacteria,
and viruses [106]. The other type of additive is nanoparticles. Latifi et al. obtained a
nanofiber web with recycled PET and nano iron oxide via electrospinning, which possesses
microwave absorption characterization and wettability [107]. Alirezazadeh and colleagues
electrospun a micro/nanofibrous core-sheath yarn with recycled PET wrapped by PAN
containing dimethyl 5-sodium sulfoisophthalate nanoparticles and examined its wicking
behavior for filtration [108]. Vanegas et al. revealed that electrospinning the recycled PET
and zinc oxide nanoparticles together could obtain fibers with antibacterial and antifungal
properties [94]. In a study by Hou et al., icephobic nanocomposite electrospun membranes
from recycled PET modified with SiO2 exhibited high electromagnetic shielding efficiency
with superhydrophobic and icephobic performance [95].

3.2. PS

Expanded (EPS) and extruded (XPS) polystyrene, also named styrofoam, is a thermo-
plastic polymer used in many areas, including the electronics and packaging industries,
because of its versatility, light weight, thermal stability, cleanliness, and low cost [109].
The extensive applications of EPS make it one of the abundant plastic wastes because it
degrades at a prolonged rate in the natural environment and can exist for years. In addi-
tion, EPS is toxic to organisms and tends to accumulate surrounding mercury compounds,

116



Nanomaterials 2022, 12, 1663

leading to a harsh influence on the environment [110,111]. Therefore, it is also significant
to transform recycled EPS into valuable products by electrospinning.

Many publications have demonstrated that recycled PS can be fabricated into func-
tional fibers by the electrospinning technique [112]. Shin et al. conducted a series of studies
on recycled EPS via electrospinning [45]. In 2005, they obtained electrospun fibers with
recycled EPS and natural solvent, which benefits the environment [113]. Then, Shin et al.
mixed micro-glass fibers with the electrospun EPS fibers and found the fibers’ separation
efficiency improved for filtration of water-in-oil emulsions [114–116]. The applications
of electrospun recycled EPS are commonly for filtration. For example, Khairurrijal et al.
researched electrospun recycled EPS for air filtration [117–119]. In 2018, they synthesized
nanofiber membranes from waste high-impact PS using the electrospinning method, which
showed a suitable application in air filtration based on the contact angle measurement
and air-filtration test [117]. One year later, Khairurrijal et al. electrospun recycled EPS to
nanofiber mats with different morphology, including smooth fiber, wrinkled fibers, and
beaded fibers with various diameters, suitable for air filtration, with high mechanical
strength, ultra-hydrophobic surface, and high-quality factors [118].

In addition, to expand the origins of the recycled EPS, Khairurrijal and colleagues
fabricated nanofibrous membranes for air filtration with recycled EPS waste from various
sources, including food packaging, EPS craft, instant noodle cups, and electronics packaging
by the electrospinning technique [119]. Another study by Demir et al. prepared fibrous
mats using recycled PS by electrospinning method, which can be applied to treat protein-
based solid contents of body fluid medical waste [120] and is a promising adsorbent for
remediation of oily wastewater [121]. In another study, the mass production of stacked
styrofoam nanofibers was realized through a multi-nozzle electrospinning system with a
drum collector [122].

Furthermore, researchers also electrospun recycled EPS with additives to improve
the properties of the obtained fibers. The mentioned authors, Khairurrijal et al., electro-
spun a composite membrane with recycled styrofoam and TiO2, which can be applied
to degrade wastewater [123]. In a study by Asmatulu et al., nanocomposite fibers with
super-hydrophobicity characters were synthesized by electrospinning recycled EPS foam
added with titanium nanoparticles and aluminum microparticles of different proportions,
promising candidates for water collection, water filtration, tissue engineering, and compos-
ites [124]. The results showed that the contact angle of the as-prepared nanocomposites
was 157◦ and their fog water collection capacity was more than 1.35 L/m2. In addition, the
cost of the nanocomposite materials was only USD 2.67, which can provide the minimum
daily water consumption for a two-member household (6 L). Rahman et al. reported that
superhydrophobic–hydrophilic nanocomposite fibers with the same materials were electro-
spun for atmospheric clean water production, which was inspired by the fog-harvesting
capability of Stenocara beetles [124,125]. Dandin et al. prepared nanocomposite fibers
by electrospinning recycled PS with multiwall carbon nanotubes (MWCNTs) and NiZn
ferrite, providing a way for turning plastic waste into high-value new products for several
industrial applications, such as transportation, construction, and energy [126]. In addition,
to combine other nanomaterials to fabricate electrospun recycled PS with various func-
tions, the researcher also applied electrospinning and post-treatment techniques to obtain
functional recycled PS products. For instance, Jalal et al. prepared PS cation exchange mem-
branes from recycled PS waste packing by electrospinning and post sulfonation reactions,
which plays an essential role in hydrogen fuel cells [127].

3.3. PA

Polyamide (PA) is a semicrystalline polymer with good physicochemical proper-
ties which is often used in the form of fibers for a broad set of fields, including fashion,
automotive, electronics, etc. Currently, PA production is continuously growing to sat-
isfy the requirements of applications, resulting in an important proportion of polymer
waste [128]. Compared with recycled PET and EPS, there is less research about recycled PA.
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Janalikova et al. prepared a fibrous antibacterial membrane with recycled PA and monoacyl-
glycerol (MAG) blend by electrospinning, which also showed a filtration potential similar
to electrospun PET and PS [46]. Another study by Arenas et al. reported a sustainable
nanofibrous sound absorption membrane with recycled PA6 and polyvinyl alcohol (PVA)
by needleless electrospinning. The resulting membrane showed a high porosity and airflow
resistivity [129].

3.4. Other Plastic Waste

In addition to the recycled PET, PS, and PA via electrospinning, there are other plastic
wastes such as lactic acid (LA), acrylonitrile butadiene styrene (ABS), polyvinyl chloride
(PVC), etc. that can be recycled and reutilized by this technique. Kim et al. utilized a novel
lactic-assisted 3D electrospinning to produce a low-density 3D polycaprolactone/lactic
acid fibrous mesh (3D-PCLS) with recycled LA waste, which can be applied in bone tissue
engineering [130]. Khairurrijal et al. used ABS waste to prepare a nanofiber membrane
by electrospinning, which can potentially be employed as air filtration media [131]. They
also investigated the critical concentration of PVC waste morphology from particles to
fibers by electrospinning [132]. Park et al. collected waste polyvinyl(butyral) (W-PVB)
from windshields [133]. They fabricated carbon nanofibers from the composites of W-PVB
and natural cellulose by electrospinning, carbonization, and the KOH activation approach,
which are beneficial for removing the rhodamine B from water.

4. Summary and Outlook

Accumulation of plastic waste in landfills has become one of the most significant envi-
ronmental issues today. Recycling and reutilizing plastic waste into high-value products
like micro/nanomaterial is an efficient and viable strategy. Electrospinning is undoubt-
edly a superior method to transform plastic waste into functional fibers, foams, and other
materials. In this review, the advantages of electrospinning in reusing plastic waste and
the present advances in recycling and reutilizing plastic waste via electrospinning were
briefly summarized. As a versatile method for reusing plastic waste, electrospinning mainly
possesses three merits: (1) diverse choices of materials offer plenty of opportunities to
reutilize various types of plastic waste as raw materials for electrospinning; (2) novel
electrospinning techniques provide limitless possibilities for turning plastic waste into
profitable products; and (3) various electrospun structures make plastic waste adaptable
for applying in numerous areas. Regarding the superior benefits of electrospinning for
recycling and reutilizing plastic waste, the developments in changing plastic waste into
a high-value product via electrospinning were discussed based on the common types of
plastic waste, PET, PS, and PA.

In the future, electrospinning will certainly be a promising way to recycle and re-
utilize plastic waste owing to the advantages mentioned. Although electrospun plastic
waste has already been profoundly and extensively studied, there are still possibilities and
perspectives that need to be further explored. Future advances are potentially concluded
from the following aspects: (1) employment of additives, such as nanofillers, with plastic
waste or mixed plastic waste to endow the electrospun composites with special functions;
(2) deep research on the optimization of electrospun processing parameters for different
types of plastic waste to fabricate high-value products with designed properties; (3) further
developments for solution electrospinning with natural, non-toxic solvent, or usage of a
solvent-free manner such as melt electrospinning in order to realize green manufacturing;
(4) combination of electrospinning with other techniques to prepare micro/nano functional
fibers(or membranes) with unique structures for expanded explorations of potential indus-
trial applications; and (5) intensive studies on the mass production of electrospun plastic
waste to fulfill commercialization.
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Abstract: Nine kinds of non-metal atoms adsorbed into germanium carbide (NM-GeC) systems
wereare investigated by first-principles calculations. The results show that the most stable adsorption
positions vary with the NM atoms, and C-GeC exhibits the strongest adsorption. The adsorption of
NM atoms causes changes in the electronic, optical and magnetic properties of the GeC system. F-
and Cl-GeC turn into magnetic metals, P-GeC becomes a half-metal and H- and B-GeC appear as non-
magnetic metals. Although C- and O-GeC remain non-magnetic semiconductors, N-GeC presents
the behaviors of a magnetic semiconductor. Work function decreases in H-, B- and N-SiC, reaching a
minimum of 3.37 eV in H-GeC, which is 78.9% of the pristine GeC. In the visible light region, redshifts
occur in the absorption spectrum of C-GeC , with strong absorption in the wavelength range from 400
to 600 nm. Our analysis shows that the magnetism in semiconducting NM-GeC is attributed to the
spinning state of the unbonded electrons of the NM atoms. Our study demonstrates the applications
of NM-GeC in spintronics, optoelectronics and photovoltaic cells, and it provides a reference for
analyzing magnetism in semiconducting NM materials.

Keywords: non-metal; germanium carbide; absorption energy; work function; absorption spectrum

1. Introduction

Graphene with a planar structure has attracted significant attention in academia and
industries for its unique mechanical, electrical and thermal properties [1,2]. However, the
zero-band gap and difficulties in integration with silicon-based systems hinder the appli-
cation of graphene in electronics [3], which facilitates the exploration of other alternative
two-dimensional (2D) atomic crystals [4–6]. An increasing number of new 2D materials
have been investigated by first-principles calculations, including not only single-atom crys-
tals [7,8], but also II–VI group compounds [9], III–V group compounds [10,11] and IV-IV
group compounds [12–14]. These 2D materials have shown their advantages in the fields
of spintronics [15,16], optoelectronics [17–20], energy conversion [21,22], catalysis [23–26]
and gas sensing [27–29].

As the compounds of group IV elements, 2D silicon carbide (SiC) and germanium
carbide (GeC) have stable planar honeycomb structures and exhibit similar properties to
graphene [30,31]. Both of them are semiconductors whose band gaps are comparable to
the energy of water oxidation and reduction [32,33]. Although 2D GeC exhibits excellent
compatibility with silicon-based microelectronic devices [34], there are fewer studies on
GeC than there are on SiC. To expand the applications of 2D GeC, impurity atoms are
injected to modulate physical and chemical properties by doping or adsorption [35,36].
Previous studies on other 2D materials provide many effective analyses for property
variations induced by dopants. For example, impurity atoms lead to the redistribution of
charge and induce magnetism near the host atoms. The ferromagnetic states in transition
metals (TM) atoms of adsorbed 2D materials are caused by the occupation mode of the
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d orbital hybridization of the TM atoms [37,38]. Magnetism in non-metal (NM) doped
2D blue phosphorene is related to the sp3 orbital hybridization of the NM atoms [39]. In
addition, the interaction force between impurity atoms and neighboring atoms adjusts
the bandgap of 2D materials and leads to the modulation of the absorption spectrum and
emission electron capability [37].

Until now, some progress has been made in studying GeC systems. NM atoms
adsorbed onto GeC (NM-GeC), such as 1H-GeC, have been predicted to be promising
materials for digital circuits and light-emitting diodes [40]. Surface-functionalized GeC
monolayers with F and Cl have demonstrated their advantage in opto-electronic devices
for their strong absorption in the near ultraviolet light region [41]. The effective growth of
GeC films has been achieved [42]. However, regularity conclusions on GeC systems are still
lacking. In this work, nine kinds of NM-GeC structures are constructed based on optimum
thermodynamics. The electrical, magnetic and optical properties of NM-GeC are discussed
systematically. F-, Cl-, P- and N-GeC exhibit magnetism. H-GeC presents a stronger
electron-emitting capacity than other NM-GeC systems. In the absorption spectrum of C-
GeC, redshift occurs in the visible light region. These performances expand the applications
of NM-GeC in spintronics, optoelectronics and photovoltaic cells. Discussions on the
magnetism of NM-GeC provide a reference for other materials of adsorbed 2D NM atoms.

2. Computational Methods and Theoretics

All first-principles calculations were performed with the Vienna Ab initio Simulation
Package (VASP) based on density functional theory [43]. The parameterized exchange-
correlation interactions were analyzed by the Generalized Gradient Approximation of the
Perdew–Burke–Ernzerhof function [44–46]. A basis with a 550 eV cut-off energy of plane-
waves was set to achieve high computational accuracy. Pristine 2D GeC was constructed
with a 4 × 4 × 1 supercell configuration. To minimize the effect of the interaction between
the adatoms, only one non-metal atom was injected, and the corresponding coverage
concentration was 3.125%. All the possible adsorption positions were marked in the GeC
supercell, as shown in Figure 1a. TC was above the C atom, TGe was above the Ge atom,
TH was above the middle of the Ge-C bond and TB was above the center of the hexagonal
structure. A vacuum layer with a height of 20 Å was constructed along the vertical
direction of the GeC plane to eliminate the interlayer interaction of periodic structures. The
Brillouin zone was sampled by a set of 3 × 3 × 1 Monkhorst–Pack k-point grids [47]. All
structures were fully relaxed until the Hellmann–Feynman force on each atom was less
than 0.01 eV/Å, and the total energy change converged to 10−5 eV/atom or less. Local
field effects were considered with random-phase approximation (RPA) [48].

The possibility of each NM-GeC structure was examined by calculating the corre-
sponding adsorption energy,

Ead = ENM+GeC − (EGeC + ENM) (1)

where Ead is the adsorption energy of the NM-SiC system. ENM+GeC, EGeC and ENM repre-
sent the energies of the final NM-GeC, the original isolated GeC and the isolated NM atom,
respectively. A negative Ead indicates that the adsorption process is thermodynamically
favorable and that the NM-GeC system is more stable than the original system. However,
the most likely structure corresponds to the system with the lowest adsorption energy.
Therefore, the adsorption energies were compared at all the possible adsorption positions.
The following discussions are all based on the most stable structures.

The adsorption of NM atoms caused the redistribution of charges, leading to changes
in optical, electrical and magnetic properties. Charge density differences were introduced
to display the charge transfer before and after the adsorption,

Δρ = (ρGeC + ρNM)− ρTotal (2)
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where Δρ is the charge density difference (CDD) of the system. ρTotal, ρGeC and ρNM
represent the charge densities of the non-metal atoms adsorbed onto GeC, of the pristine
GeC, and of the isolated non-metal atom, respectively.

The redistribution of charge implies that new covalence bonds were formed between
the adatom and the substrate atoms, which led to the change in the ability of the system to
bind electrons. The work function was calculated to evaluate the electron-emitting capacity
of NM-GeC,

W = eφ − EF (3)

where W is the work function, e is the charge of an electron, φ is the electrostatic potential in
the vacuum near the surface and EF is the Fermi level. The smaller that the work function
is, the stronger that the electron-emitting capacity is.

As important optical parameter coefficients, the absorption coefficients of the pristine
and NM-GeC were investigated by frequency-dependent dielectric response theory [49,50],

α(ω) =
√

2ω

⎡⎣
√

ε2
1(ω) + ε2

2(ω)− ε1(ω)

2

⎤⎦1/2

(4)

where ω represents the photon frequency, and ε1(ω) and ε2(ω) are the real and imaginary
parts of the complex dielectric function, respectively.

Spin-polarized charges were introduced to the analysis of the magnetic properties of
the pristine GeC and NM-GeC,

ρ = ρup − ρdown (5)

where ρ is the spin-polarized charge density (SPCD), and ρup and ρdown represent the
up and down-spin-polarized charge densities. When the electronic states of the spin-up
and spin-down-polarized charges were asymmetric, the corresponding NM-GeC system
exhibited magnetism.

3. Results and Discussion

The crystal structure of the pristine two-demensional GeC is depicted in Figure 1a.
GeC is an indirect semiconductor with a bandgap of 2.3 eV. The conduction band minimum
(CBM) and the valence band maximum (VBM) are located at points Γ and X, respectively, as
shown in Figure 1b. According to the density of state (DOS) in Figure 1c, the Ge atom is the
main contributor to the CBM of GeC, and the C atom is the main contributor to the valence
band maximum (VBM). Considering the symmetry of the electronic states of spin-up and
spin-down, the pristine GeC is non-magnetic.

The adsorption energies of NM-GeC were compared at the four possible symmetric
positions. The adsorption energies with the most stable structures are listed in Table 1, and
their top and side views of the charge density difference (CDD) are depicted in Figure 2. It
can be seen that all these NM-GeC systems exhibit high thermodynamic stability. The most
stable adsorption positions differ with NM adatoms. The F and Cl atoms prefer to adsorb
at site TGe, the H and P atoms prefer site TC and the B, C, N, O and S atoms prefer site
TH. The adsorption heights (D) were 1.11 Å (H), 1.11 Å (B), 0.54 Å (C), 0.91 Å (N), 1.19 Å
(O), 1.82 Å (F), 1.62 Å (P), 1.81 Å (S) and 2.26 Å (Cl). For the NM-GeC systems with the
same adsorption position, the lower that the adsorption energy was, the shorter that the
adsorption height was and the stronger that the interaction between the adatom and the
substrate atoms was. In B-, C-, N-, O-, F-, S- and Cl-GeC, the planar structure of 2D GeC
was deformed for these strong interactions. Especially in C-GeC, the substrate C atom was
sucked out of the GeC plane. Similar adatom-induced reconstructions of the host material
were found in the NM-GaN monolayer [51].
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Figure 1. (a) The crystal structure, (b) the energy band structure and (c) the density of states (DOS)
of pristine 2D GeC. TC is above the C atom, TGe is above the Ge atom, TH is above the Ge-C bond
and TB is above the center of the hexagonal structure. The spin-up component is above the Brillouin
region, whereas the spin-down component is below the Brillouin region. The Fermi level is set to
zero and is represented by a vertical black dotted line.

Figure 2. The charge density differences in the non-metal atoms adsorbed into GeC systems. Blue
denotes the depletion of electrons, whereas purple represents the accumulation of electrons. The
isovalue is set to 0.001 e/Å3. The blue, yellow and red balls are the C, Ge and NM atoms, respectively.
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Table 1. The adsorption energy (Ead), charge transferred from the adatom to the GeC substrate
(C), magnetic moment (Mtotal), bandgap (Eg) and the adsorption height (d) of the non-metal atoms
adsorbed into GeC systems.

Adsorption
Atom

Adsorption
Site

Ead (eV) C (e) Mtotal (μB) Eg (eV) d (Å)

H TC −3.252 +0.071 0 0 1.11
B TH −5.416 +0.674 0 0 1.11
C TH −9.343 −0.633 0 0.71 0.54
N TH −7.929 −1.249 1 0.28 0.91
O TH −5.973 −0.955 0 1.83 1.19
F TGe −4.583 −0.713 0.55 0 1.82
P TC −4.089 −0.316 1 0 1.62
S TH −4.092 −0.400 0 1.90 1.81
Cl TGe −2.933 −0.555 0.55 0 2.26

Charge transfer occurs between the NM adatom and the substrate atoms. The NM-
GeC systems adsorbed at the same position were similar in their distributions of CDD. The
contributions of the same substrate atoms were equal or equidistant to the adsorbed atoms.
The amount of charge transferred was determined by the relative electronegativity between
the adatoms and the substrate atoms. The detailed amount of charge transferred from the
adatom to the GeC was calculated by Bader charge [52,53], as +0.071|e| (H), +0.674|e| (B),
−0.633|e| (C), −1.249|e| (N), −0.955|e| (O), −0.713|e| (F), −0.316|e| (P), −0.400|e|
(S) and −0.555|e| (Cl). Positive values indicate charge transfer from the adatoms to the
GeC, whereas negative values imply charge transfer from the GeC to the adatoms. In all
the NM-GeC, only H and B atoms acted as charge donors, whereas other NM atoms acted
as charge acceptors. The F and Cl atoms with stronger electronegativity had a greater
influence on the substrate atoms, whose charge transfer occurred not only with the atoms
near the adatoms, but also with the atoms farther away. For the NM atoms adsorbed at
TGe, the F atoms attracted more charge than the Cl atoms due to stronger electronegativity.

The energy band structures and the DOS of the NM-GeC systems are shown in
Figures 3 and 4, respectively. It can be seen that the electronic states of the spin-up and spin-
down exhibit asymmetry in N-, F-, P- and Cl-GeC, suggesting that the corresponding GeC
systems were magnetic. P-GeC exhibited half-metallic properties, in which the spin-down
component was metallic and the spin-up component was semiconducting. F- and Cl-GeC
became magnetic metals, whose spin-up and spin-down components were asymmetric and
both metallic. H- and B-GeC turned into non-magnetic metals. The C-, N-, O-, and S-GeC
systems were still semiconductors, with band gaps of 0.71 eV (C), 0.28 eV (N), 1.83 eV (O)
and 1.90 eV (S). Only the N-GeC system showed magnetism.

The distribution of the spin-polarized charge densities (SPCDs) were further analyzed
in the N-, F-, P- and Cl-GeC systems, as depicted in Figure 5. It can be seen that the
distribution of the SPCD also shows similarities associated with the adsorption position.
The same adatoms at equal distances made the same contributions to system magnetism,
and the contributions of the substrate atoms should not be neglected. The distribution
of the spin-polarized charge densities was extended into a large space, not just into the
substrate atoms nearby, but also into those farther away, suggesting a long-range magnetic
coupling interaction. This long-range magnetization is similar to that in the NM doped
SiC [54].
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Figure 3. The band structures of the non-metal atoms adsorbed into GeC systems: (a) H-GeC,
(b) B-GeC, (c) C-GeC, (d) N-GeC, (e) O-GeC, (f) F-GeC, (g) P-GeC, (h) S-GeC, (i) Cl-GeC. The blue
and purple lines indicate the spin-up and the spin-down components of the energy levels. The Fermi
level is shifted to zero.
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Figure 4. Density of states of (a) H-GeC, (b) B-GeC, (c) C-GeC, (d) N-GeC, (e) O-GeC, (f) F-GeC,
(g) P-GeC, (h) S-GeC and (i) Cl-GeC. The spin-up component is above the Brillouin region, the spin-
down component is below the Brillouin region and the Fermi level is set to zero and is represented by
a vertical black dotted line.

The quantitative calculation of the magnetic moment was performed by the SPCD,
and it is listed in Table 1. For the metallic NM-GeC, the corresponding magnetic moments
were 0 μB (H), 0 μB (B), 0.55 μB (F) and 0.55 μB (Cl). For the semiconducting NM-GeC, they
were 0 μB (C), 1 μB (N), 0 μB (O), 1 μB (P) and 0 μB (S). It can be seen that the adatoms with
similar SPCD distributions responded to the same magnetic moment, such as N and P; O
and S; and F and Cl.

The magnetism in the semiconducting NM-GeC can be explained by the orbital
hybridization of NM atoms [39]. In the C-, N- and P-GeC systems, there occurred an sp3

orbital hybridization in the NM atoms, forming four orbits with similar energies. The
valence electrons of NM atoms occupied the four orbits with the same spinning direction
according to Hund’s rule and then formed four covalent bonds with the nearest IV group
substrate atoms. The spinning state of the unbonded electr\ons of the NM atom determines
the magnetism of NM-GeC. The remaining spinning electrons were 0 (C), 1 (N) and 1 (P),
and the corresponding magnetic moments were 0 μB (C), 1 μB (N) and 1 μB (P). In the O-,
and S-GeC systems, only two covalent bonds were constructed between the NM atoms and
the nearest substrate atoms. The corresponding NM-GeC systems exhibited non-magnetic
behavior. Although the number of covalent bonds was different, the formation of covalence
bonds between the NM atom and the neighboring atoms was identical to construct more
stable structures. Magnetism induced by NM adatoms expanded the application of 2D
GeC in nano-spintronics devices.
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Figure 5. The spin-polarized charge densities of the non-metal atoms adsorbed into the GeC system.
The green and red areas represent the contribution of the spin-up and spin-down charges, respectively.
The isovalue is set to 0.001 e/ Å3.

The work function of the pristine GeC and the NM-GeC are depicted in Figure 6. The
work function of GeC is 4.26 eV, which is similar to the value of conventional 2D field
electron emission devices [55–58]. With the adsorption of NM atoms, the work functions of
H-, B- and N-GeC were decreased, reaching a minimum of 3.37 eV in H-GeC. This indicates
that less energy was required for electrons to escape to the vacuum level in NM-GeC. The
corresponding electron-emitting capacity was enhanced by the adsorption of NM atoms.

Figure 6. The work function of the intrinsic GeC and the NM-GeC systems.
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The optical spectra of the pristine GeC and the NM-GeC were compared with the solar
spectrum [59], as shown in Figure 7. The absorption spectrum of the pristine GeC extended
from the ultraviolet to the visible light regions. The strongest absorption peak was located
at a wavelength of 120 nm, with an absorption coefficient of 1.03 × 106 cm−1, and strong
visible light absorption occurred in the range of 400 to 600 nm. In the ultraviolet light region,
the absorption coefficients of NM-GeC decreased. In the visible light region, a blueshift
occurred in the absorption peaks in H-GeC, and a redshift occurred in that of C-GeC, with
a strong absorption peak at 530 nm. Although applications in photocatalysts are limited
by the bandgap, the 2D NM-GeC shows its fantastic advantages as a photovoltaic cell and
ultraviolet photoelectric detector.

Figure 7. The absorption spectra of the pristine GeC and the NM-GeC systems.

4. Conclusions

Nine NM-atoms adsorbed into GeC systems were constructed based on the principle
of favorable thermodynamics. The most stable adsorption positions were distinguished
with NM atoms. F and Cl atoms were more likely to absorb at site TGe, H and P atoms
preferred site TC, and the B, C, N, O and S atoms preferred site TH. C-GeC exhibited the
strongest adsorption and the shortest adsorption height. The adsorption of NM atoms
induced variations in the properties of NM-GeC. F- and Cl-GeC became magnetism metals,
P-GeC turned into a half-metal and H- and B-GeC systems exhibited the properties of
non-magnetic metals. C- and O-GeC were non-magnetic semiconductors, whereas N-GeC
appeared as a magnetic semiconductor. The work function decreased in the H-, B- and
N-SiC systems and achieved a minimum in the H-GeC system. The absorption spectrum of
C-GeC redshifted in the visible light region and had a strong absorption peak at 530 nm.
Magnetism in semiconducting NM-GeC is explained by the spinning states of the unbonded
electrons of the NM atoms. After the covalence electrons of NM atoms formed covalent
bonds with adjacent IV group atoms, the remaining spinning electrons determined the
magnetism of the NM-GeC system. These electrical, magnetic and optical properties caused
by the adsorption of non-metal atoms extend the application of 2D GeC, especially in field
electron-emitting, spin electronics, photovoltaic cells and ultraviolet photoelectric detectors.
Our discussion on the magnetism of semiconducting NM-GeC provides a reference for
other NM 2D materials.
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Abstract: The preparation of boron nanosheets has very strict requirements of the preparation en-
vironment and substrate. In this work, the boron nanosheets were tried to prepare by the grinding
method, using β-B alloy with stable chemical properties and large crystal plane spacing. Its mor-
phology and chemical bonds of boron nanosheets were analyzed by scanning microscope (SEM),
transmission microscope (TEM), and X-ray photoelectron spectroscopy (XPS). The results show that
the two-dimensional boron nanosheets can be prepared from β-B powder by the grinding method.
There are very few B-O bonds in boron particles, and the B-B bonds are principally dominant. In ad-
dition to a few B-O bonds, including some B-B bonds change to B6O bonds which are not completely
oxidized, indicating that boron has certain oxidation resistance.

Keywords: boron; nanosheet; microstructure; nanocrystalline materials

1. Introduction

Since boron nanosheets [1] have good chemical and physical properties, they can be
used in medicine, aerospace, nuclear energy, electronic transmission, and other fields. At
present, due to the easy oxidation of boron nanosheets and the high cost of the bottom-up
preparation method, it needs very harsh synthesis conditions, ultra-high vacuum degrees,
and sensitive temperature change. Graphene has the corresponding bulk phase layered
structure in nature, and its monolayer structure can be easily analyzed. Geim [2] success-
fully prepared the monolayer graphene in 2004 by using a simple mechanical stripping
method. However, boron has strong covalent bonds both in and out of the plane, and, thus,
it is impossible to obtain monolayer structures directly through mechanical stripping.

As early as 1997, Boustani [3] calculated by the first principles that the pentagram and
hexagram composed of boron atoms could be used as the basic units to form quasiplanar
structures, and it was the first theoretical prediction that the monolith boron could stably
exist. Subsequently, the Lau research team calculated and predicted that monolayer boron
nanosheets could stably exist in the form of curly triangular lattices [4]. Yakobson [5],
Zhao [6] and Gao [7] et al. calculated results showing that the monolayer boron nanosheets
can be grown from MgB2 on the Ag (111) and Au (111) substrates, providing the preparation
direction and theoretical support for experimental preparation of borylene [8]. Mannix [9]
prepared boron nanosheets with an atomic thickness on the Ag surface under ultra-high
vacuum conditions. Xu [10] explored the porous monolith of few-layered boron nitride
for effective water cleanup. Feng [11] used molecular beam epitaxy (MBE) to grow boron
sheets on Ag (111) surface under ultra-high vacuum (UHV) conditions and successfully
obtained 2D boron sheets.

In this study, boron nanosheets were prepared by grinding β-B alloy with stable
chemical properties, large size, and large intercellular space. β-B is obtained by extraction
of Cu-5B alloy.
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2. Experiment and Discussion

First, the melt reaction method was used to obtain a Cu-5B alloy ingot. The ingot
was cut into small pieces and put into a centrifugal tube. The Cu-5B alloy strips were
obtained by using a single-roll cooling device (Melting temperature 1500 ◦C, rotating speed
1800 r/min). The obtained alloy strips were first corroded by nitric acid and the boron
powder was obtained by vacuum drying. Then, the grinding was carried out using an
agate mortar for 2 h.

Figure 1 shows the images of boron powder before and after grinding. It could be
seen that boron mainly exists as some rod-shaped and massive boron particles (Figure 1a).
Figure 1b,c show EDS analysis of boron particles, which shows a boron atomic ratio of 99%,
so it can be considered that the boron particles before grinding are relatively pure boron.
As can be seen in Figure 1d, after grinding, some boron particles in the boron powder
changed from block to sheets, and the thickness of the boron nanosheets reached nanometer
level. Compared with the microcrystals before grinding, the thickness of boron nanosheets
is decreased significantly, indicating that this method can be used to prepare the boron
nanosheets. As shown in Figure 1e XRD spectrum of boron nanosheets after grinding. The
XRD pattern of the sample is shown in the figure, with black brackets marking the crystal
face of β-B. The lattice constants of β -b are as follows: A = B = 10.952 Å, C = 23.824 Å
(according to PDF85-0409) [12]. MALDI-TOF-MS is used to detect the stable unit of boron.
The result in Figure 1f shows that the relative atomic mass of 453.36 possesses the highest
relative intensity, corresponding to B42 (B: 10.81 1) [13]. As can be seen in Figure 1g, the
EELS analysis of boron element in boron nanosheets, it can be seen that boron has a very
high peak strength at 200 eV.

 

  

Figure 1. Cont.
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Figure 1. Images of boron particles and boron nanosheets before and after grinding (a) SEM image of
original boron particles extracted from Cu-5B alloy, (b,c) EDS spectrum of boron particles, (d) TEM
image of boron nanosheets after grinding, (e) XRD spectrum of boron nanosheets after grinding,
(f) MALDI-TOF-MS result for the extracted boron powder, (g) the EELS analysis of boron element in
boron nanosheets.
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As can be seen in Figure 2a, some multiple boron nanosheets overlapped together
and boron nanospheres with a size of about 5 nm were adsorbed at the same time. The
extremely thin boron nanosheets are almost transparent under the electron beam, as shown
in Figure 2b,c. The number of layers of the boron nanosheet can be seen by the crimped
edges. Figure 3b shows 5layers of boron nanosheets with a size of about 40 nm. As can
be observed from magnified Figure 2c,d, the process of stripping boron nanosheets from
multiple layers to several layers and finally to double layers can be seen. It is indicated
that the preparation of boron nanosheets by this method is through the slip between layers
rather than the dissociation between layers. It is the reason why the boron nanosheet size is
smaller than that of the original boron particles, the average size is about 30 nm. Figure 2e
is the lattice fringe image of the boron nanosheet, with the magnified area marked by the
circle. It can be measured that the exposed crystal face of the boron nanosheet is (006), and,
accordingly, it can be inferred that β-B fractured along the C-axis in the grinding process.
Corresponding to the crystal structure model of β-B in Figure 2f, the fracture occurred
between two B12 icosahedrons (shown in green polyhedrons). β-B has a B12 icosahedron
at both the vertex and the center of the edge of a single cell, and two B28 polyhedra (yellow
polyhedra part in the figure) are triple fused in the middle of the cell, connected by a
gap boron atom. Based on the structural model of β-B, it is believed that β-B stripping
perpendicular to the C-axis may be caused by the repulsion between the B12 icosahedrons
and the attraction between B12 and B28, resulting in the rupture of covalent bond between
B12 units. To further characterize whether boron was contaminated by oxidation during
the grinding process and the change of boron chemical environment before and after the
grinding process, XPS analysis was performed.

  

   

Figure 2. TEM images of boron nanosheets and their peeling processes (a) Overlapping boron
nanosheets, (b) 5-layers boron nanosheets, (c–e) 2–3 layers of boron nanosheets, and their enlarged
peeling processes, (f) Structure model of β-B.
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Figure 3. XPS results of boron powder before and after grinding (a) Full-scale survey (b) Before
grinding, breakdown drawing of B 1s peak (c) After grinding, breakdown drawing of B 1s peak.

Figure 3a is the full XPS spectrum of boron powder. Strong B1s, C1s, and O1s [14]
core levels are observed in the spectrum. We fix the C1s peak at 284.8 eV as the reference
to decompose the B 1s band before and after grinding, as shown in Figure 3b,c. Before
grinding, the B 1s band had three peaks, indicating the existence of three different chemical
environments for boron. The binding energy of block B 1s is about 189–190 eV [15]. For
boron powder, the binding energy value shifts to lower energy. These two low binding
energy peaks (189.1 eV and 187.6 eV) are the red-shifted relative to the location of the block
boron, which is most likely the existence of two different B-B bonds in the block boron. The
peak observed at 191.4 eV is attributed to the complete oxidation state of boron in B2O3,
and the binding energy value is consistent with previous reports [16]. At the same time,
it is observed that the proportion of boron oxide peak is very small, and mainly B-B peak
with the binding energy of 187.6 eV related to B-B bonding is the most dominant.

The decomposition of B1s peak after grinding is shown in Figure 3c [17]. There were
also three peaks. It can be seen that the two low binding energy peaks shift further to lower
binding energies [18]. The B-B bond at the lowest binding energy (187.6 eV) before grinding
is dominant, and the lower binding energy (188.7 eV) after grinding is dominant, indicating
that the grinding process changes the state of two different B-B bonds. It was reported in
the literature [9] that B6O has two different combined boron states, whose binding energies
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are 185.4 and 187.2 eV, respectively. It is speculated that incomplete oxidation of boron
nanosheets obtained after grinding is highly likely to occur, resulting in the bonding mode
of B6O. Thus, the lowest binding energy peak corresponds to B6O, the lower binding energy
peak corresponds to the B-B bonds before grinding, and the high binding energy peak still
corresponds to the fully oxidized B2O3. At the same time, compared with before grinding,
the proportion of fully-oxidized B2O3 does not increase, indicating that boron has a certain
antioxidation ability.

In conclusion, there are few B2O3 bonding and B-B bonding in two different chemical
environments in boron particles before grinding. After grinding, only a few B2O3 bonds
exist in the boron nanosheets, and the state of some B-B bonds changes, forming the
incomplete-oxidized B6O bonds, but B-B bonds still account for most of them.

3. Conclusions

Two-dimensional boron nanosheets were prepared from β-B powder by grinding. The
thickness of the boron nanosheets is different, and their size is about 40 nm. Through the
analysis of XPS bonding and the chemical environment of boron, there are very few B-O
bonds in boron particles, and the B-B bonds are principally dominant. In addition to a
few B2O3 bonds, some B-B bonds change to B6O bonds, related to incomplete oxidation,
indicating that boron has certain oxidation resistance.
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Abstract: This work reports on the fabrication of a novel planar reduced graphene oxide (rGO)
memristor (MR) device. For the first time in the literature, the MR tunable resistive switching
behavior is controlled by the GO reduction time at a constant temperature. The device is fabricated
using standard microfabrication techniques on a flexible cyclic olefin copolymer substrate (COC).
Thermal reduction of the GO layer at low temperatures (100 ◦C) avoids the drawbacks of chemical
reduction methods such as toxicity and electrode metal damage during fabrication, while allowing
for fine-tuning of the MR’s switching behavior. The device has analog switching characteristics, with
a range of different resistance states. By taking advantage of the slow nature of GO thermal annealing,
the switching properties of the rGO memristors can be precisely controlled by adjusting the reduction
period. At short annealing times (i.e., T < 20 h), the devices switch from high to low resistance states,
while at longer annealing times the switching behavior is reversed, with the device switching from
low to high resistance states (LRS to HRS). Resistive switching occurs as a result of the diffusion
and removal of the oxygen functional groups in the GO film caused by Joule heating induced by the
electric current. Complete electrical characterization tests are presented along with wettability and
X-ray diffraction (XRD) tests. This work opens a new vision for realizing rGO-based MR devices with
tunable switching properties, broadening the application horizon of the device.

Keywords: graphene oxide; reduction; thermal; memristor; switching; analog; oxidation

1. Introduction

The memristor device (MR) is a two-terminal electrical component that was first
proposed by Leon Chua in 1971 as the fourth fundamental circuit element that connects
electric charge and magnetic flux [1]. MR has a closed hysteresis I-V characteristic that
is pinched at zero and can switch between two resistance states. The low-resistance state
is referred to as the “ON state” while the high-resistance state is referred to as the “OFF
state”. HP labs fabricated the first MR in 2008, using TiO2 as the active switching layer [2].
After this, the interest in MR devices has dramatically increased as their unique features
make them a great candidate for many emerging applications such as memory, computing,
security, and sensing [3–6].

The sensing applications of MR have gained momentum due to the great ability of the
device to change its fingerprint I-V characteristics according to the surrounding environ-
ments and the interactions taking place in the device’s active area. Tzouvadaki et al. [7,8]
developed a bio-functionalized silicon nanowire MR for cancer detection by attaching anti-
PSA antibodies; the sensor functioned by exhibiting a voltage gap, or a non-zero current
at zero volts. Additionally, the silicon nanowire was used to develop a sensor for drug
monitoring in a manner similar to that used in cancer detection [9]. The silicon nanowire is
analogous to enzymatic sensors in which biomolecules are attached to the device [10]. MR

Nanomaterials 2022, 12, 1812. https://doi.org/10.3390/nano12111812 https://www.mdpi.com/journal/nanomaterials143



Nanomaterials 2022, 12, 1812

devices have been used as non-enzymatic sensors, and a device based on TiO2 fabricated
as a crossbar was used to detect glucose at concentrations comparable to those found in
human blood samples by tracking changes in the ON/OFF ratio [11]. These applications
demonstrate MR’s versatility and its suitability to be deployed in biosensing applications.
Device structure is a key factor for deploying MR devices in sensing applications as it
should facilitate the interaction between the device’s active area and the surrounding
environment or the applied molecules. Thus, planar MR devices are considered a great
asset for sensing applications.

In recent years, graphene and graphene-related compounds have garnered consider-
able attention [12]. Concurrently, graphene-based resistive switching devices have been
developed [13]. In these devices, graphene and graphene oxide (GO) are used to fabricate
the electrodes as well as the active resistive switching material [13–15]. For instance, GO
has been used as an active layer in the development of artificial neural networks (ANNs)
that mimic the behavior of neurons and the way the human brain retains information [3].
Moreover, reduced GO (rGO)-based memristors have also been used in the development of
sensors [5]. GO is a two-dimensional substance formed from graphene that is decorated
with oxygen functional groups [16]. The low cost and ease of manufacturing make GO
especially attractive. GO-based memristor devices can be produced using a variety of stan-
dard fabrication procedures. GO can be used in its natural state [17] or it can be changed
by chemical, electrochemical, thermal, or photothermal processes [18].

To the best of our knowledge, this is the first study to examine thermal reduction for
the fabrication of planar rGO-based MR devices on a flexible polymer substrate. It details
the development of a low-cost planar MR device that consists of Au-rGO-Au. On top of
a cyclic olefin copolymer (COC) substrate, the electrodes and rGO layer are stacked in a
planar metal/GO/metal configuration. The device is fabricated using standard microfabri-
cation techniques, with the GO layer being thermally reduced at a constant temperature.
Planar devices benefit from their simplicity of fabrication, which permits mass produc-
tion and incorporation into low-cost disposable electronics. Due to its adaptability in
applications such as flexible sensors and wearable devices, flexible electronics are gaining
appeal [19]. Additionally, the planar structure has a large surface area, which provides
more space for the electrochemical reactions [20]. In this work, the MR switching behavior
of the device is controlled at low annealing temperatures (100 ◦C). This results in increased
biocompatibility and safety during fabrication when compared to other reduction methods
of GO. Thermal annealing at a low temperature has critical advantages over chemical
reduction, which is ineffective when acid-sensitive metals are used. Furthermore, unlike
previous approaches, it does not necessitate direct access to the GO film. Additionally, it
requires less equipment than photothermal and chemical techniques. By carefully tweaking
the reduction process, different electrical properties can be achieved for a variety of appli-
cations, ranging from computation to sensing. The obtained devices displayed unipolar
analog switching characteristics with controllable switching behavior due to the degree
of reduction of the GO film between the two gold electrodes. By varying the degree of
reduction of the GO layer, two distinct device behaviors were achieved. Adjusting the
duration of heating is sufficient for regulating the reduction process. The resulting resistive
switching behavior has a great potential for a variety of applications in different fields;
memristive sensors exploit the resistive switching ability to detect various quantities and
substances. The thermal reduction approach of graphene oxide facilitates the construction
of biocompatible sensors to detect biomolecules in enzymatic or non-enzymatic approaches.
Additionally, the memristor exhibits an analog switching behavior when GO is highly
reduced, and the multiple resistance states make it a prime candidate to build multi-bit
memory cells for high density memory. Additionally, it can support in-memory computing
and neuromorphic computing, especially for artificial neural networks (ANN).
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2. Materials and Methods

2.1. Device Fabrication

As shown in Figure 1, the planar MR devices reported in this work are fabricated
using standard microfabrication techniques. The lithography photomask is fabricated
using a direct photolithography system (Dilase Kloe 650, Kloe-france, Saint-Mathieu-de-
Tréviers, France). The electrodes are designed to be square in shape, 3 mm long, and
separated by a 20 μm gap, as illustrated in Figure 1. The first stage of the device fabrication
includes the deposition of a thin layer of gold using a sputter (Q300TT from Quorum,
Laughton, East Sussex, United Kingdom) on a clean cyclic olefin copolymer substrate
(COC) (TOPAS Advanced Polymers 5013 from microfluidic ChipShop, Jena, Germany)
(Step 1). Following that, a layer of photoresist (PR1813 from micro resist technology
GmbH, Berlin, Germany) is deposited using a spin coater (WS650Hzb-23NPP UD-3 from
Laurell Technologies Corporation, North Wales, PA, United State) and then baked for
five minutes at 70 ◦C. The wafer is then subjected to ultraviolet light via the photomask
(step 2). The photoresist patterned layer is then developed using a suitable developer,
washed in DI water, and then the gold layer is etched with gold etchant (TechniEtch ACI2
potassium iodide/iodine etchant from Microchemicals GmbH, Ulm, Germany) (steps 3 and
4). Following acetone removal of the photoresist layer, the wafer is thoroughly washed
with DI water. After patterning the electrodes, the GO (Graphenea, San Sebastián, Spain)
layers are deposited (Stage 2). The deposition of GO begins with a five-minute oxygen
plasma treatment (PDC-002 from Harrick Plasma, Ithaca, NY, United States) of the COC
substrate to improve the adherence of GO flakes and the surface’s wettability [21] (step 1).
Then, spin coating is used to deposit a thin layer of GO on the substrate (step 2). The wafer
with GO layers is then baked for two minutes at 70 ◦C on a hot plate. The GO deposition
(on top of the substrate) and baking steps are carried out three times (steps 3 and 4). It is
important to note that the patterned electrodes are protected with scotch tape during GO
deposition. In this work, the reduction of GO is achieved by heating the device at 100 ◦C in
an air environment. As described in Section 3, the heating time is adjusted and its effect on
the memristor device switching behavior is studied and analyzed.

Figure 1. Memristor device fabrication steps. Stage 1 includes the patterning of the gold electrodes,
while Stage 2 involves the deposition of the GO layers between the planar electrodes.

2.2. Device Characterization

Microphotographs of the fabricated memristor devices are captured using a field emis-
sion scanning electron microscope (FESEM) (JEOL, JSM-7610F, Tokyo, Japan). In addition,
detailed material characterizations utilizing an X-ray diffractometer (XRD) (Bruker, D2
Phaser, Billerica, MA, USA), Raman spectroscopy and atomic force microscopy (AFM) are
performed on the devices. Detailed electrical characterization is performed using Keithley
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4200-SCS parameter analyzer (from Tektronix, Beaverton, OR, USA). One electrode is con-
nected to the biasing terminal, while the second electrode is kept grounded. The voltage
sweeping mode is used to measure the current-voltage (I-V) characteristics of the fabricated
devices, with a voltage step of 0.05 V and range up to 15 V. Additionally, the pulse mode is
utilized to study the effect of applying constant voltage over time on the device switching
behavior.

3. Results and Discussion

3.1. Material Characterization
3.1.1. Wettability and Contact Angle

Due to the presence of oxygen functional groups that form hydrogen bonds, GO
is known to have hydrophilic characteristics, resulting in low contact angles [22,23]. By
reducing GO to rGO form, the hydrophobicity of the material is increased, hence increasing
the contact angle between water droplets and GO surfaces [24]. By measuring the contact
angle at various locations across the GO surface, this contact angle can be used to investigate
the effect of baking time on the degree of reduction of the deposited GO. In this work, four
fresh COC substrates are coated with GO after being treated with O2 plasma. Following
that, three substrates are baked at a temperature of 100 ◦C for different durations (4 h, 8 h,
and 12 h). Figure 2a–d show droplets of the same volume (5 μL) above the four samples.
The four droplets have distinct contact angles. The effect of baking duration on the water
contact angle is shown in Figure 2e. Without reduction, GO film has a contact angle of
about 43◦. After 4 h of annealing, the average contact angle is increased to around 68◦
and then almost saturates for 8 and 12 h annealing time. This experiment proves that
heating the GO on COC substrate at 100 ◦C for a sufficient duration (i.e., ≥4 h) leads to the
elimination of oxygen groups, making the material less hydrophilic, and thus achieving
GO reduction.

Figure 2. Images of water droplets on four COC wafers coated with GO (a) without baking, and
(b–d) baked at a temperature of 100 ◦C for 4 h, 8 h, and 12 h, respectively. (e) The variation in the
water contact angle on GO-coated COC wafers vs. the annealing time (four readings for each sample).
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3.1.2. XRD and FESEM Analysis

The results achieved in the previous section can be further verified by X-ray diffraction
(XRD) analysis. Figure 3a,b shows the XRD pattern for two COC wafers coated with GO;
one is not reduced, the other is annealed for 12 h at 100 ◦C, and both are compared to
bare COC. The pristine GO shows a typical GO diffraction (Figure 3a) peak at 2θ = 7 with
another intense peak at 2θ = 17 that is attributed to the COC wafer interacting with the
X-ray beam [25]. Subtracting the COC diffractometer from that of GO leaves the typical GO
peak at 2θ = 7. After reduction, the peak at 2θ = 7 drops in intensity and shifts to a greater
2θ. Huang et al. [26] demonstrated that the intense GO peak diminishes in intensity and
shifts from 2θ = 10◦ to 25◦, which coincides with the intense COC wafer peak. The XRD
pattern for the 12 h of annealed GO (Figure 3b) shows no peaks at 2θ = 7◦, the expected shift
for rGO peak at 2θ = 25◦ is overshadowed by the COC peak. When subtracting the COC
pattern from the rGO pattern, the resulting diffractometer reveals a broad low intensity
peak at 2θ = 10, which is typical for thermally annealed rGO.

Figure 3. XRD pattern for (a) COC coated with pristine GO and diffractogram of the COC substrate
subtracted from GO XRD, (b) GO reduced thermally for 12 h and diffractogram of the COC substrate
subtracted from rGO XRD. (c–e) present microphotographs of the GO, rGO, and COC, respectively,
captured using a field emission scanning electron microscope.

The deposited GO and rGO are further analyzed using Field Emission Scanning
Electron Microscopy to determine their microstructures. Figure 3c–e show three SEM
images of GO, rGO annealed for 12 h, and a bare COC substrate, respectively. The images
in Figure 3c,d show a uniform distribution of the GO flakes with the presence of few
wrinkles and defects and overlapping flakes. The SEM image of the bare COC substrate in
Figure 3e reveals a uniform surface free of defects. The surface and microstructure features
of GO and rGO are the results of the deposition process and thermal annealing.
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3.1.3. Raman Spectroscopy and AFM Analysis

The Raman spectra of a GO and rGO sample are revealed in Figure 4a. Raman
spectroscopy analysis is conducted to investigate the structure of GO before and after
thermal annealing. Two characteristic D (1340 cm−1) and G (1580 cm−1) peaks for GO are
visible in Figure 4a. The presence of the D peak indicates disorders and defects in the GO
film [27]. The ratio of the intensities of the D to G peaks is a measure of density of the
disorders and defects in the form of sp2 to sp3 carbon ratio [28]. Before reduction, the D to
G ratio is at 0.9, and after reduction the intensity ratio increases to 1.1. The increase in the
intensity can be attributed to increased defects after the reduction process.

Figure 4. (a) Raman spectra of GO and rGO reduced for 12 h on COC substrate. (b) Surface
morphology of GO layer as deposited on COC substrate; the root-mean-square roughness is measured
at 62 nm. (c) AFM image of GO; the thickness of GO can be estimated as 100 nm.

The GO layer is further analyzed using Atomic-forced microscopy (AFM), as shown in
Figure 4b. The GO surface has a root-mean-square roughness of 62 nm. AFM is also used
to measure the thickness of the deposited GO layer. As shown in Figure 4c, the thickness of
GO can be estimated as 100 nm.

3.2. Electrical Characterization
3.2.1. Switching Characteristics

The MR devices fabricated in this work are characterized using a Keithley 4200-SCS
parameter analyzer in sweeping mode to measure the I-V curves. Figure 5a presents
the I-V characteristics of the fresh device reduced for 4 h. The test is carried out by
applying consecutive voltage sweeps; the sweeps start from 0 V to Vmax, where Vmax is
the maximum voltage specified for each sweep, ranging from 3 V to 15 V. As shown, at
low voltage sweeps (3 V and 5 V) (Figure 5a), the MR has very high resistance (108 Ohm)
and shows minimal or no resistive switching behavior because of the very small current.
Upon increasing Vmax to 10 V, the resistance of the device decreases with a very small
OFF/ON ratio approaching 1. However, at 15 V sweep the device shows high resistance
in the forward sweep and turns to the ON state with lower resistance during the reverse
sweep, as in Figure 5a. Figure 5b shows the characteristics of two pristine devices reduced
for 4 h, one under the application of −15 V and another under +15 V sweeps; the resulting
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I-V curve is the same for both devices with similar characteristics (i.e., current, resistance
ratio). This switching behavior is unipolar switching since only voltage magnitude controls
the resistance state, whereas in bipolar behavior the magnitude and polarity influence the
resistance switching.

Figure 5. (a) I-V curves for 4 h rGO device generated by the parameter analyzer, multiple voltage
sweeps are visible from 3 V to 15 V. (b) the I-V curve for two devices at ∓15 V sweeps, the hysteresis
curve is mirrored, indicating unipolar switching. (c) A schematic of the switching mechanism takes
place in the devices in (a,b), the GO layers are reduced by Joule heating, each subsequent sweep
further reduces the GO flakes.

Understanding the resistive switching phenomena in GO-based MR devices and the
mechanisms involved are essential [29]. Switching behavior describes the relation between
the voltage magnitude and its polarity with resistive switching, while the switching mecha-
nism describes the changes in the bulk GO flakes during resistive switching events. For
GO-based MR devices, there are two main switching mechanisms in the literature [29];
metallic filamentary conduction is the most commonly used to explain resistive switch-
ing that takes place in GO devices [30,31]. This mechanism is dependent on the use of
electrochemically active metal electrodes such as copper (Cu) in vertical and crossbar
configurations [32]. When voltage is applied to the active electrode, the electrode material
is dissolved, and the resulting ions migrate through the GO layer towards the passive
electrode. Therefore, a conductive metallic filament is formed by the accumulating of ions,
turning the MR ON. The filament is ruptured upon voltage polarity reversal returning the
device to the OFF state [31,32]. MR devices that follow this mechanism typically exhibit
abrupt and sudden current changes when the metallic filament is fully formed or rup-
tured [29]. The second mechanism is related to oxidation and reduction within the bulk GO
layers. Graphene is a 2D material made of single-atom-thick flakes; graphene in this case is
formed of electrically conductive sp2 bonds. GO, on the other hand, is formed by insulating
sp3 bonds that are created by oxidizing the graphene flakes. When an electric field is
applied, the oxygen functional groups in low conductivity areas are detached, converting
the sp3 bonds to sp2 bonds, thereby locally increasing the conductivity of the GO film. This
mechanism is more prevalent in planar devices and memristors using inert metal electrodes
(i.e., gold and platinum) [33,34].

The device proposed in this work has a planar structure utilizing inert metal (gold)
electrodes with a gap of 20 μm. Since the metallic filament conduction mechanism requires
thin vertical devices (active layer thickness << 1 μm) [32,35] with electrochemically active
electrodes (i.e., Al, Cu), the second mechanism–the oxidation-reduction in bulk GO–better
fits the presented device, due to its relatively large electrode spacing and the use of inert
gold electrodes. Moreover, as shown in Figure 5a,b, when resistance switching occurs, the
current changes slowly and gradually from the high resistance state to the low resistance
(OFF to ON) with no abrupt changes in current, confirming that oxidation-reduction
reactions induced by the electric field [36] and Joule heating within the bulk GO film
are responsible for resistive switching. Figure 5c presents a schematic that summarizes
the reduction in bulk GO switching mechanism associated with the devices reported in
Figure 5a,b.
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3.2.2. Tuning MR Switching Via Annealing Time

In this work, tuning of the MR switching behavior is achieved by controlling the
heating time of the fabricated devices, as presented in Figure 6. To elaborate, multiple
fresh wafers are fabricated with different annealing times (4 h (a), 8 h (b),14 h (c), 20 h (d),
30 h (e), and 40 h (f)). All devices are tested using the same methodology by applying 15 V
voltage sweeps. As shown in Figure 6, the fabricated devices have two different hysteresis
curves; at a short reduction time (4 h, 8 h and 14 h), the memristor turns to a low resistance
state. Around 20 h, a change in switching behavior occurs, and switching is reversed by
transitioning from a low to a high resistance state for all reduction times greater than 20 h.

Figure 6. The switching characteristics for devices annealed over six different periods from 4 h to
40 h. (a–c) present switching from HRS to LRS, while (d–f) show switching from LRS to HRS.

Thermal annealing of GO is a transient process. Here, we give insight into the impact
of annealing time on the resistive switching behavior. Prolonged annealing time increases
the conductivity of GO. The measured maximum resistance ratio varies with annealing
time, as shown in Figure 6a–f. The maximum resistance ratio of 17 for 4-h samples is
calculated at 7.5 V. As the annealing increases, the resistance ratio drops for 8-h samples,
the maximum resistance ratio is 9.3 measured at an increased voltage of 8.5 V. At 14 h of
annealing, the maximum resistance ratio drops to 2.9 at 9.8 V. Devices with 20-h reduction
time have a maximum ON/OFF ratio of 1.6 measured at 12 V. At 30 h of annealing, a
maximum ON/OFF ratio of 2.3 is realized at 9.8 V. Devices with 40-h reduction duration
have a slightly higher resistance ratio of 2.4 when compared to 30 h, measured at 11 V. The
decrease in the resistance ratio as annealing time increases (up to 14 h) can be attributed to
the amount of oxygen functional groups within the graphene flakes. At a short annealing
time (4 h), the graphene is still highly oxidized, which results in very high initial resistance,
and as increasing voltage sweeps are applied, the GO is locally reduced by Joule heating
produced by the applied voltage and the current passing through the device. At 8-h
reduction, more oxygen groups are removed by thermal annealing during fabrication
leaving fewer oxygen groups within the GO flakes to be removed by Joule heating induced
by the electrical current during the writing process. Thus, the higher initial oxygen content
allows for a higher resistance ratio. The decrease in the resistance ratio for 14 h devices in
Figure 6c is also linked to the amount of oxygen functional groups present within the rGO
flakes. After 14 h of annealing, more oxygen groups are removed. Since the ON/OFF ratio
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is created by the local reduction of GO by Joule heating, the lack of oxygen groups within
the GO flakes allows for limited resistive switching.

As presented in Figure 6d–f, at longer reduction periods (20 h and more) the MR
resistive switching behavior is reversed, the device starts at low resistance, and when a
threshold voltage is reached during a voltage sweep, the device switches to a high resistance
state. The threshold voltage is tied to the degree of reduction of the GO flakes; at 20 h of
annealing, resistive switching starts at 13 V, and drops to 10 V for the 30- and 40-h samples.
Moreover, the devices reduced for 20 h or more show significantly higher current levels in
both the forward and backward sweeps. At 14 h reduction time and less, the maximum
current reached is below 1 μA, however, Figure 6f shows current levels that are about
100 times higher at a current peak of 2.7 mA for the 40 h samples. The resistance ratio is
also lower; at 20 h, the maximum average resistance ratio occurs is 1.6 which occurs at
12 V. As annealing time is increased to 30 h, the threshold voltage drops to 10 V and the
OFF/ON ratio increases to 2.3 at 9.8 V. At 40 h of reduction, the I-V curve shown is similar
to that of 30 h with minuscule changes; the similarities are due to reduction process of
graphene oxide. Thermal annealing of GO at low temperatures (100 ◦C) is a slow process,
and therefore the 30 h and 40 h devices produce comparable results. Compared to the
mechanism explained in Section 3.2.1 for devices reduced for ≤14 h, a different mechanism
occurs for 20 h reduction or more. To elaborate, in such devices, the GO is highly reduced,
but some oxygen groups still exist. By applying a high voltage sweep (i.e., 15 V), the
remaining oxygen species within the bulk GO form a resistive barrier by local oxidation of
GO, thus increasing the resistance. The GO is no longer being reduced by voltage as in the
case of 4–14 h, but the diffusion of remaining oxygen groups is responsible for resistive
switching [3].

It is worth mentioning that reduction of GO at 100 ◦C occurs at slow rate, which enables
the tunable resistive switching by varying the reduction time, which is the main novelty of
this work. Higher annealing temperatures accelerate the reduction process. Nonetheless,
if the GO is reduced too rapidly at elevated temperatures, this may alter the switching
behavior such that the behavior observed in this study may no longer be observed. Thus,
annealing at higher temperatures reduces the ability to control the reduction process and
achieve precise device resistance tuning. As evident in the work of Slobodian et al. [37],
where they measured the reduction of GO versus annealing temperature in terms of weight
loss percentage, the reported results show the rate of reduction changes significantly with
temperature especially above 100 ◦C. At 100 ◦C, it is revealed that the rate of reduction is
enough to observe the effects via fine reduction of the GO film.

3.2.3. Tuning MR Switching via DC and Sweep Voltage

To further investigate the switching characteristics of the GO-based MR devices fabri-
cated in this work, constant DC voltage bias is applied to a fresh device, and the resistance
response is logged over time. Figure 7a presents the resistance over time, under the ap-
plication of 6 V DC voltages, for a pristine device annealed at 100 ◦C for 12 h. As shown,
in 400 s, the device resistance drops from 47 MΩ to 1.3 KΩ and then reaches a saturation
resistance state. The steep decline in the resistance of the active rGO layer within the
memristor indicates localized reduction by the current-induced Joule heating effect. The
final stagnation resistance of the device electrically reduced by joule heating in Figure 7a
resembles the devices thermally reduced for 20 h and more. To elaborate, the same device is
tested with linear voltage sweeps and the resultant I-V curves are plotted in Figure 7b. It is
clear that the switching direction of the device is reversed to be from low resistance state to
high resistance state in an analog manner. As depicted, under the application of a voltage
sweep that is equal to or exceeds the switching threshold voltage, the resistance increases
by Joule heating, inducing solid phase dissolution of oxygen functional groups [33]. By
increasing the resistance, the current drops and a high voltage level is needed to recreate
the Joule heating effect. By increasing the write voltage, a new high resistance state can

151



Nanomaterials 2022, 12, 1812

be written. This novel tunable behavior of the MR device is considered a great asset as it
broadens the application horizon of the device.

Figure 7. Tunable MR switching behavior. (a) Fresh device annealed for 12 h is tested under the
application of 6 V DC bias. (b) I-V curves for device in (a) after the application of the DC voltage bias.

The electrical behavior of the memristor devices reported in this work is further
investigated by applying 100 consecutive voltage sweeps at 15 V, across a 4 h reduced
device. As shown in Figure 8a, during the first sweeps, the memristor exhibits resistive
switching behavior, where the resistance decreases between the forward and the backward
sweeps. After each sweep, the resistance decreases when compared to the previous sweep.
Additionally, the ON/OFF ratio decreases until the sixth sweep, where the resistances in
the forward and backward sweeps are equal (ON/OFF ratio = 1). From the 6th sweep until
the 14th sweep, the resistance decreases further with the same resistance ratio (ON/OFF
ratio = 1). After the 14th sweep, the device no longer behaves as a memristor, and all
consequent sweeps coincide. After that, as presented in Figure 8b, a 20 V dual sweep is
applied to the same device; the resistance increases at 18 V, and the device switches to a
higher resistance state. Therefore, it can be concluded that after around 14 sweeps at 15 V,
a 4 h device will change switching behavior and the resistance can increase with future
sweeps via applying higher voltage magnitude.

 

Figure 8. Tunable MR switching behavior. (a) A fresh device annealed for 4 h is tested for 100 cycles
under the application of 15 V sweep. (b) I-V curve under the application of 20 V sweep for the same
device after performing the test in (a).
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4. Conclusions

In conclusion, this work presented a novel thermally reduced graphene oxide mem-
ristor in a planar Au/rGO/Au configuration. The presented device had a unique tunable
resistive switching behavior controlled by adjusting the reduction time of the GO layer. At
shorter reduction times, the device switched from OFF to ON, and increasing the reduction
time reversed the switching to be from the ON to OFF state. In both stages, the devices
exhibited analog switching behavior. The use of symmetric gold electrodes resulted in a
unipolar switching behavior where the voltage amplitude controlled the switching and
writing process irrespective of polarity. The resistive switching phenomenon was linked
to the oxidation-reduction of the oxygen species within the bulk GO flakes. Moreover,
a unique switching behavior was achieved by further reducing the MR devices using a
suitable DC bias. This led to reversing the switching direction of the MR resistance state
and achieving multi-state switching characteristics. The novel methodologies reported in
this work provided new insights to develop rGO-based MR devices with highly tunable
characteristics to adapt the target applications.
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Abstract: Over the past decade, layered double hydroxides (LDH) have been the subject of extensive
investigations owing to their remarkable water splitting catalytic activity. Stability and porosity
are several of the features of LDH which help them to serve as efficient oxygen evolution reaction
(OER) catalysts. Based on these considerations, we synthesized NiCo(OH)2 LDH and probed its OER
electrocatalytic performance. The synthesized catalyst was subjected to X-ray diffraction, scanning
electron microscopy, and X-ray photoelectron spectroscopy for structural analysis and investigation
of its surface morphology, surface composition, and oxidation states. The LDH-NiCo(OH)2 was
anchored over the FTO surface and the fabricated electrode was found to exhibit a much lower
OER onset potential of 265 mV, a much higher current density of 300 mAcm−2 and a smaller Tafel
slope of 41 mVdec−1. Moreover, the designed catalyst was found to be stable up to 2500 repeated
voltametric scans. These figures of merit regarding the structure and performance of the designed
LDH are expected to provide useful insights into the fundamental understanding of the OER catalysts
and their mechanisms of action, thus enabling the more rational design of cost effective and highly
efficient electrocatalysts for use in water splitting.

Keywords: NiCo(OH)2 layered double hydroxides; electrocatalysis; oxygen evolution reaction; onset
potential; current density; stability

1. Introduction

Energy demand has been increasing worldwide due to population growth, industrial
development, and improvement in the standard of living. About 80% of this energy
requirement is fulfilled by fossil fuels. However, although fossil fuels are the primary
sources of energy, their reserves deplete with time. The non-sustainability of fossil fuels,
and their associated environmental challenges, have prompted scientists to search out
more abundant and sustainable energy sources [1–3]. Tidal, wind, and solar resources are
renewable, clean, and eco-friendly, but their reliability is an issue due to daily and seasonal
variations [4]. Hence, there is a need for a more sustainable energy source. In this regard,
water splitting is a viable option, as it is renewable and abundantly available. Moreover,
water splitting is a greener and more portable source, as its products can be put in storage
or treated directly without creating any environmental risks [5,6]. In the 19th century,
Paets van Troostwijk and Nicholson/Carlisle unveiled the method for the electrochemical
splitting of water [7]. The concept of green energy relies on this discovery, and extensive
efforts have been devoted to the advancement of water splitting [8,9]. However, so far,
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this abundant and environmentally friendly energy source has not yet been fully adopted
worldwide. The reason for this is the high energy demanding anodic reaction of water
electrolysis, i.e., the oxygen evolution reaction (OER). Thus, the affordability of water
splitting is a challenge in the adoption of water as a greener energy source. A plethora of
research teams are engaged in the search for cheaper catalysts that could trigger OER at the
lowest possible potential.

The typical electrocatalytic splitting of water is carried out in a special electrolyzer
containing a cathode for water reduction reactions and an anode for water oxidation
reactions. Such electrolyzers contain suitable electrolytes for the facile transportation of ions
between the two electrodes [10]. Water splitting involves two half reactions: a hydrogen
evolution reaction (HER) and an oxygen evolution reaction (OER) [11]. In hypothetical
terms, water splitting takes place when the applied voltage reaches 1.23 V, releasing
hydrogen and oxygen gases from the electrode surfaces. However, in actual practice both
HER and OER demand a substantial overpotential (η) [12,13]. The OER at the anode must
cross a higher energy barrier/overpotential as it has more sluggish kinetics than the HER.
Therefore, water splitting efficiencies rely mostly on OER [14]. The mechanism of OER is
complex and strongly dependent on the structure and properties of the electrode surface.
An effective OER electrocatalyst must contain adequate adsorption sites for efficient charge
transfer between the electrode and adsorbed species. Another important factor determining
the efficiency of the OER catalysts is the binding strength between the electrode surface and
the reaction intermediates (e.g., HO*, O*, and HOO*). Generally, OER taking place on the
active sites of the electrocatalysts involves four elementary steps: first, the formation of OH*
intermediate from the adsorbed water molecules; second, the decomposition of OH* to O*;
third, the subsequent reaction of O* with another adsorbed H2O molecule to form OOH*;
and finally, the formation and release of an O2 molecule. Theoretically, the overpotential
and OER activity are governed mainly by the rate-determining step. The formation of
OOH* from O* is considered as the rate determining step, as it occurs at a potential higher
than 1.23 V [15–20]. Researchers are trying to design electrocatalysts which could generate
an OER signal closer to 1.23 V to minimize the overpotential (which is the main reason
why the use of water splitting as an energy source is so expensive). Moreover, an ideal
OER electrocatalyst should be efficient, stable, abundant, and cost effective. Understanding
the structure–activity relationship is crucial for designing an effective water oxidation
electrocatalyst [21–23].

Precious metal-based materials (usually RuO2 and IrO2) have been used for a long
time to attain favorable OER kinetics. However, the scarcity and high cost of noble metals
hinder their large-scale use for the commercial production of renewable fuel. Therefore, for
achieving sustainable OER, electrocatalysts are prepared from earth-abundant metals and
their activity and stability are examined. As such, researchers are preparing electrocatalysts
for water electrolysis using cheaper earth-abundant elements (Ni, Co, and Fe), rather than
benchmarked expensive catalysts such as Pt [24]. Ni has emerged as a promising non-noble
metal electrocatalyst for water splitting owing to its abundance, lower cost, corrosion
resistance, and ability to catalyze OER at a lower overpotential. Therefore, hydroxides of
Ni-based electrocatalysts have excelled amongst other options in catalyzing OER. By the
incorporation of other metals, the performance of individual Ni oxides can be improved.
In this regard, Co is a promising candidate for OER catalysis [25,26]. Due to a number of
advantages, layered double hydroxides, which belong to the two-dimensional materials
family, have gained considerable interest for use in OER since 2013. Their main advantages
are their larger surface area, greater surface-to-volume ratio, significantly exposed active
sites, and higher efficiency than 0D and 1D materials. Their multilayer structural adjustment
can be controlled by intercalation, topological transformation, or by assembling other
functional materials. Their chemical composition can be tuned by changing the ratio of
cations. Their ordered porosities support the transportation of water molecules and the
release of gaseous products. They have configurable active site orientation, as well as
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increased structural stability [27]. Hence, the current work is focused on LDH and the
utilization of its unique structure for water splitting catalysis.

Multiple parameters can decide the performance of a water splitting electrocatalyst,
with overpotential, current density, Tafel slope, and charge transfer resistance being the
most commonly evaluated parameters for the assessment of OER performance [28,29].
Based on these considerations, we synthesized NiCo(OH)2 layered double hydroxide and
explored its OER activity. The LDH-NiCo(OH)2 fabricated FTO is the first example of
a highly stable, efficient, and inexpensive OER catalyst that demonstrates the low onset
potential, high current density, low charge transfer resistance, long-term cyclability, and
low Tafel slope desired for an OER catalyst. Hence, the results of our investigations are
expected to provide valuable insights into the electrocatalytic role of LDH and improve our
fundamental understanding of the relationship of structure and OER catalytic mechanism
of action.

2. Experimental Section

2.1. Chemicals and Materials

Nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, purity above 97%), cobalt(II) nitrate
hexahydrate (Co(NO3)2·6H2O, extra pure), ammonium hydroxide of 99.99% purity, an-
hydrous potassium chloride of ≥99% purity, 5 μL Nafion (10% Aldrich solution), benzyl
alcohol (HPLC grade), and an acetone solution of ≥99.8% purity, were all purchased from
Beijing Chemicals Co., Ltd., Beijing, China. Analytical-grade ethanol was used. All these
chemicals and reagents were used as purchased and solutions were made in deionized
water.

2.2. Physical Characterization

X-ray diffraction (XRD) analysis was performed using an XRD spectrometer (D-8
Discover, Bruker, Germany) within a 10–80 (2θ degrees) range by utilizing CuKα radiation.
The surface morphology was analyzed using a field-emission scanning electron microscope
(JSM-7600F, JEOL, Tokio, Japan). X-ray photoelectron spectroscopy (XPS) analysis was
executed by using Kratos Nova with an Al Kα energy source at 1486.6 eV. Scans were
conducted at an anode voltage of 15 kV and a 10 mA current. The pass energy was set
to 160 eV for survey scans and 20 eV for high-resolution scans. The binding energy was
calibrated by referencing the charge to the hydrocarbon C 1s peak at 285.0 eV.

2.3. Synthesis of LDH-NiCo(OH)2

A simple co-precipitation method was used for the synthesis of layered double hydrox-
ide. A solution was prepared by dissolving 0.64 mmol Ni(NO3)2 and 1.28 mmol Co(NO3)2
in 14 mL benzyl alcohol. The resulting solution was then stirred for 2 h at room temperature.
In the next step, the solution was charged by the dropwise addition of 14 mL ammonia
solution and heated to 165 ◦C for further two hours. The resulting precipitated solution was
allowed to cool naturally and sonicated for 10 min to undo the agglomeration of particles
in order to obtain a good separation. The final material was dried under nitrogen and put
in a desiccator for 48 h for further drying.

2.4. Cleaning of the FTO Electrode

Conductive FTO glass (FTO, Omniscience, South Korea) (1 cm × 1 cm × 2 mm,
16 Ω cm−2) was used as a substrate for modification with the synthesized electrocatalyst.
Prior to the deposition of the active material, the FTO substrate was washed properly. FTO
glass was initially sonicated with acetone for 15 min and then with ethanol for another
15 min so that any organic impurity was dissolved and removed from the surface of the FTO.
After thorough cleaning, the substrate was parched in a muffle furnace at a temperature of
120 ◦C for around 90 min for degassing. This treatment leads to a less bumpy surface and
an ultimately smooth coating of active material.
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2.5. Formation of Catalytic Ink and Working Electrode Fabrication

To carry out electrochemical studies, a working electrode was first fabricated with
catalytic ink. An ink of the chosen catalyst was prepared by the accumulation of 5 mg of
the synthesized NiCo(OH)2 in 250 μL methanol/ethanol (analytical grade) and 5 μL of
Nafion binder, followed by sonication for 3–4 h. After sonication, the ink of the desired
material was coated over the surface of FTO via the drop casting method. The modified
FTO was then dried in oven at 70 ◦C for 24 h. After drying, the coated FTO (with mass
loading of 0.294 mg cm−2) was ready for use as a working electrode.

2.6. Electrochemical Water Oxidation Studies

All electrochemical experiments were conducted on a Potentiostat/Galvanostat/ZRA
02529 (Interface 5000E) Gamry workstation (Warminster, PA, USA). The OER activity of
the electrocatalyst was studied in 1 M KOH in a three-electrode system. The FTO coated
with the desired catalyst was used as the working electrode, Ag/AgCl (3.0 M KCl) as the
reference electrode, and platinum wire as a counter electrode. All the potentials in this
work were measured with reference to Ag/AgCl. For conversion to the RHE scale, the
following equation was used:

E(RHE) = E(Ag/AgCl) + 0.197 + (0.059 × pH)

3. Results and Discussion

3.1. Structural and Morphological Analysis

XRD was performed for the phase categorization of the synthesized material. The
XRD pattern of the electrocatalyst obtained in the 2θ range of 10–80 is displayed in Figure 1.

 
Figure 1. XRD pattern of NiCo(OH)2-LDH.

The peaks for NiCo(OH)2 appear at 2θ values between 11 and 60. The detectable
diffraction peaks of NiCo(OH)2 are in good agreement with those reported previously and
can be referenced to α-Ni(OH)2 and α-Co(OH)2, matching JCPDS No: 38-0715 and JCPDS
No: 01-087-0645 [30,31], respectively. The XRD pattern, which typically shows a steep rise
in the low-angle section and noticeable asymmetry in the high-angle section, is suggestive
of layer stacking, as observed in the case of the synthesized material. It also indicates that
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the synthesized material is loose and defective, with turbo static phases observed in the case
of various α-type hydroxides [32–34]. The lesser diffraction intensity and noisy profile are
indicative of poor crystallinity, as required for LDH. A loose, less crystalline structure with
defective sites is generally required for good catalytic activity, as such structures provide a
greater surface area and larger number of active sites for the adsorption of reactants and
intermediates [35–38].

SEM provides information about surface roughness, porosity, inter-metallic distribu-
tion, material homogeneity, and particle size. SEM was performed to analyze the surface
morphology and texture of the synthesized material. The surface morphology was ob-
served at different magnifications. Figure 2 reveals that the material has a characteristic
layered structure, having pores that offer a large surface area for increased OER catalytic
activity. The SEM-EDS results indicate that the Ni/Co ratio is nearing 1:1.

Figure 2. (A,B) SEM analysis, (C) EDS analysis, and (D) percentage of elements in NiCo(OH)2-LDH
powdered sample.

The high-resolution Ni 2p, Co 2p, and O 1s XPS scans of the NiCo(OH)2 LDH sample
were further investigated to determine the surface chemical states of nickel and cobalt
ions, as well as the types of oxygen-containing species present (Figure 3). The O 1s signals
in Figure 3B at the binding energy value of 531.2 eV and 529.5 eV can be ascribed to the
oxygen atoms on the M-O-H groups of the nickel and cobalt hydroxides and the oxygen
atoms on the M-O groups of cobalt oxide, respectively. The binding energy spectrum of
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Ni extends from 850 to 890 eV, with two clear shakeup satellites close to two spin-orbit
doublets at 870.2 eV and 853 eV with a spin–energy separation of 17.2 eV, as shown in
Figure 3D, and can be identified as Ni 2p1/2 and Ni 2p3/2 signals assigned to the Ni2+

state. Moreover, the O 1s, along with Ni 2p3/2 energy at 853 eV, indicates Ni-O bond
formation at the surface, as reported by McIntyre and coworkers [39]. The two main peaks
in Figure 3C (one at a binding energy of 781.6 eV and the other at one of 797.1 eV with
two weak shake-up satellites) can be attributed to Co 2p3/2 and Co 2p1/2 orbitals. Zhang
and coworkers have reported similar results for a nickel-cobalt layered double hydroxide
nanoflake array, where a shoulder peak in the higher binding energy area indicates the
presence of oxidized cobalt [40]. Moreover, the O 1s signal, along with Co 2p3/2 at 781.6 eV,
suggests CoO bond formation at the surface, as reported by McIntyre and coworkers [39].

Figure 3. (A) Core-level XPS survey spectrum for NiCo(OH)2-LDH. The fitted and de-convoluted
high-resolution XPS spectra of (B) oxygen are referred to as O (1s), for (C) cobalt are referred to as Co
(2p), and for (D) nickel are referred to as Ni(2p).

3.2. Electrochemical Water Oxidation Studies

Linear scan voltammetry (LSV) was used to examine the catalytic OER efficiency of
NiCo(OH)2-LDH/FTO, NiCo2O4/FTO, and NiOOH/FTO. These three electrocatalysts
were synthesized using the same co-precipitation method. By recording the LSV scans
shown in Figure 4A under similar experimental conditions, it can be noted that the OER
signals at NiCo(OH)2-LDH/FTO, NiCo2O4/FTO, and NiOOH/FTO have current density
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values of 300, 100 and 30 mAcm−2, respectively. NiCo(OH)2-LDH/FTO shows an onset
potential of 265 mV and an over-potential of 350 mV at the current density of 10 mAcm−2,
while NiCo2O4/FTO and NiOOH/FTO show over-potentials of 480 mV and 610 mV at
the current density of 10 mAcm−2. The comparative study of these three electrocatalysts
reveals that NiCo(OH)2-LDH/FTO displays the attributes of a promising OER catalyst, as
is obvious due to its lower overpotential and significantly higher current density. Hence,
among the three synthesized catalysts, NiCo(OH)2-LDH was used for further electrochem-
ical studies. At the practical potential of 2.4 V vs. RHE, NiCo(OH)2/FTO registered the
maximum current density of 300 mAcm−2. Figure 4A,B indicate that O2 evolution starts at
a 265 mV higher potential than the theoretical value of 1230 mV.

 

Figure 4. (A) LSV curves of NiCo(OH)2/FTO, NiCo2O4/FTO, and NiOOH/FTO; (B) LSV of
NiCo(OH)2/FTO for OER activity in 1 M KOH solution at a scan rate of 10 mV/s; (C) LSVs of
NiCo(OH)2/FTO before and up to repeated 2500 CV cycles; (D) LSVs showing current loss after
2500 repeated CV cycles.

The electrocatalyst was tested for durability by recording LSVs after scanning con-
secutive CV cycles at a 50 mV/s scan rate. Before and after every 500 cycles of CV, an
LSV scan was run. By plotting the LSV scans, it is seen that all 2500 curves overlap and
show no loss in the current and shape of voltammograms, as demonstrated in Figure 4C.
Hence, durability, which is a prime objective of the practical implementation of the catalyst,
was achieved, as the synthesized catalyst qualified repeating cycling tests by retaining its
efficiency even after the use of up to 2500 CV cycles. Figure 4D suggests the upper stability
limit of the catalyst.

The electrochemically active surface area (ECSA) of NiCo(OH)2 (LDH) was calculated
using the scan rate dependent cyclic voltammograms presented in Figure 5A. The non-
Faradaic capacitive current accompanying the double-layer charging was calculated by
assuming that all measured current in this range is attributable to double-layer charging.
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The non-Faradaic potential was set between 1.2 and 1.28 V vs. RHE. By plotting the current
versus scan rate, linear plots were obtained for anodic and cathodic currents, as shown in
Figure 5B. The value of double-layer capacitance (Cdl) was determined from the average
slopes. By dividing the value of Cdl (4 mF) by the specific capacitance Csp (0.040 mFcm−2),
the ECSA of the electrocatalyst with a value of 100 cm2 was obtained. This large surface
area of the electrocatalyst might be one of the factors responsible for the enhanced OER
electrocatalytic activity of NiCo(OH)2 (LDH). The catalytic roughness factor (RF), with
a value of 100 cm2, was calculated by dividing the ECSA by the geometric area of the
electrode (1 cm2). In general, a higher RF value is suggestive of greater catalytic activity.

 
Figure 5. (A) CVs of NiCo(OH)2-LDH/FTO electrocatalyst performed in the non-Faradaic region at
various scan rates from 10 to 50 mVs−1; (B) plot of anodic and cathodic currents against scan rate for
NiCo(OH)2-LDH/FTO electrocatalyst; (C) Tafel plot based on the data (during the OER) obtained
from LSV for the NiCo(OH)2/FTO electrocatalyst.

Tafel slope was calculated using the OER fitted LSV curves. For the Tafel graph, over-
potential was plotted as a function of log (j), as shown in Figure 5C. Tafel slope value gives
information about both the reaction kinetics and about the amount of adsorbed species
generated at the surface of the catalyst. The small value (40.9 mV/dec) of the Tafel slope us-
ing data obtained at NiCo(OH)2/FTO indicates that the designed electrocatalyst facilitates
rapid charge transport. The lower Tafel slope value demonstrates the need for a smaller
overpotential, which is the key requirement for electrocatalytic oxygen evolution. Table 1
shows a comparison of the OER performance of the Ni and Co containing electrocatalysts
in terms of Tafel slope, onset potential, overpotential, and maximum current density in
solutions containing 1 M KOH electrolyte.
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Table 1. Comparison of the OER performance parameters of our synthesized and reported Ni- and
Co-based electrocatalysts.

Catalyst Substrate
Current
Density

(mAcm−2)

Overpotential
(η) at

10 mAcm−2

Onset
Potential (mV)

Tafel Slope
(mVdec−1)

Refs.

NiCo
LDH@ZIF-67-VO/NF NF 200 290 mV 260 58 [41]

NiCoON NSAs/NF NF 50 247 mV 247 35 [42]

NiO/NiCo2O4 GC 70 357 mV 300 130 [43]

Ni3FeN GC 150 421 mV 340 116 [44]

NiCo-S@CoFeA-TT GCE 90 268 mV 250 62 [45]

FeNi8Co2 LDH NF 40 210 mV 190 42 [46]

NiCo2O4/NiMn LDH NF 80 310 mV 310 99 [47]

Fe–Co-2.3Ni–B GC 50 274 mV 240 38 [48]

NCO−HNSs FTO 90 340 mV 300 51 [49]

NiCo(OH)2-LDH FTO 300 350 mV 265 41 This work

Charge transfer is another crucial factor for the assessment of the performance catalysts.
Electrochemical impedance was performed at the bare and modified FTO under OER
conditions. The EIS analysis of NiCo(OH)2-LDH was carried out in 1.0 M KOH solution.
The respective Nyquist plot is presented in Figure 6A. The semicircular pattern reveals a
property of the charge transfer mechanism. The charge transfer resistance (Rct), which is the
resistance present between the catalytic surface and the electrolyte interface, is equal to the
semicircle diameter. Rct controls the OER charge transfer kinetics. In the inset of Figure 6A
simplified Randles circuit (RCR) is given in which Rs indicates the solution resistance, Rct is
the charge transfer resistance and CPE is the constant phase element. A simplified Randles
circuit (RCR) with resistors and capacitor was fitted to the EIS data to obtain the Rct, with
a value of 3.7 Ω obtained for NiCo(OH)2/FTO. This lower value of Rct is another factor
responsible for the pronounced electrocatalytic activity of the synthesized catalyst.

(A) (B) 

Figure 6. (A) Nyquist plot using EIS data obtained for NiCo(OH)2/FTO in a 1 M KOH solution.
(B) Stability of NiCo(OH)2/FTO.
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Chronoamperometry was performed to examine the stability and durability of the
NiCo(OH)2/FTO at a constant potential of 1.6 V for 24 h in 1 M KOH solution. The
chronoamperogram shown in Figure 6B displays its stability and validates the LSV results
of no current loss during the OER catalytic performance for up to 2500 consecutive CV
cycles. Thus, NiCo(OH)2-LDH is a promising example of a highly durable and inexpensive
electrocatalyst material for water oxidation.

4. Conclusions

An efficient, stable, and inexpensive water oxidation electrocatalyst, NiCo(OH)2-LDH,
was synthesized via a facile co-precipitation method. The synthesized electrocatalyst
was characterized through XRD, SEM, and XPS. Characterization studies revealed the
formation of the catalyst in the form of layered double hydroxides. SEM results pointed
to the porous and layered structure of the synthesized catalyst. XPS demonstrated the
oxidation states and surface configurations of Ni and Co. Electrochemical water oxidation
studies were examined for NiCo(OH)2/FTO through LSV, CV, EIS, and chronoamperometry.
The catalytic activity of the material deposited on the FTO was measured in 1 M KOH.
LSV data showed the onset potential of 265 mV, maximum current density of up to 300 A,
and overpotential of 350 V at a current density of 10 mAcm−2 using NiCo(OH)2/FTO for
electrocatalytic water oxidation. At the electrochemically active surface area of 100 cm2, the
charge transfer resistance of just 3.7 Ω and Tafel slope around 41 mVdec−1 revealed the
intrinsically favorable catalytic properties of the synthesized LDH. Chronoamperometry
results and the similarity of the LSV scans of up to 2500 repeating cyclic voltammetric
cycles confirmed the long-term stability of the synthesized catalyst.
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Abstract: In this work we show the possibility of imparting polarization-sensitive properties to two-
dimensional films of graphene-like semiconductors, using WSe2 as an example, by the application
of ordered silver triangular nanoprisms. In addition, such nanoprisms made it possible to increase
the optical sensitivity of optical detectors created on two-dimensional films by a factor of five due
to surface plasmon resonance. The peculiarities of the surface plasmon resonance were shown by
theoretical modeling, and the optimal conditions of its occurrence were determined. This article
demonstrates an effective approach to creating spectrally selective, polarization-sensitive detectors
based on two-dimensional graphene-like semiconductors.

Keywords: 2D semiconductors; transition metal dichalcogenides; photodetectors; surface plasmon resonance

1. Introduction

The main physical parameters of optical radiation are amplitude, polarization, fre-
quency, and phase. Most optical sensors allow detection of light intensity only and are not
sensitive to its polarization. The ability to analyze the optical polarization of the detected
light greatly expands the capabilities of numerous applications, such as polarization-
encoded quantum key distribution [1], biomedical applications [2], remote optical sensing
techniques, object recognition [3], and polarization optical mapping [4].

For use in these applications, detectors must have high quantum efficiency and, at the
same time, be compact enough to achieve a high level of integration and flexibility. To date,
commercially available devices do not meet these requirements. To achieve polarization
sensitivity, additional non-integrable polarizing filters or polarizers are installed directly in
front of the optical detector, which significantly increases their size. In addition, flexible
integrated devices are better integrated into optical systems, while classical photodetectors,
due to their large size, are not suitable for flexible applications. The only possible approach
to ensure the above requirements is the transition to new materials.

Among such new materials suitable for creating optical sensors, nanomaterials show
the greatest promise. Some of them have significant optical anisotropy due to their shape,
which allows selective detection of polarization. Such materials include nanowires [5] and
carbon nanotubes [6], which are composed into ordered clusters and used as an active,
flexible light-sensitive element. However, the creation of such structures is excessively
time-consuming, because complex technological techniques are needed for their structuring
and ordering.

Another approach is to use two-dimensional (2D) semiconductor films. These films,
due to their unique quantum-dimensional effects, allow the creation of highly sensitive
photodetectors [7] and sensors [8]. 2D semiconductors, such as transition metal dichalco-
genides, were first obtained a relatively short time after the discovery of graphene in
2004. Since then, numerous attempts have been made to create optical detectors based on
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them. Some of these materials, such as ReSe2, have their own optical anisotropy due to the
nature of their crystallographic structure. Thus, a polarization-sensitive photodetector was
designed that allowed the detection of two polarization components independently of each
other [9]. The only drawback of the above device is a not very high polarization selectivity,
which limits the possibility of its application.

An alternative to the use of 2D materials that do not have sufficient intrinsic optical
anisotropy is to create anisotropy using plasmonic effects. For example, the possibility
of using elliptical plasmonic structures to achieve polarization sensitivity through local
surface plasmon resonance (LSPR) was shown [10]. In this case, the 2D material used did
not possess optical anisotropy at all, but when using gold structures, it became polarization
sensitive. However, in this work, gold structures were used, which reduces the efficiency
of such materials. Most importantly, the possibility of only local plasmon resonance
near the metal/dielectric structure was taken into account, and not the surface resonance.
At the same time, surface plasmon resonance (SPR) theoretically allows the increase of
optical absorption up to 100%. Until now the possibility of SPR in such structures had not
been investigated.

Different theoretical modeling approaches can be used to describe such structures.
For example, it is shown in [11] that upgraded local density or generalized gradient
approximations to density functional theory can be successfully applied to estimate the
optical parameters of nanoscale hybrid metal–silicon materials. Moreover, for example,
it was successfully demonstrated in [12] that ab initio molecular dynamics simulation
approaches can be used to calculate the parameters of 2D graphitic-like aluminum nitride
materials. Finite element modeling is another possible option for evaluating the optical
properties of such complex three-dimensional systems, which is most widely used to
estimate the effects of plasmonic amplification [13].

In this work, we investigated the possibility of creating highly efficient polarization-
sensitive detectors by using SPR. For this purpose, arrays of triangular nanoprisms were
created on the surface of the WSe2 monolayer film, which also made it possible to en-
hance the photosensitivity of the created photodetectors. To study the peculiarities of the
surface plasmon resonance emergence, theoretical modeling of optical absorption for the
created structures was performed, and the regularities of optical anisotropic absorption
were determined.

2. Materials and Methods

There are many possible variations of the form factors of plasmonic structures designed
to enhance the absorption of optical radiation in their adjacent materials by LSPR. To date,
the effectiveness of spheres [14], ordered nanodiscs [15], PbS [16] and Ag [17] quantum dots,
nanocubes [18], spherical dimers, nanostars, nanorods [14], grid arrays [19], and complex-
shaped structures [20] has been demonstrated. However, only asymmetric nanostructures
can have optical anisotropy, which significantly narrows their list of possible forms. For
example, quantum dots, spheres, nanodiscs, or similar symmetric structures cannot be
used for this purpose.

In such low-dimensional structures there are three main mechanisms that can be
involved in increasing the absorption in the semiconductor layer, which is described in
great detail in [21].

The first of them is the scattering of optical radiation on plasmonic elements. Usually,
this mechanism plays a decisive role when the radiation scattered in this way further passes
through the bulk layer of the semiconductor, being absorbed in it. Thus, scattering is
required simply to increase the path length of the electromagnetic wave in the semicon-
ductor. However, in this case, this effect makes almost no contribution. This is due to the
fact that the plasmonic elements are located above the semiconductor, and most of the
scattered radiation escapes into the air medium above. Moreover, the small thickness of the
semiconductor, even if the scattered radiation reaches its surface, does not allow it to be
effectively absorbed.
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The second is the local surface plasmon resonance, which manifests itself in the
collective oscillation of the electron density near the metal–semiconductor boundary. In the
film itself there is a significant increase in the intensity of the electromagnetic wave, which
in turn leads to an increase in the photocurrent. This effect is mainly dominant and allows
one to obtain an increase in optical absorption using almost any form-factor of plasmonic
structures on the surface of the semiconductor as shown in our work. The third mechanism
is the surface plasmon resonance, which occurs mainly along long metal films, which also
leads to redistribution of the electromagnetic field in the structures adjacent to it. It is worth
noting that, in our case, only the latter two mechanisms yield contributions.

Therefore, the next factor in selecting the shape of the nanostructures is the effective
generation of local surface plasmon resonance. For this purpose, such structures should pos-
sess sharp angles, which will enhance the electromagnetic field in their immediate vicinity.
On this basis, the most effective form should have multipoint stars such as those mentioned
in [14]. However, the characteristic sizes of such structures should be comparable to the
length of the incident electromagnetic wave, which leads to technological difficulties in
creating such defect-free structures with strictly specified geometric parameters, especially
if they have a three-dimensional shape. Moreover, such multi-beam structures, for obvious
reasons, begin to lose their anisotropic properties when the number of beams increases.

The next important factor is the mutual arrangement of such structures: if they are
disordered, such as nanotubes lying on a substrate, then individually they will have optical
anisotropy, but in the cumulative arrangement, this will be absent. For this reason, it
is necessary to use asymmetric plasmonic structures, the arrangement of which relative
to each other must be strictly ordered. The structures must be located as close to each
other as possible. This is necessary because total amplification over the entire surface
area of the functional material is more important than the amplification value of a single
plasmonic structure.

The most effective material for the plasmonic element is silver, as it is extremely
efficient at generating standing plasmonic waves [22]. So, for example, a comparison of
metals used to create plasmonic materials is described in detail in [23]. In this work it
is shown that the quality factor for localized surface plasmon resonances (at the 635 nm
wavelength) in silver is two times higher than in gold. That is why in our work silver was
chosen as a material for plasmonic structures. We also performed theoretical simulations for
absorption in a 2D semiconductor film for different compositions of plasmonic structures
(see Supplementary Materials S1). Thus, the simulation shows that the absorption in the
TMD film is higher by 30% when using Ag rather than Au. It was also found that the choice
of material of plasmonic elements does not affect their anisotropic absorption.

That is why the ordered plasmonic structures in the form of triangular silver nanoprisms
were chosen in this work. Such nanoprisms are optimal candidates for optical amplification,
as they fully satisfy all the above parameters. The prisms were arranged relative to each
other in the form of a square rectangular matrix. This ordering of elements is usually the
most commonly used for such problems. More so, it is optimal when creating detectors
sensitive to polarization due to its symmetry. Schematic representation of a photodetector
based on such a plasmonic structure is shown in Figure 1.

The distance between the elements of the matrix will hereafter be referred to as the
period T of the plasmonic structures. The characteristic size of the plasmon element itself
was chosen as a circle circumscribed around its triangular base. We considered it important
to maintain the ratio of the open area of the TMD surface to the surface occupied by
the plasmonic structures. Thus, we exclude the possibility of changing the efficiency of
photodetectors only by changing the active area of the light-irradiated semiconductor.
Three sets of plasmonic structures that have different periods were created: 200, 300, and
500 nm. A detailed description of the choice of the form factor of plasmonic structures is
presented in Supplementary Materials S2. Thus, the optimal thickness of the plasmonic
structures was estimated by simulation and the most efficient geometrical parameters
were selected.
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Figure 1. Schematic representation of an ordered triangular silver nanoprism on the surface of a 2D
WSe2 film.

Standard silicon wafers with an oxide layer 90 nm thick were used as substrates
for photodetectors, and two-dimensional WSe2 films were deposited on their surface
by CVD method. To confirm the absence of defects in the semiconductor films and its
homogeneity, standard techniques of luminescence microscopy, AFM, SEM, and nonlinear
optical microscopy were employed. The standard technological route of electron-beam
lithography was used to create ordered plasmonic structures with the required parameters.

The contact pads with the electrodes were created in gold with a titanium sublayer.
Gold is used because it is not vulnerable to oxidation, has low contact resistance, and is more
resistant to mechanical damage. The photosensitive region with plasmonic structures on the
semiconductor film is located in the gaps between the electrodes, providing the application
of the electric field to the film. Contact pads were provided for probe measurements.
Figure 2 shows images of the created plasmonic structures.

As will be shown below, the highest optical absorption occurs only when the plasmonic
structures are sufficiently close to each other, at which point the most effective plasmon
resonance occurs. However, fabricating the closely spaced plasmonic structures comprises
significant technological difficulties. The constraints come from the electron-beam lithog-
raphy process parameters, such as resist thickness in accordance with feature height and
lateral size, density of the pattern, etc. For example, for making a very small gaps (about
100 nm and less) lift-off pattern by means of convenient EBL it is necessary to have rather
thin high aspect ratio resist walls (lamellas) in order to provide a reliable lift-off process.
On the other hand, such thin resist lamellas are hard to stay in place—they tend to collapse
or delaminate, especially when they are based on the poor adhesion sublayer like TMD
monolayer, even when the test runs on the bare Si substrate have shown perfect results.

To estimate the created photodetectors’ photosensitivity and to study their polarization
sensitivity, the standard method of photocurrent registration was used. The laser beam
was focused on the surface of the semiconductor film, to which a constant voltage was
applied through tungsten probes connected to the contact pads. The photocurrent value
was read using a picoammeter. Changing the polarization of laser radiation was achieved
by rotating the half-wave plate. Laser radiation with a wavelength of 635 nm was focused
onto a spot with a diameter of 4 μm on the surface of the sample between the electrode
structures. Such a large beam diameter is necessary to provide simultaneous illumination
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of several periods of plasmonic structures. The power density on the sample surface was
550 W/cm2.

 

Figure 2. Image of the created photodetectors: (a) optical image, (b) SEM image of the overall
structure, (c–e) SEM images of nanoprisms with periods T = 200, 300, and 500 nm, respectively.

The geometrical parameters of such low-dimensional structures significantly affect
the final characteristics of the created devices [24]. At the same time, their influence can be
highly nonlinear. Therefore, in order to evaluate the photodetector efficiency and determine
the influence of the plasmonic structure parameters on the photodetector properties, we
performed additional physical simulations of optical absorption in a two-dimensional
WSe2 film.

The simulation consisted of creating an exact copy of the device considered in this
work to estimate the distribution of electromagnetic fields in its structure. The model
was composed of a silicon substrate, a 90 nm thick oxide layer, a 0.86 nm thick WSe2
monolayer film [25], and a 100 nm thick silver plasmonic structure in the form of triangular
prisms placed on top of each other. Only one of the structure’s elementary cells, which
included one plasmonic element, was simulated. As can be seen from the images shown in
Figure 2, the created structures are not geometrically ideal, which was taken into account
during modeling.

Since the photocurrent of such detectors depends linearly on the optical absorption in
the two-dimensional semiconductor layer, the optical absorption is a determinant of its pho-
tosensitivity. The most important results of the calculations were optical amplification (the
ratio of local power density to the power density of the radiation incident on the structure),
optical absorption in the semiconductor film, and polarization-dependent absorption (the
ratio of absorption in the semiconductor film for two mutually perpendicular polarizations
of incident light). Optical amplification makes it possible to locally visualize the patterns of
LSPR occurrence, and polarization-dependent absorption makes it possible to estimate the
sensitivity of the created photodetectors to optical polarization.
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3. Results

Obviously, these materials possess the maximum optical absorption near their bandgap.
However, this does not mean that the plasmonic structures have the greatest polarization
anisotropy at the same wavelengths. Therefore, it was necessary to select the optimal
wavelengths of optical radiation incident on the created structures. For this purpose, we
simulated optical absorption in the created photodetectors at different wavelengths and
the azimuthal angle of the incident optical radiation polarization.

The results of this simulation for the plasmonic structure with period T = 500 nm are
shown in Figure 3. For greater clarity, the optical absorption was normalized separately
for each value of the incident wavelength, which allows a more detailed evaluation of the
anisotropy contribution for each wavelength. The non-normalized raw data are presented
in Supplementary Materials S3 (they in fact exactly repeat the absorption value for the
WSe2 monolayer film).

 
Figure 3. Calculated polarization-dependent absorption in the created photodetector (T = 500 nm)
for different values of wavelength and azimuthal angle of the incident optical radiation polarization.

Thus, the results show that the polarization selectivity (for the T = 500 structure) ap-
pears only in a small wavelength range of 550–660 nm. In this case, for optical applications,
it is most optimal to use pump wavelengths located as closely as possible to the value of
the band gap width of the used semiconductor. Other created structures (with periods of
T = 200 and 300) obtained results similar in the form of dependences, but smaller in mag-
nitude (Supplementary Materials S3). Of the most common sources of laser radiation,
the dpss lasers with a wavelength of λ = 635 nm are the most closely matched to the
indicated wavelengths. Therefore, this wavelength of excitation radiation was used for the
experimental analysis of the properties of the created photodetectors.

To confirm the obtained theoretical data, the photosensitivity of the created photode-
tectors was experimentally measured. Due to the large difference in absolute values for
each of the plasmonic structures, the normalized photosensitivity is shown in Figure 4a.
The actual photosensitivities range from 1.87 to 1.58 uA/W for photodetectors with period
structures of 200 nm, 1.50 to 1.29 uA/W for period 300 nm, and 1.31 to 0.85 uA/W for
period 500 nm. The photosensitivity of the semiconductor without plasmonic structures
was 0.39 uA/W. It is worth noting that such a low photosensitivity is due to the high-power
density of the incident radiation, as, with its increase, the value of the photoresponse drops
exponentially [26]. Thus, plasmonic structures have allowed the photosensitivity of the
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created photodetectors to increase considerably. For photodetectors with the period of
structures of 200 nm, photosensitivity was increased by a factor of 4.8.

 

Figure 4. (a) Experimentally obtained values of photosensitivity at different polarization angles of
incident radiation for photodetectors with plasmonic nanoprisms and (b) theoretically calculated
absorption in WSe2 monolayer with plasmonic structures on its surface at incident radiation with
wavelength λ = 635 nm. The inset below schematically shows the polarization direction at angle ϕ = 0◦.

Figure 4b shows the theoretically calculated normalized values of optical absorption in
2D WSe2 film with plasmonic structures on its surface obtained at the incident wavelength
of 635 nm.

From the obtained theoretical and experimental results, it clearly follows that polar-
ization selectivity at the selected wavelength occurs only for triangular nanoprisms with
the period T = 500 nm. Therefore, theoretically, the ratio of optical absorption can reach
1.13 times, while the experimental value of photosensitivity is much higher, 1.6 times. For
plasmonic structures with a different period, no polarization selectivity was found.

It can be seen that the absolute values for the experimental and theoretical data are
different. It should be noted that the optical coefficients used in the simulation may vary
slightly from the real values, which can lead to distortions of the theoretical data. At
the same time, the creation of plasmonic structures on the semiconductor film surface
should not change its own optical coefficients. This conclusion can be drawn because the
gentlest techniques for creating a metal layer on the TMD surface are used. Thermal vapor
deposition is considerably less degrading than magnetron or laser sputtering. At the same
time, silver is not a refractory material and requires a relatively low temperature for its
evaporation. It should also be noted that the WSe2 film used is quite inert and does not
interact with the metal. Therefore, we can assume that the metal sputtering itself does not
greatly affect the change in the optical parameters of the film. However, it is not possible to
measure this directly in principle.

Moreover, the theoretical models created may differ somewhat from their real em-
bodiments. Thus, we cannot reliably determine the homogeneity of plasmonic structures’
vertical walls or accurately estimate the geometry of their faces. For example, they may
have the shape of an inclined parallelepiped. We have analyzed all their geometric features,
but there will still definitely remain discrepancies, which of course will lead to differences
between theoretical and experimental results.

The obtained theoretical and experimental data for plasmonic structures with a period
of T = 500 nm indicate a 180-degree periodicity of polarization-dependent absorption in
a semiconductor film on the azimuthal angle of incidence of laser radiation polarization.
In this case, the phases of the azimuthal dependences also coincide. The maximum corre-
sponds to the case when the polarization is parallel to the base of the triangle ϕ = 0◦ (the
polarization direction is indicated in the inset below in Figure 4).
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In order to analyze the reason for this regularity, a simulation of the local amplification
of optical radiation in the semiconductor layer was performed. The results of the simulation
(the cross section is conducted in the middle of the semiconductor volume) for different
incident polarizations of optical radiation in the calculated unit cell with the period of
plasmonic structures T = 500 nm are shown in Figure 5a–g. It can be noted that, near the
metallic plasmonic structures, there is the greatest increase in the power density of the
optical radiation, the distribution of which strongly depends on the polarization parameters.
When the incident polarization rotates, the greatest amplification is observed at the corners
of the triangle, which are adjacent to the base parallel to the polarization of the incident light.
However, such local amplification occupies a relatively small surface area, and therefore it
is not its local peak value that is important, but the average value of amplification over the
whole area of the semiconductor.

Figure 5. Calculated optical radiation amplification distribution in the layer of 2D WSe2 films
for plasmonic structures at the incident radiation wavelength λ = 635 nm (a–g) for the created
photodetectors with period T = 500 nm, (h,i) for photodetectors with doubled spacing between them.

The results show that the amplification of optical radiation occurs on the entire surface
of the semiconductor, which is located in the calculated unit cell. For example, for the
polarization incidence angle ϕ = 0◦, the amplification to the left and right of the triangular
prism increases fivefold and to the top and bottom is close to unity. As the polarization
rotates, such a symmetrical field distribution pattern also begins to rotate following the
polarization (Figure 5a–g). Such amplification of optical radiation so far away (more than
the wavelength of incident radiation) from the plasmonic structure can be explained by
interaction between plasmonic structures, leading to SPR.

To verify this assertion, a simulation of optical radiation amplification was performed
for a triangular nanoprism of the same size but with twice the distance between them. The
results of this simulation are shown in Figure 5h,i. They show that the amplification is
located only in a very small region in the immediate vicinity of the plasmonic structures
and does not spread farther. This field distribution is characteristic of the LSPR. It was
found that, for such modified structures, polarization anisotropy is completely absent (see
Supplementary Materials S4), which fully confirms the occurrence of polarization selectivity
due to the interaction between the plasmonic structures and not due to their anisotropic
shape. Moreover, single triangular prisms, by virtue of their shape, should possess
60-degree symmetry of polarization dependences, which also does not correspond to the
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obtained results. In addition, it was found that the polarization selectivity of nanoprisms
can be altered by rotating the prisms within the ordered matrix in which they are placed (see
Supplementary Materials S5). The maximum value of polarization-dependent absorption
is observed when one of the sides of the triangle is parallel to the axes of the square matrix
in which they are ordered. It has been demonstrated that it is possible to completely get rid
of polarization-dependent absorption by rotating the triangular nanoprisms by 15 degrees.

Thus, if it is known that the maximum ratio of optical selectivity in such structures
is achieved at azimuthal angles of incidence of laser radiation ϕ = 0◦ and ϕ = 90◦, then it
is possible to estimate the maximum possible polarization selectivity for such structures.
Thus, Figure 6a,b shows the calculated absorption in the WSe2 monolayer based on this
model as a function of wavelength and period of plasmonic nanoprisms for polarization
angles ϕ = 0◦ and ϕ = 90◦, respectively. Figure 6c shows the polarization absorption ratio
for this structure, which was obtained by dividing the absorption values at polarization
angles ϕ = 0◦ and ϕ = 90◦ by each other. The results show that by changing the period of
the structures, the polarization selectivity can be achieved over the entire visible optical
range. Moreover, as can be seen from the presented results, such a change also leads to the
appearance of spectral absorption selectivity. Based on the obtained results, the maximum
polarization selectivity can be obtained using triangular nanoprisms with T = 600 and
an incident wavelength of 675 nm. Theoretically, the accurate selection of parameters of
plasmonic structures and pump wavelengths will increase the polarization selectivity at
least an additional five times for the created photodetectors.

 

Figure 6. Simulation results of the optical absorption dependence in a two-dimensional WSe2

film on the plasmonic structure period and the incident radiation wavelength with (a) ϕ = 0◦ and
(b) ϕ = 90◦. (c) The absorption ratio at ϕ = 0◦ to ϕ = 90◦. Dependence of optical absorption for different
azimuthal angles of incident polarization at (d) T = 200 nm, (e) T = 300 nm, and (f) T = 500 nm.

Additionally, Figure 6d–f shows absorption spectra for plasmonic structures with the
same periods T = 200, 300, and 500 as for the created photodetectors. They show values
of optical absorption for different values of azimuthal angles of incident polarization of
laser radiation and their ratio. For comparison, all graphs additionally show the spectral
absorption in the semiconductor film without a plasma structure deposited on its surface.
Thus, it can be seen that the maximum value of anisotropy does not coincide with the value
of the bandgap width of the semiconductor. For triangular nanoprisms with a period of
T = 200 and T = 300, polarization absorption anisotropy is absent over the entire visible
wavelength range. For triangular nanoprisms with period T = 500, significant anisotropy is
observed at a wavelength of about 560 nm.
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The ultraviolet wavelength range up to 200 nm was also investigated using theoretical
simulations. The results are presented in Supplementary Materials S6. In the ultraviolet
range, the absorption in the TMD film is not high. This effect is due to changes in light
interference conditions in the TMD/SiO2/Si structure. It is also determined that the
absorption anisotropy in the ultraviolet region has a rather small value not exceeding
1.15 (versus 1.4 in the visible range). Moreover, the spectral width of such absorption
anisotropy peaks is very narrow, which greatly complicates their possible use.

4. Conclusions

In summary, in this work, polarization-sensitive photodetectors based on two-dimen-
sional semiconductor films that initially do not have polarization sensitivity were devel-
oped. For this, arrays of ordered asymmetric silver nanoprisms were used, due to which a
surface plasmon resonance appeared in a semiconductor film. It was experimentally shown
that the polarization selectivity (the maximum ratio of photosensitivities for mutually
perpendicular polarizations of the incident light) of the developed detectors is 1.6 times.
It was found that the use of ordered metal structures makes it possible to increase the
photosensitivity of the detectors by a factor of five. Using physical modeling, we showed
that the efficiency of such structures can be significantly increased over the entire visible
spectral range by varying the corresponding form factors of plasmonic structures.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano12111854/s1, Figure S1: Simulation results of the optical absorption
dependence in a two-dimensional WSe2 film on the Ag (a–c) and Au (d–f) plasmonic structure period
and the incident radiation wavelength with (a,d) ϕ = 0◦ and (b,e) ϕ = 90◦. (c,f) The absorption ratio at
ϕ = 0◦ to ϕ = 90◦; Figure S2: Dependence of the optical radiation absorption in the two-dimensional
WSe2 film on the thickness of the plasmon element for two values of the polarization rotation angle
ϕ of the incident electromagnetic wave. Form-factor of the plasmon element: triangular nanoprism
with period T = 500 nm. The incident radiation wavelength is 635 nm; Figure S3: 3D distribution of
the optical gain in the simulated unit cell for different thicknesses of triangular nanoprisms and angle
ϕ: (a–c) Thicknesses of 50, 100, 200 nm for angle ϕ = 0◦. (d–f) Thicknesses of 50, 100, 200 nm
for angle ϕ = 90◦. The blue isosurface shows an optical gain of 10, the red one 20; Figure S4: De-
pendence of optical radiation absorption in two-dimensional WSe2 film as a function of the size
of plasmonic structures D and their period T. The results were obtained for two values of the
incidenе light polarization angle (a) ϕ = 0◦, (b) ϕ = 90◦, and (c) absorption ratio. The incident
wavelength was 635 nm; Figure S5: Calculated polarization-dependent absorption in the created
photodetector for different values of wavelength and azimuthal angle of the incident optical radiation
polarization. (a–c) Normalized absorption for T = 200nm, T = 300nm, T = 500nm, respectively.
(d–f) Non-normalized absorption for the same periods; Figure S6: Calculated polarization-dependent
absorption in WSe2 monolayer with double period T = 1000 nm plasmonic structures (see Figure 5h–i)
on its surface at incident radiation with wavelength λ = 635 nm; Figure S7: Absorption dependence
in two-dimensional WSe2 film on the rotation angle Θ of triangular nanoprisms for two values of
the polarization rotation angle of the incident electromagnetic wave ϕ; Figure S8: (a) Absorption
spectrum of the structures as a function of plasmon period T and radiation polarization, (b) absorption
ratio at ϕ = 0◦ and ϕ = 90◦.
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Abstract: Silver nanoparticle (NP) inks have been widely used in the ink-jet printing field because of
their excellent properties during low-temperature sintering. However, the organic dispersant used
to prevent the aggregation and sedimentation of NPs can hinder the sintering process and result
in the high resistivity of sintered films. In this study, silver thin films derived from silver NP ink
with polyvinylpyrrolidone (PVP) dispersant were sintered in different atmospheres of pure nitrogen,
air, and pure oxygen. The effect of the oxygen content in the sintering atmosphere on the thermal
properties of the ink, the electrical resistivity and microstructure of the sintered films, and the amount
of organic residue were studied by using differential scanning calorimetry, the four-point probe
method, scanning electron microscopy, Fourier transform infrared spectroscopy, etc. The mechanism
of optimizing the film resistivity by influencing the decomposition of the PVP dispersant and the
microstructure evolution of the silver thin films through the sintering atmosphere was discussed.
The results demonstrated that an oxygen-containing atmosphere could be effective for silver NPs
in two ways. First, the oxygen content could enhance the diffusion ability of silver atoms, thus
accelerating the stage transition of microstructural evolution at low temperatures. Second, the oxygen
content could enable the PVP to decompose at a temperature much lower than in conditions of pure
nitrogen, thus helping to finalize the densification of a silver film with a low resistivity of 2.47 μΩ·cm,
which is approximately 1.5-fold that of bulk silver. Our findings could serve as a foundation for the
subsequent establishment of ink-jet printing equipment and the optimization of the sintering process
for printing silver patterns on flexible substrates.

Keywords: silver thin film; nanoparticle (NP) ink; sintering; oxygen; polyvinylpyrrolidone (PVP);
dispersant decomposition; electrical resistivity

1. Introduction

The direct printing of conductive ink has emerged as an important alternative to
traditional lithography, which is a complex multistep method for producing conductive
thin films or patterns that generates a lot of waste [1]. Many examples of the use of metallic
inks in printed electronics have been reported, such as printed circuit boards [2–4], light-
emitting diodes (LEDs) [5,6], flexible displays [7,8], radio frequency identification (RFID)
tags [9,10], solar cells [11,12], and transparent electrodes [13,14].

Regarding printing techniques, metal can be printed by using inks containing metallic
nanoparticles (NPs) or low-viscosity inks with organometallic precursors; then, sintering
is carried out to form the conductive thin films or patterns. NP-based inks are more
commonly used because they can achieve a low electrical resistivity, i.e., a high conductivity,
due to their higher solid content [15]. Such a technique is efficient in terms of material
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utilization, scalable and simple in the terms of processing, and adaptable to various types
of substrates [16–18].

Many metals have available NP inks, such as silver [1,19], gold [20,21], and cop-
per [22–24]. Silver-based inks are currently preferred due to their excellent electrical con-
ductivity and stability in air, and silver is relatively inexpensive compared to gold [16,25].
Additives such as polyvinylpyrrolidone (PVP) [26–28], polyacrylic acid (PAA) [8,29,30],
2-amino-2-methyl-1-propanol (AMP) [31], and tetradecane [32] are generally added to im-
prove the ink’s uniformity during preparation, avoiding aggregation and thus improving
the reliability of the printing process.

The sintering of printed metal NPs is necessary to obtain a high conductivity. The
NP coalescence of a metal usually occurs at temperatures far below its bulk-form melting
temperature, because there is a strong correlation between the size and the melting point
of NPs, which can be derived by surface energy and thermodynamic theory [33]. During
sintering, a higher conductivity can be achieved by improving the contact between NPs,
which increases the removal of the organic additives [34], and so a higher sintering temper-
ature is generally required [35]. However, for flexible substrates, the sintering temperatures
cannot be too high, as this would damage the substrates, resulting in poor electrical con-
ductivity due to the residual organic additives, particularly the dispersant with its high
decomposition temperature.

Different methods have been proposed to solve the above problem, e.g., modifying the
surface of silver NPs [36], using chemical reagents to remove the dispersant on the surface
of silver NPs [37,38], thinning the dispersant layer on the NP surface [17], and using a
dispersant with a low decomposition temperature [39,40]. These methods generally focus
on the optimization of the organic dispersant, but no previous publication has reported a
systematic study on the effect of an oxygen-containing atmosphere on sintered silver thin
films. In this study, the effects of different sintering atmospheres on the microstructure
and electrical properties of silver thin films were studied by using a silver NP ink with
a PVP dispersant. It was found that the oxygen content in the sintering atmosphere
could effectively promote the grain size enlargement and the decomposition of the PVP
dispersant, resulting in a favorable electrical conductivity, which could provide a new basis
for fabricating high-performance conductive thin films and developing practical equipment
for ink-jet printing on flexible substrates.

2. Experimental Details

The ink used in this study was composed of silver NPs that were uniformly dispersed
with the aid of a PVP dispersant in a solution containing isopropanol and diethylene
glycol methyl ether. The viscosity of the ink measured by a viscometer (LAWSON, DHJ-5S,
Ningbo, China) was 10 cp at 25 ◦C, and the surface tension of the ink measured by the
automatic surface tension meter (Zibo Boshan Haifen Instrument Factory, HZ-800, Zibo,
China) was 29 mN/m at 25 ◦C.

The thermodynamic properties of the ink during the thermal sintering process were
characterized by using a differential scanning calorimeter (DSC, Mettler-Toledo, DSC3,
Zurich, Switzerland), in which the ink was heated from room temperature to 600 ◦C at a
ramp rate of 10 ◦C·min−1, and the mass change of the sample, i.e., the thermogravimetric
(TG) data, and the DSC data were recorded.

A flow chart of the sample preparation and sintering process is shown in Figure 1. The
ink was spin-coated on a square glass sheet with a side length of 10 mm by a homogenizer
(Zhangqiu Crown, 12A, Zhangqiu, China) and then dried in an oven at 75 ◦C for 10 min.
The coated samples were heat-treated in a tube furnace (HF-Kejing, OFT-1200X, Hefei,
China) under atmospheres of various oxygen contents and temperatures for 30 min. The
oxygen content of the sintering atmosphere was controlled by the mass flow controller
(Sevenstar, D07, Beijing, China), which uses two channels of oxygen (99.999% pure) and
nitrogen (99.999% pure); the oxygen contents used in this study were 0%, 21% (denoted as
air hereafter), and 100%. The heat treatment temperature ranged from 150 ◦C to 450 ◦C.
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Figure 1. Flow chart of sample preparation and sintering. (a,b) Preparation of silver thin films to be
sintered using a homogenizer; (c) thin films sintered in a tube furnace; (d) sintering equipments.

The electrical resistivity of the sintered samples was measured by a four-point probe
meter (HELPASS, HPS2526, Changzhou, China). The microscopic morphology of the films
was characterized using a scanning electron microscope (SEM, Carl Zeiss, ZEISS SUPRA 55,
Oberkochen, Germany), and both the surface and cross-section of the films were observed.
Fourier transform infrared (FTIR) spectroscopy (Nicolet, iS50, Waltham, MA, USA) was
used to detect the residual organic matter in the samples after sintering.

3. Results

3.1. Thermal Analysis of Silver NP Ink

The thermal analysis results for the ink are illustrated in Figure 2a. It could be
observed that the sample mass decreased as the temperature gradually increased from
room temperature, and a mass reduction of 69.17% at 184 ◦C was recorded under both
atmospheres of pure oxygen and pure nitrogen. The mass loss measured in the TG analysis
at this stage was caused by the volatilization of the solvents isopropanol and diethylene
glycol methyl ether in the ink, which corresponded to the two endothermic peaks in the
DSC results located at about 70 ◦C and 160 ◦C, respectively.

The sample mass under both atmospheres changed slowly above 200 ◦C. The TG
data indicated that the total mass of the samples in pure oxygen decreased by 0.954%
from 200 ◦C to 600 ◦C, while that in pure nitrogen only decreased by 0.485%. The DSC
curves under the two atmospheres were different above 200 ◦C. There was an obvious
exothermic peak between 280 ◦C and 330 ◦C in pure oxygen, which was caused by the
separation and combustion of the organic dispersant coated on the silver NPs, based on the
report by Yan et al. [41]. In order to verify that the exothermic peak originated from the
oxidative decomposition of PVP, a thermal analysis of PVP K30 (MW = 40,000), which is
often used as an auxiliary for reducing silver nanowire and as a stabilizer for silver NPs
in inks [42], was carried out and is shown in Figure 2b. It could be seen that the PVP in
oxygen experienced an exothermic phenomenon from 200 ◦C, with several exothermic
valleys around 300–500 ◦C, and the mass loss at this stage was significant. The endothermic
phenomenon in this temperature range is related to the breaking and decomposition of
PVP [43,44]. The mass loss in nitrogen was concentrated around 450 ◦C, and the DSC
indicated that there was an endothermic phenomenon at this temperature. Therefore,
it could be inferred that PVP endothermically decomposed above 400 ◦C in an oxygen-
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deficient environment, while the presence of oxygen caused the decomposition of PVP at
temperatures around 300 ◦C.

 

(a) (b) 

Figure 2. (a) TG−DSC curves of silver NP ink in the atmospheres of pure oxygen and pure nitrogen;
(b) TG−DSC curves of silver PVP K30 in the atmospheres of pure oxygen and pure nitrogen.

As shown in Figure 2a, the mass loss of the ink in the endothermic peak stage around
300 ◦C was 0.60%, which constituted the majority of the mass loss above 200 ◦C. However,
the DSC curve in pure nitrogen did not show similar changes. It was found that the
endothermic and exothermic conditions and mass loss of the ink and PVP were consistent,
and it could be determined that the mass loss above 200 ◦C in the silver nanoparticle ink
was mainly due to the oxidative decomposition of the organic dispersant PVP. It is worth
mentioning that there is a certain difference in the endothermic peak positions between the
ink and PVP, which may be due to the difference in the molecular weight of PVP and the
change in properties caused by the extremely thin PVP wrapped around the NPs.

The DSC and TG data implied that the solvents in the ink could volatilize completely
through sintering at 200 ◦C, but the removal of the dispersant PVP was much more difficult.
Even in the pure oxygen atmosphere, PVP could only be removed above 330 ◦C.

3.2. Enhancement of Film Conductivity

The resistivity of the films sintered under different atmospheres and temperatures is
plotted in Figure 3. A significant reduction in resistivity could be observed as the sintering
temperature increased from 150 ◦C to 350 ◦C under all the atmospheres. The lowest
resistivity was 2.47 μΩ·cm, which was approximately 1.5-fold that of bulk silver. The
resistivity curves in air and pure oxygen were quite similar, and there was a slight rise in
resistivity at the sintering temperature of 450 ◦C. Under the atmospheres of pure nitrogen,
the resistance continued to decrease at the sintering temperature of 450 ◦C. Generally, the
resistivity of the films sintered under an atmosphere containing oxygen was much lower
than those without oxygen. Therefore, it can be summarized that oxygen promoted the high
electrical performance of the sintered films. Moreover, the small difference between the
curves of pure oxygen and air might be due to the fact that the amount of oxygen supplied
in both atmospheres was much higher than the reaction demand for the decomposition
of PVP.
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Figure 3. The resistivity curves under various sintering atmospheres and temperatures.

3.3. Microstructure of Sintered Films

The original morphology of the silver NPs can be observed in Figure 4, where the SEM
image of a sample after drying at 75 ◦C depicts silver NPs in the ink with a particle size
of approximately 30–70 nm. Figure 5 shows the surface SEM images of the films sintered
in oxygen, air, and nitrogen atmospheres. Compared with the original morphology of the
silver NPs in the ink, the grain size of all the annealed films increased significantly, and the
originally discrete NPs aggregated into larger grains.

As can be observed in Figure 5, when the samples were sintered in pure oxygen, the
morphology at 150 ◦C was composed of large grains above 100 nm in size inlaid with
particles of the original size, as shown in Figure 5a. The morphology of the film sintered
at 250 ◦C, shown in Figure 5d, demonstrated the coarsening of grains, whose size could
reach more than 200 nm. Most of the grains were tightly connected to form an island-like
microstructure, enabling the reduction in resistivity shown in Figure 3. The microstructure
became denser with larger grains at 350 ◦C, as shown in Figure 5g, which corresponded to
the lowest resistivity. When the sintering temperature rose to 450 ◦C, although the grain
size was further enlarged, pores appeared on the surface, which might have caused the
increase in resistivity. The morphological evolution of the samples sintered in air was
quite similar to that in pure oxygen, and the main difference was that the grain sizes of the
samples in air were smaller than those in pure oxygen, as shown in Figure 5b,e,h,k.

 

Figure 4. SEM image of silver NPs after drying at 75 ◦C.
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Figure 5. SEM images of the surface morphologies of silver films sintered under different atmospheres
and temperatures. The columns from left to right correspond to oxygen, air, and nitrogen atmospheres,
respectively. The rows from top to bottom correspond to 150, 250, 350, and 450 ◦C, respectively. (a–c)
150 ◦C; (d–f) 250 ◦C; (g–i) 350 ◦C; (j–l) 450 ◦C.

Comparing them with the morphologies of the samples sintered in the oxygen and
air atmospheres, it could be noticed that the films sintered in nitrogen were quite different.
As shown in Figure 5c,f,i,l, the grain coarsening and coalescence in nitrogen were much
slower than those in the oxygen-containing atmospheres. Therefore, it could be supposed
that the presence of oxygen promoted the aggregation process of NPs and thus enabled
better film quality at lower temperatures.

Figure 6 presents the cross-sectional SEM images of the sintered films. In pure oxy-
gen, a cave-like microstructure was observed inside the film sintered at 150 ◦C, and the
fine-graininess of the silver NPs was clear. The growth of larger grains was obvious at
temperatures above 250 ◦C, and the interconnected structures could be observed, which
are beneficial for reducing the film’s resistivity.
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Figure 6. (a–d) SEM images of the cross-sections of silver films sintered in pure oxygen at 150, 250,
350, and 450 ◦C, respectively; (e–h) SEM images of the cross-sections of silver films sintered in pure
nitrogen at 150, 250, 350, and 450 ◦C, respectively.

Compared with those sintered in oxygen, the cross-sectional microstructures of the
films sintered in pure nitrogen were much poorer. Especially at high temperatures, the
films sintered in oxygen showed a compact microstructure, while those sintered in nitrogen
displayed poor grain growth and many internal pores, to which the high resistivity of the
films sintered in nitrogen shown in Figure 3 could be attributed.

The average grain size was calculated by statistically analyzing the grain sizes in
the SEM image, and it is illustrated in Figure 7a. The analysis was carried out using
the SEM image analysis software Nano Measurer 1.2; the error bars represent standard
deviation, and at least 100 dispersed grains were measured to ensure the accuracy. The
grain size increased along with the sintering temperature for each atmosphere, consistent
with the findings in Figures 5 and 6. According to the report by Volkman et al. [45], a
higher temperature could promote the coalescence process among NPs, resulting in the
formation of larger grains during sintering. Jang et al. [46] found that the silver NP patterns
sintered in air had larger grain sizes than those in nitrogen at the same temperature, and
the larger grain sizes could contribute to a lower resistivity. The other factor promoting the
coalescence of silver grains was the oxygen content in the sintering atmosphere. In pure
nitrogen, the average grain size sintered at 350 ◦C was lower than 200 nm, while those in
air and pure oxygen could be above 500 nm and 700 nm, respectively.

 

(a) (b) 

Figure 7. (a) The average grain sizes of films sintered under different atmospheres and temperatures;
(b) the relationship between film resistivity and grain size considering all the samples in this study.
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The relationship between the mean grain size and the resistivity of the sintered films
is illustrated in Figure 7b. The resistivity of the films sintered in all atmospheres gradually
decreased along with the increase in grain size. When the grain size was below 200 nm, the
resistivity curves basically overlapped, implying that the microstructural evolution under
different atmospheres generally advanced along a similar route, although the progress in
pure nitrogen required a higher temperature relative to those in oxygen and air. It could be
speculated that the grain size was the dominant factor for the electrical resistivity when the
organic dispersant was not decomposed.

When the grain size was further enlarged, the resistivity data under various atmo-
spheres became scattered, indicating that the influence of factors other than grain size
became significant. These factors might include the interface resistivity caused by residual
organics and the newly formed pores in the film structure at high temperatures.

3.4. Organic Residue during Sintering

To reveal the changes in the organic residues in silver NP films sintered under different
atmospheres and temperatures, FITR experiments were carried out. Figure 8 illustrates the
FTIR spectrum of PVP and silver NP ink after sintering in air or nitrogen at a temperature
of 75–350 ◦C. The peaks at 2953 cm−1 (C–H stretch) and 1638 cm−1 (C=O stretch) could
be observed in the non-treated samples, which indicated the characteristic bands of PVP.
In all the films sintered at temperatures below 250 ◦C, there was a peak at 1068 cm−1

(C–N stretch).

Figure 8. FTIR spectra of silver NP ink after sintering under air and pure nitrogen at various
temperatures.

Significant differences according to the atmosphere occurred when the temperature
was raised to 350 ◦C. For the film sintered in air, the peaks of both the C–N stretch and
the C–H stretch almost disappeared at 350 ◦C, indicating that PVP was decomposed. For
the film sintered in nitrogen, these peaks remained. By using the normalized calculation
relative to the sample dried at 75 ◦C, the absorbance values at the C–H and C–N stretch
of the sample after sintering at 350 ◦C in air were only 2% and 8%, respectively. For the
samples sintered in nitrogen, these values were 82% and 60%, respectively.

4. Discussion

Combining the observations in this study and the reports in the literature [47,48], the
structural evolution of the grain morphology of silver NPs during sintering can be divided
into four stages: the initial stage, the Ostwald ripening stage, the particle coalescence stage,
and the densification stage, as depicted in Figure 9. In the initial stage, the silver NPs have
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a uniform grain size of tens of nm, and the organic dispersant PVP is capsulated around the
NPs. When the temperature is raised, some grains can be enlarged due to the mechanism
of Ostwald ripening, while their adjacent grains become smaller because of mass transfer
and dissolution [49]. The driving force of Ostwald ripening is the system’s tendency to
reduce its surface free energy, which is very high for a system composed of NPs [33]. The
temperature is further raised to introduce the third stage of particle coalescence, which
occurs when two or more silver NPs collide and merge to form a large particle [50]. The
small grains can be completely absorbed into the large ones. The neighboring larger grains
can form a “neck” and finally completely fuse together through the diffusion of silver atoms,
resulting in a loose network structure for the entire film. Because the surface free energy
of the silver grains is significantly decreased, the driving force of the Ostwald ripening
is weaker, and the coalescence of the grains becomes the main mechanism of grain size
enlargement at this stage. Continued heating can promote the further coarsening of the
grains and the densification of the film surface, thus forming a compact network structure
critical for reducing the electrical resistivity. However, it should be noted that overheating
may occur if the temperature is too high, which produces pores that compromise the film’s
conductivity, as illustrated by Figures 3 and 5.

Figure 9. Schematic diagram of the sintering process of silver NPs in four stages: (a) initial stage;
(b) Ostwald ripening stage; (c) particle coalescence stage; (d) densification stage.

A significant point that should be noted in this study is the differences caused by the
various sintering atmospheres. As shown in Figures 5–7, the differences in grain size and
the microscopic morphology of the films sintered in pure nitrogen and oxygen-containing
atmospheres indicated that oxygen content was beneficial for the formation of large grains
at lower temperatures. The largest contrast could be observed in Figure 10. At 150 ◦C, the
films sintered in nitrogen and oxygen were similar, and they were both in the second stage
of Ostwald ripening, with the presences of coarse grains and smaller NPs. At 250 ◦C, the
films sintered in oxygen were obviously in the third stage of particle coalescence, with wide
necks, and all the smaller particles were consumed; however, the film sintered in nitrogen
was still generally in the second stage, because many smaller NPs remained, although
narrow necks had begun to appear.
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Figure 10. SEM images of microstructural difference between films sintered in different conditions.
(a) nitrogen at 150 ◦C; (b) oxygen at 150 ◦C; (c) nitrogen at 250 ◦C; (d) oxygen at 250 ◦C.

Therefore, the oxygen content in the sintering atmosphere could substantially enhance
the grain enlargement, enabling the transition from the Ostwald ripening stage to particle
coalescence at a lower temperature. In addition, it should be noted that such a stage transi-
tion in oxygen was accomplished at a temperature below 250 ◦C, when the decomposition
of PVP had not yet begun according to the thermal analysis results shown in Figure 2.
As reported by Yan et al. [51], the organic dispersant in silver NP ink had an important
influence on the sintering process, because it was found through FTIR that the carboxyl
oxygen atoms of PVP interacted with silver NPs on the surface. When the temperature
was low, the particles were encapsulated by PVP, and the sintering mechanism at this time
depended on surface diffusion; when the temperature was raised to decompose the disper-
sant, the sintering process turned to volumetric diffusion. However, the fact that the stage
transition in oxygen was accomplished below 250 ◦C when the PVP was not decomposed
implies that there was a difference in the mechanism of grain size enlargement within the
scope of this study. In their study of silver thin film deposition [52], Presland et al. found
that oxygen could increase the surface diffusion coefficient of silver atoms by hundreds
of folds. They studied the formation of hillocks in the deposition of silver thin films and
found that the diffusion flux of silver atoms during film growth was affected by oxygen
partial pressure [53]. Jeong et al. confirmed that the mixing of oxygen helped to reduce the
free energy of silver NPs during the coalescence stage, so that the evolution mechanism
of the NPs changed, and the incomplete coalescence of silver NPs occurred earlier in the
experimental group with excess oxygen, which promoted the rapid development of the
silver film and significantly reduced the number and size of the pores in the silver film [54].
These phenomena are consistent with the evolution of silver NPs sintered below the de-
composition temperature of PVP in this study. Silver in an oxygen-containing atmosphere
has a stronger surface diffusion ability, and the surface diffusion and coalescence between
particles are enhanced, so the films sintered in an atmosphere with a higher oxygen content
have larger particles. Therefore, the effect of the oxygen content on improving the diffusion
of silver atoms during sintering was significant even with the presence of the original PVP
dispersant in the film.

Moreover, the effect of the oxygen content on lowering the PVP decomposition temper-
ature could contribute to the final sintering stage of film densification shown in Figure 10.
As indicated by Figure 5, the temperature at which film densification could be finalized
was approximately 350 ◦C for the oxygen-containing atmosphere and 450 ◦C for the pure
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nitrogen atmosphere. The temperatures of the initiation of PVP decomposition were about
280 ◦C in oxygen and 400 ◦C in nitrogen, respectively, as shown in Figure 2. As suggested
in the related literature [33–55], the encapsulation of silver NPs by organic dispersants
significantly affects the sintered morphology and consequently the properties of sintered
silver thin films. Thus, it could be supposed that the breaching of the PVP dispersant
capsulation of the silver NPs through enabling its decomposition is a prerequisite condition
for the stage transition from particle coalescence to film densification, because the presence
of PVP would limit the volumetric diffusion of silver NPs.

Besides the abovementioned effects of oxygen content, which could benefit our un-
derstanding of the sintering mechanisms of silver NPs, the findings in this study could
also be instructive for engineering applications and equipment development for the ink-jet
printing of silver thin films. First, as illustrated in Figure 3, the curves of electrical resistivity
of the films sintered in air and pure oxygen were similar, and the micromorphological
evolution of the films was also similar, as shown in Figure 5, indicating that the oxygen
content in air was sufficient to ensure adequate grain growth from original silver NPs and
PVP decomposition during sintering. The feasibility of using air as a sintering atmosphere
instead of employing an oxygen-rich gas supply could help to simplify ink-jet printing
equipment and lower its cost. Second, the optimal electrical conductivity could be achieved
at approximately 350 ◦C in an oxygen-containing atmosphere, while such a temperature
could damage the typical flexible substrates such as PET. Therefore, the application of
heat for the practical sintering of as-printed silver circuits on a flexible substrate should
be as brief as possible and concentrated on the silver NPs to avoid heat transfer from the
silver film to the substrate. Based on the information discussed above, we developed an
ink-jet printing system with a heating strategy that considers the absorbent properties of
silver NPs and substrates and used it to fabricate high-performance samples, which will be
reported in a forthcoming paper.

5. Conclusions

In this study, an investigation of the effect of the atmospheric oxygen content during
the sintering of silver thin films derived from NP ink was carried out. The thermal proper-
ties of the silver NP ink and PVP dispersant were analyzed; the electrical conductivity of
silver thin films sintered under different atmospheres and temperatures was compared;
and the microstructure of the silver films and organic residue was analyzed. Combined
with a discussion of the mechanisms of grain size and resistivity evolution, the following
conclusions could be drawn:

(1) The thermal analysis of the NP ink and PVP showed that the decomposition
temperature of PVP was above 400 ◦C in pure nitrogen, and the presence of oxygen in the
sintering atmosphere lowered the onset temperature of PVP decomposition to 280 ◦C.

(2) The oxygen content significantly reduced the resistivity of the sintered thin films,
and the optimal resistivity achieved in the film sintered at 350 ◦C in oxygen was 2.47
μΩ·cm, which is only 1.5-fold that of bulk silver. In addition, the resistivity–temperature
curves of the films sintered in air and pure oxygen were quite similar.

(3) Compared with their counterparts in nitrogen, the silver NPs coalesced and coars-
ened much more rapidly when sintered in an oxygen-containing atmosphere, demonstrat-
ing that the oxygen content contributed to the enlargement of the silver grain size.

(4) The thin films sintered in an oxygen-containing atmosphere had less organic
residue, which enhanced the silver diffusion to form a dense microstructure, thereby
increasing the film’s conductivity.
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Abstract: In this study, a new anodic oxidation with a step-bias increment is proposed to evaluate
oxidized titanium (Ti) nanostructures on transparent fluorine-doped tin oxide (FTO) on glass. The
optimal Ti thickness was determined to be 130 nm. Compared to the use of a conventional constant
bias of 25 V, a bias ranging from 5 V to 20 V with a step size of 5 V for 3 min per period can be used
to prepare a titanium oxide (TiOx) layer with nanohollows that shows a large increase in current of
142% under UV illumination provided by a 365 nm LED at a power of 83 mW. Based on AFM and
SEM, the TiOx grains formed in the step-bias anodic oxidation were found to lead to nanohollow
generation. Results obtained from EDS mapping, HR-TEM and XPS all verified the TiOx composition
and supported nanohollow formation. The nanohollows formed in a thin TiOx layer can lead to
a high surface roughness and photon absorbance for photocurrent generation. With this step-bias
anodic oxidation methodology, TiOx with nanohollows can be obtained easily without any extra
cost for realizing a high current under photoelectrochemical measurements that shows potential for
electrochemical-based sensing applications.

Keywords: TiOx; anodic oxidation; photoelectrochemical; nanohollows

1. Introduction

Photosensitive metal-oxide semiconductors with different energy band gaps (Eg) have
been studied for many applications, including solar cells [1,2], photodetectors [3,4], pho-
tocatalysts [5,6], water splitting [7,8] and photoelectrochemistry (PEC) [9,10]. In general,
extra carriers can be generated based on the absorption of photons with an energy higher
than the band gap of a semiconductor (e.g., hν ≥ Eg) [11]. In electronic devices, such as
solar cells and photodetectors, the photon-to-current efficiency and frequency response
determined for photosensitive semiconductors can be considered the key performance
parameters. In electrochemical devices, oxidation and reduction occur on the surfaces
of photosensitive electrodes with the help of extra photoinduced charged carriers, which
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can be used to enhance chemical reactions and sensing performance. Therefore, the most
common materials, including titanium oxide (TiO2) [12,13], ferric oxide (Fe2O3) [14,15] and
zinc oxide (ZnO) [16,17], have been investigated widely for decades due to their natural
abundance, high chemical stabilities, low costs and low toxicities, especially for realizing
superior performance by means of various nanostructures [18]. TiO2 is the most promising
material due to its various fabrication techniques and biocompatibility [19]. In general, self-
organized nanotube arrays of these kinds of materials have the advantages of high surface
areas fabricated by using the electrochemical anodization of a metal foil that can be obtained
with specific bias-setting conditions and electrolytes [20–22]. For example, highly ordered
TiO2 nanotube arrays were fabricated using titanium (Ti) foils at 35 V in a solution of
0.25 wt% of NH4F and 0.75 wt% of H2O in ethylene glycol [23]. In this way, TiO2 nanotubes
with inner diameters and wall thicknesses of 130 and 15 nm, respectively, were created [24].
These kinds of electrodes are undesirable for applications since only a pure metal foil
can be used as the substrate. However, transparent backside electrodes integrated with
nanotube arrays are highly desirable in photovoltaics and photoelectrochemical-cell biorel-
evant applications due to short charge-transportation lengths and high light-harvesting
efficiencies [25]. According to their effective and extra signals, photoelectrochemical biosen-
sors with the advantages of high signal-to-noise ratios, good repeatabilities, low costs and
simple instrumentations have attracted extensive interest in biology [26], medicine [27]
and environmental monitoring [28]. In previous studies, TiO2 nanorods were prepared
on FTO glass by using a hydrothermal method in a solution containing an equal ratio
of 37 wt% of HCl and deionized (DI) water [29]. Titanium iso-propoxide was injected
into the prepared solution, which we stored in a Teflon-coated container fixed with an
autoclave at 150 ◦C for 6 h. This developed electrode was proven to be applicable to a
photoelectrochemical sensor for beta-amyloid peptide detection. In addition, electrochemi-
cal anodization is an easy and efficient method for growing self-organized nanotubes that
has been commonly investigated for decades. With the assistance of an electrical field
and F− ions in an electrolyte, Ti-based oxidation can be obtained with the structures of
nanotubes or nanopores [30]. Recently, the anodization of Ti thin films deposited on glass
substrates through a sputtering modification was studied for water splitting [25,31] and
electrochromic devices [32]. Compared to a Ti layer deposited by an evaporator, TiO2
nanotubes formed on a sputtered Ti layer have five-fold higher photocurrent densities [25].
However, the nanotubes’ adhesion to glass substrates and pinholes during their growth is
still a concern in real applications [25]. To avoid the cracking or peeling of TiO2 nanotubes,
extra efforts for the modification process of Ti deposition [25,31] and post treatments, which
limit their flexibility in real applications, have been addressed [33].

Based on previous literature [34], TiO2 nanotubes fabricated on a Ti foil by using
electrochemical anodic oxidation can be used for photoelectrochemical measurements
with signal enhancements [35]. However, these fabricated TiO2 nanotubes show no clear
oxidation and reduction peaks in CV measurements due to their natural electrochemical
properties [36] and potential biodamage due to front-side ultraviolet (UV) illumination
during the photoelectrochemical operation [37]. For this work, a new process flow of
electrode fabrication using a sputtered Ti thin film deposited on FTO glass and following
different settings for anodic oxidation was designed to overcome the limitations of biosens-
ing applications based on conventional Ti foils. The concept involved completely oxidizing
the entire Ti layer into TiOx for realizing a better photoelectrochemical response. Therefore,
Ti films with different thicknesses and step biases for anodic oxidation were investigated
for TiOx formation with the creation of nanostructures, and their electrochemical and photo-
electrochemical behaviors were characterized. Detailed material analyses were performed
to obtain a clear understanding of the fabricated TiOx layer with embedded nanohollows.
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2. Materials and Methods

2.1. Electrode Fabrication

To fabricate a reliable electrode with TiOx nanostructures with the possibility of back-
side illumination for reducing damage to biospecies, fluorine-doped tin oxide (FTO) glass
substrates (NSG TEC A7, Pilkington, Lathom, UK) with sheet resistances of 10 Ω/sq were
selected and cut to dimensions of 25 mm × 10 mm × 1.1 mm for sputtered-titanium (Ti)
layer depositions and subsequent electrochemical anodic oxidations. FTO glass substrates
were first cleaned in solvents in the sequence of acetone, methanol and DI water for 10 min
per solution with an ultrasonication process. Then, FTO glass substrates were dried with
a nitrogen (N2) stream. To obtain better adhesion between the Ti film and FTO glass
substrates, the FTO glass substrates were pretreated with CF4 plasma before titanium
layer deposition. The CF4 plasma treatment was performed using inductively coupled
plasma-reactive ion etching (ICP-RIE; KD-ICP/RIE, Kao Duen, New Taipei City, Taiwan)
with generation-power, bias-power, period, gas flow-rate and pressure settings of 300 W,
50 W, 3 min, 20 sccm and 100 mTorr, respectively. To reduce ion bombardment at the
surface, a stainless shielding filter was placed on top of the FTO glass substrate [38]. The
above cleaning and CF4 plasma procedure not only removed surface contamination but
also created a good surface quality for subsequent Ti thin film depositions. By using a
radio frequency (RF) magnetron sputtering system with a titanium target with a purity
of 99.99% (TIC36KRD, Summit, Taipei, Taiwan), Ti thin films with different thicknesses
were deposited onto an FTO glass substrate controlled by a time mode according to a
deposition rate calculated from previous test experiments and checked by using a surface
profiler (Alpha Step DeltakXT, Bruker, Billerica, MA, USA). Before the deposition process,
the chamber was pumped down to a base pressure of 10−6 mTorr using a turbo-molecular
pump. The flow rate of argon (Ar), RF power and pressure for Ti deposition were 40 sccm,
70 W and 8 mTorr, respectively. The substrate temperature was increased to 300 ◦C to
improve the quality of the Ti film deposition. After sputtering Ti films on FTO glass, the Ti
thin films were densified by using rapid thermal annealing (RTA; RTA1000M-V, SJ High
Tech Co., Taipei, Taiwan) under ambient N2 at 500 ◦C for 1 min to improve the film quality.
Figure 1 shows the step-by-step process flow for all experimental groups, including Ti
thickness and anodic oxidation, for TiOx electrode fabrication.

The 2-electrode electrochemical setup was used to anodize the Ti layer deposited onto
the FTO glass, as shown in Figure 2a. All the anodization experiments were performed at
room temperature in a conventional two-electrode system using a Ti/FTO glass substrate
as the working electrode and ITO glass (RLO-I7, Ruilong, Miaoli, Taiwan) with dimensions
of 6 cm × 2.6 cm × 0.7 mm and a resistivity of 5 Ω/sq as the counter electrode. Based on
our preliminary data, the results obtained for the ITO counter electrodes are similar to those
obtained for platinum (Pt) electrodes. Therefore, disposable ITO glass was used to replace
the conventional Pt electrode to obtain the same fresh surface for the counter electrode
in the anodic oxidation process. The Ti film was anodized in a mixed solution of 92%
ethylene glycol and 270 mM ammonium fluoride (NH4F) [39]. During the electrochemical
anodizing process, a controllable DC power source was used to supply the required constant
bias voltage or step-bias voltage. To study the efficiency of anodization, various Ti film
thicknesses, including 50 nm, 130 nm and 200 nm, were studied first in constant-bias anodic-
oxidation (CBAO) experiments with a fixed bias of 25 V for 10 min. These 3 groups were
named CBAO-Ti50n, CBAO-Ti130n and CBAO-Ti200n, respectively. Then, in the second
part of the anodic-oxidation bias voltage evaluation, all experimental groups with fixed Ti
thicknesses of 130 nm were treated with a step-bias anodic oxidation (SBAO) method using
the following voltage settings: increasing the step voltage of 5 V, 10 V, 15 V and 20 V and
a period of 3 or 5 min for each step of voltage. These 2 experimental groups were named
SBAO3m-Ti130n and SBAO5m-Ti130n, respectively.

195



Nanomaterials 2022, 12, 1925

Figure 1. The detailed process flow for all experimental groups with the corresponding cross-sectional
schematic plot.

Figure 2. (a) The experimental setting for anodic oxidation, including electrolyte, counter and
working electrodes, and (b) the photoelectrochemical measurement system setup.

2.2. Photoelectrochemical Response

A standard three-electrode system with a commercial potentiostat (PalmSens4, Palm-
Sens, Houten, The Netherlands) was established for photoelectrochemical measurements,
as shown in Figure 2b. The three electrodes that were used were as follows: a nanos-
tructured TiOx-layer grown on Ti/FTO glass encapsulated with vacuum tape for an area
of 1.0 × 1.0 cm2 as the working electrode, a commercial Ag/AgCl reference electrode
(ALS, RE-1S, Tokyo, Japan) and a platinum (Pt) sheet (Pt10101, ING-JING, New Taipei City,
Taiwan) with dimensions of 1.0 × 1.0 cm2 as the counter electrode. A cyclic voltammetry
(CV) measurement was performed in a 0.1X PBS background solution containing 5 mM
of ferricyanide (K3[Fe(CN)6]). The scan rate and range of CV measurement were 0.1 V/s
and from −0.6 V to 0.8 V, respectively. To generate an extra photocurrent for the CV
measurement, ultraviolet (UV) illumination at a wavelength of 365 nm with a power of
83 mW was applied to the fabricated TiOx nanostructured electrode using an LED (pE-4000,
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CoolLED, Andover, UK). The photoelectrochemical performance of the prepared electrodes
was further tested by conducting linear-sweep voltammetry (LSV) measurements under
chopped UV illumination with a power of 83 mW and an on/off cycle with a period of 56 s
in a 0.1X PBS solution. A scan rate of 0.05 V/s, with a scan range of −0.4 V to 1.0 V, was
used to compare measurements with or without continuous UV illumination.

2.3. Material Characterization

To obtain a detailed understanding of the correlation between the material proper-
ties and electrochemical behavior of this novel TiOx nanostructure layer, various material
analyses were performed for samples using the same process conditions. First, the mor-
phologies and microstructures of the fabricated samples were characterized by using an
atomic-force microscope (AFM; Nanoview 1000, Utek Material, Taipei, Taiwan). During
each measurement, the distance between the tip and the sample was controlled in tapping
mode to scan the surfaces for all samples. AFM images and calculated average surface-
roughness (Ra) values were obtained using the data-analysis software WSxM (Version
5 develop 8.4, Nanotec Electronica, Madrid, Spain). Additionally, scanning electron mi-
croscopy (SEM) was performed to compare AFM results obtained through investigation on
a top view of TiOx/FTO glass layers. Furthermore, to investigate the cross-sectional layer
distribution and nanostructure, a dual-focused ion beam (FIB; Versa 3D, FEI Company,
Hillsboro, OR, USA) was used to slice the whole structure first, and then, a field-emission
scanning-electron microscope (FE-SEM; SU8220, Hitachi, Tokyo, Japan) was used to obtain
images of the nanostructures. The lattice structure and elemental mapping analysis were
observed using high-resolution transmission electron microscopy (HR-TEM; JEM-2100,
JEOL, Tokyo, Japan) operated at 200 kV with a point resolution of 0.19 nm.

X-ray diffraction analysis (XRD; PANalytical Empyrean, Malvern Panalytical, Almelo,
The Netherlands) with Cu Kα radiation (λ = 0.15406 nm) was performed to observe the
crystalline phase with parameters of 45 kV, 40 mA and a 2θ range of 10◦–70◦. The com-
positions and chemistries of the nanostructured TiOx layers were investigated by using
X-ray photoelectron spectroscopy (XPS; PHI 5000 VersaProbe III, ULVAC-PHI Inc., Chi-
gasaki, Japan) performed in an ultra-high vacuum chamber with an Al Kα (hν = 1486.6 eV)
monochromatic X-ray source. The binding energies were calibrated with reference to the
C 1s peak at 284.8 eV. A detailed analysis and comparison are presented in the results and
discussion section.

3. Results

3.1. Material Characterization

To obtain a clear understanding of the effects of anodic oxidation on Ti/FTO glass sam-
ples, various material analyses, including AFM, SEM, TEM, EDS and XPS, were performed.
After an anodic oxidation, all the samples were subjected to AFM measurements to con-
firm their surface morphologies and surface roughnesses. AFM images of CBAO-Ti130n,
SBAO3m-Ti130n and SBAO5m-Ti130n samples are shown in Figure 3a–c, respectively.
For the CBAO-Ti130n sample, some small roughnesses were observed with an average
roughness (Ra) of 1.57 nm. With step-bias anodic oxidation, the surface roughnesses of
the SBAO3m-Ti130n and SBAO5m-Ti130n samples increased significantly to 12.15 nm and
9.84 nm, respectively. Moreover, some nanometer-scale grains were observed in both the
samples. To obtain a better understanding, top-view and cross-sectional-view SEM images
were captured for all the three samples. The top-view images of CBAO-Ti130n, SBAO3m-
Ti130n and SBAO5m-Ti130n are shown in Figure 4a–c, respectively. In general, the top-view
SEM images well matched the AFM results obtained for the surface roughnesses and
morphologies. The CBAO-Ti130n sample showed a flat surface but with some small par-
ticles. With step-bias anodic oxidation, grains with clear boundaries formed on both the
SBAO3m-Ti130n and SBAO5m-Ti130n samples. The grains and their boundaries in SBAO
samples result in a high surface roughness, which matched the increase in Ra measured by
AFM. To confirm the potential mechanism of grain formation through anodic oxidation,
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cross-sectional SEM images of CBAO-Ti130n, SBAO3m-Ti130n and SBAO5m-Ti130n are
shown in Figure 4d–f, respectively. For the CBAO-Ti130n sample, it can be observed that
the TiOx, the FTO and the glass layers stacked from top to bottom all met the thickness and
distribution requirements of the process conditions. For the SBAO groups, an FTO layer
with a thickness of approximately 310 nm and a TiOx layer with obvious nanohollows can
be observed in Figure 4e,f. The total thicknesses of the TiOx layer for the SBAO3m-Ti130n
and SBAO5m-Ti130n samples were approximately 165 nm and 173 nm, respectively. This
can be used to support the small difference in the level of the anodic oxidation of the Ti
layer that was 130 nm over different time periods from 3 min to 5 min. These nanohollows
with dimensions of approximately 100 nm in height can lead to grain formation and an
increased surface roughness. To confirm the correlation between roughness and crystalliza-
tion, the XRD spectra for CBAO-Ti130n, SBAO3m-Ti130n, SBAO5m-Ti130n and FTO/glass
(e.g., the control sample of substrate) are presented in Figure 5. No clear crystallization
peak of titanium oxide was found for any of the three samples, but all the peaks can be
referred to the FTO [40]. It can be concluded that the crystallization of TiOx is not strong
and shows a more amorphous structure [41]. It can be reasonably assumed that the high
surface roughness in the SBAO5m-Ti130n group is mainly due to the nanohollow structure
and is not due to the orientation of the crystallization.

Figure 3. AFM image of the surface morphology for the sample with a 130 nm-thick Ti/FTO glass
with different anodization conditions: (a) CBAO-Ti130n, (b) SBAO3m-Ti130n and (c) SBAO5m-Ti130n.

Figure 4. Top-view SEM images with the same magnitudes and scale bars of 100 nm for the surfaces
of samples prepared with 130 nm-thick Ti/FTO glass with different anodization conditions: (a) CBAO-
Ti130n, (b) SBAO3m-Ti130n and (c) SBAO5m-Ti130n. Cross-sectional SEM image with the same
magnitude and scale bar of 200 nm for (d) CBAO-Ti130n, (e) SBAO3m-Ti130n and (f) SBAO5m-
Ti130n samples.
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To further confirm the composition of the layer distribution, an FIB was used to cut
the SBAO3m-Ti130n sample into a thin slice for HR-TEM imaging with a corresponding
EDS mapping. The title-view SEM image was captured after the FIB cutting, as shown
in Figure 6a. An e-beam-deposited Pt line was used to shield the area, and then, the
surrounding area was cut by using a focused ion beam. This sliced sample was used
for a TEM analysis. As shown in Figure 6b, a periodic arrangement of the Ti layer with
different orientations was clearly observed under a magnification of 600 K. To evaluate the
composition of this sliced sample, the separated elemental mapping images recorded by
using EDS for different atoms, including Si, O, Sn, Ti, Au and Pt, are shown in Figure 6c.
The area of Si atoms with respect to the glass can be observed from the left side. Then,
the area of Sn and Ti atoms can be seen from the FTO and TiOx. In these three areas, O
atoms can also be found. The area of each kind of atom can be clearly distinguished. On
the right side, an area of thin Au and Pt layers can be observed, which originated from the
post-deposited conductive metal layer and shielding layer used for FIB, respectively. Then,
a stacked mapping image of all six atoms was rearranged, as shown in Figure 6d. The area
of the TiOx layer can be clearly observed and matched to the previous SEM image, as shown
in Figure 4e. Some small white areas can be found in the TiOx layer, as shown in Figure 6d,
which can be attributed to the nanohollows. To further check the atom distribution, the
line scanning for an elemental analysis using EDS is also presented for all six atoms, as
shown in Figure 6e. The EDS scanning line is marked in the TEM image, as shown in the
inset of Figure 6e. The atom distribution across the scanning line for all six atoms is shown
in Figure 6f. From approximately 0 nm to 50 nm, a high intensity of Si and O atoms in
the glass substrate (e.g., SiO2) could be expected. An increase in the intensity of the Sn
atoms accompanied by a decrease in the intensity of the Si atoms from 50 nm to 80 nm
could be attributed to the interface between the FTO and the glass layer. The total thickness
of the FTO can be estimated to be the depth with a high intensity of Sn from 50 nm to
350 nm. Then, the Ti concentration increased for the TiOx layer from 350 nm to 500 nm. A
Au layer could be found on top of the TiOx layer. Finally, a Pt shielding layer prepared in
the FIB process was observed. Based on these EDS elemental-mapping and line-scanning
results, the thickness of each layer was found to be approximately consistent with the SEM
images and fabrication processes. In the meantime, some peaks in the green line due to a
high concentration of Ti atoms in the depth analysis and some white areas in the stacked
mapping image were observed, which provided strong evidence for TiOx formation and
nanohollows, respectively. All the results obtained from the SEM, TEM and EDS mapping
were fully matched to the expected results for the SBAO3m-Ti130n sample. It can be
inferred with high confidence that TiOx nanohollows were formed during the step-bias
anodic oxidation of the Ti layers in the developed experiments. To confirm the composition
of this fabricated nano-hollowed TiOx layer, XPS was used to study the chemical states
of the surface of this sample for all the possible atoms. As shown in Figure 7a, strong
Ti and O peaks can be found from the surface XPS analysis. The Ti and O atomic ratios
were 35.3% and 62.2%, respectively. To analyze the chemical binding of this TiOx layer
in detail, the XPS spectra for Ti 2p and O 1s, measured for the SBAO3m-Ti130n sample,
were rearranged with de-convolutions, as shown in Figure 7b,c, respectively. The Ti 2p3/2
and Ti 2p1/2 binding peaks were located at 458.6 eV and 464.2 eV, respectively. This result
matches published results, which demonstrates the presence of Ti4+ in the TiOx lattice [42].
A Ti 2p peak appeared at 457.3 eV, which can be attributed to the small amount of Ti3+

present in the TiOx layer [42]. The O 1s spectrum could be fitted with two peaks, as shown
in Figure 7c. The peak at 530.2 eV can be attributed to Ti-O bonds in the TiOx lattice, and
the peak at 531.4 eV can be attributed to surface hydroxyl groups or adsorbed oxygen [43].
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Figure 5. XRD spectra obtained for the CBAO-Ti130n, SBAO3m-Ti130n, SBAO5m-Ti130n and
FTO/glass samples.

Figure 6. (a) SEM image recorded after FIB cutting, (b) HR-TEM image with a scale bar of 5 nm,
(c) separated EDS mapping of different atoms, including Si, Sn, O, Ti, Au and Pt, with a scale bar
of 500 nm, (d) stacked EDS mapping for all five atoms, including Sn, Si, Au, O and Ti, with a scale
bar of 500 nm, (e) EDS spectrum obtained via line scanning, shown as a marked line in the inset
and (f) intensity distribution of the scanning line obtained for all six atoms mentioned above for the
SBAO3m-Ti130n sample with embedded nanohollows in the anodic oxidized TiOx layer.
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Figure 7. (a) Full-scale, (b) high-resolution Ti 2p and (c) O 1s XPS spectra obtained for the SBAO3m-
Ti130n sample with embedded nanohollows in the anodic oxidized TiOx layer.

3.2. Photoelectrochemical Measurements
3.2.1. Effect of Ti Thickness

To evaluate the electrochemical and photoelectrochemical behaviors, cyclic voltamme-
try (CV) curves were collected for the experimental groups with different Ti thicknesses
with a constant bias anodic oxidation at 25 V for 10 min. As shown in Figure 8a,b, CV curves
with and without the UV illumination of CBAO-Ti50n, CBAO-Ti130n and CBAO-Ti200n
could be clearly observed. To evaluate the correlation between the electrode status and CV
behavior, CV curves for FTO glass, Ti/FTO glass and TiO2 deposited through atomic-layer
deposition (ALD) on an FTO glass electrode were also presented as reference groups. First,
CV curves without UV illumination presented the typical behaviors, which could be used
to check the surface material and its oxidation and reduction peaks, as shown in Figure 8a.
The sample with the FTO surface had a typical CV curve and clear peaks, and the samples
with the Ti or ALD TiO2 surfaces both showed no oxidation nor reduction peaks, which
matched the results reported in the literature [44,45]. For the CBAO-Ti50n sample, the
peak currents for oxidation and reduction both showed similar behaviors but with smaller
values than those obtained for the FTO sample. In this sample, the electrochemical behavior
was found to be close to that of FTO, which suggests that some parts of FTO under the
Ti layer were exposed after CBAO. This also means that the Ti layer can be partly peeled
off from the FTO layer during CBAO. A Ti thickness of 50 nm may not be sufficient for a
CBAO treatment at 25 V for 10 min. For samples with thicker Ti layers, the current, typical
oxidation and reduction peaks were all reduced with the same anodic oxidation on Ti
surfaces. In the CBAO-Ti130n group, the peak currents were reduced to approximately 59%
compared to those obtained for CBAO-Ti50n. For the CBAO-Ti200n group, no peak could
be found, which can be attributed to the surface composed of more TiOx that resulted in a
lower conductivity for a smaller current. To confirm the photoelectrochemical behaviors
of the same groups, CV measurements with UV illumination at a wavelength of 365 nm
with a power of 83 mW were performed, and the results are shown in Figure 8b. Due to
the energy gap and absorbance of TiOx, UV illumination at 365 nm can be absorbed by
TiOx and then transferred to an extra photocurrent [46]. However, a photocurrent will not
be induced in FTO or Ti samples under UV illumination due to a lack of absorbance and
the energy band gaps of these materials [47]. No increment in current was found for the
CBAO-Ti50n sample with UV illumination, which can be attributed to a very rare TiOx layer
that was formed, with the sample’s response mainly dominated by FTO. This behavior was
consistent with that expected from the electrochemical characterization shown in Figure 8a.
As the Ti thickness increased, the current under illumination was higher than the current
without illumination, which is shown for the sample with Ti thicknesses of 130 nm and
200 nm. The maximum current in the CBAO-Ti200n sample was not high enough under UV
illumination. To improve the photo responses of the CV curves, a Ti thickness of 130 nm
was selected as a first fix in the process condition. Then, the anodic oxidation procedure
was modified as shown in the second part of the figure to reduce the possibility of Ti peeling
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off from the FTO surface and to ensure that more Ti remained on the FTO to be oxidized as
a TiOx layer.

Figure 8. CV curves measured for different electrodes, including FTO glass, CBAO-Ti50n, CBAO-
Ti130n, CBAO-Ti200n, Ti/FTO glass and ALD TiO2/FTO glass in 0.1X PBS solution containing
5 mM ferricyanide K3[Fe(CN)6] at a scan rate of 0.1 V/s (a) without and (b) with UV illumination at
wavelength of 365 nm and power of 83 mW.

3.2.2. Effects of Anodic Oxidation Conditions

Due to the partial peeling off of the 50-nm-thick Ti layer under constant bias an-
odic oxidation and the sample with a 200-nm-thick Ti layer having a very low current, a
modification in the anodic oxidation with gradual step increases of bias voltage, called
step-bias anodic oxidation, was applied to samples with Ti thicknesses of 130 nm. As
shown in Figure 9a–c, CV curves with and without UV illumination for CBAO-Ti130n,
SBAO3m-Ti130n and SBAO5m-Ti130n, respectively, can be clearly observed. With the
SBAO procedure, the current became higher than that for CBAO, both shown at 3 min and
5 min, which can be attributed to an increased oxidation of the Ti layer. It can be clearly
observed that the SBAO groups both showed higher current increments with UV illumina-
tion, which can be attributed to the effects of TiOx formation. Moreover, the oxidation and
reduction peaks could not be found in SBAO groups due to the TiOx’s material behavior,
which was similar to the results obtained from Section 3.2.1. The current ratios at −0.6 V for
SBAO3m-Ti130n and SBAO5m-Ti130n increased by 142% and 56%, respectively. It can be
concluded that the photon-to-current efficiency increased for the sample prepared by SBAO.
The highest photocurrent could be found in the SBAO3m-Ti130n group. To further evaluate
the photochemical behavior, linear-sweeping voltammetry (LSV) curves were obtained for
these three samples to study the separation of photo-generated electron-hole pairs based
on the increased photocurrent. LSV was performed at a scan rate of 0.05 V/s and then with
different conditions, including chopped and with and without UV illumination at 365 nm
with a power of 83 mW. As shown in Figure 10a, the current measured without the UV
illumination was very low, and the current measured with the UV illumination increased
with an increasing bias voltage. For chopped illumination with a period of 56 sec at a duty
cycle of 50%, the on-off behavior of the photocurrent could be clearly observed between the
curve with and without UV illumination. The curves obtained for the same measurement
conditions for the SBAO3m-Ti130n and SBAO5m-Ti130n samples are shown in Figure 10b,c,
respectively. The highest photocurrent and the fastest transient response could be observed
in the SBAO5m-Ti130n sample. The response and recovery times of the photoresponse
were within a few ms, which matches the published results for TiOx [48–50]. With this great
enhancement in current shown in both the CV and LSV measurements, TiOx prepared by
using SBAO can be considered a potential candidate for photocatalyst and photoelectro-
chemical applications. Based on all the material analyses, step-bias anodic oxidation on a Ti

202



Nanomaterials 2022, 12, 1925

layer was proven to create a TiOx layer composited with nanohollows following an increase
in surface roughness and a 142% increment in the photocurrent under UV illumination
at 365 nm with a power of 83 mW. This proposed process of step-bias anodic oxidation
with only simple modifications to the parameter settings not only improves the stability
for conventional fixed-bias anodic oxidation but also leads to a superior photoresponse,
which can be suggested for applications in photocatalysis and photoelectrochemistry. In
particular, photoelectrochemical sensing could be enhanced through back-side illumination
through a transparent substrate composed of FTO glass to reduce photo-induced damage
for biospecies detection, such as antibody and cell detection.

Figure 9. CV curves measured with and without UV illumination for different electrodes, including
(a) CBAO-Ti130n, (b) SBAO3m-Ti130n and (c) SBAO5m-Ti130n electrodes, in 0.1X PBS solution
containing 5 mM K3[Fe(CN)6] at a scan rate of 0.1 V/s.

Figure 10. Different LSV curves measured with, without, and with chopped UV illumination at
365 nm with a power of 83 mW in 0.1X PBS solution at a scan rate of 0.05 V/s from −0.4 V to 1 V for
(a) CBAO-Ti130n, (b) SBAO3m-Ti130n and (c) SBAO5m-Ti130n samples, respectively.

4. Conclusions

In summary, a TiOx layer with nanohollow structures was successfully grown onto
Ti/FTO glass by using the variable step-bias anodic oxidation of a Ti layer. To obtain a
detailed insight into the physicochemical material properties and electrochemical features
of the novel TiOx nanostructure layer, various material analyses were performed for sam-
ples using the same process conditions, including AFM, SEM, XRD, HR-TEM, EDS and
XPS. After an optimization of the experiments, a Ti layer thickness of 130 nm and step-bias
settings of 5 V, 10 V, 15 V and 20 V for 3 min per step are suggested, which can result in a
stable TiOx layer with a thickness of approximately 160 nm. The average surface roughness
of this layer is 12.15 nm. Nanohollows with diameters of approximately 100 nm were
observed by using SEM. The current ratio was increased by 142% in photoelectrochemical
measurements of this fabricated TiOx layer embedded with nanohollows under UV illumi-
nation at a power of 83 mW. Further applications of this developed nanohollow-structured
TiOx electrode are suggested for photoelectrochemical biosensing and photocatalysis.
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33. Krýsa, J.; Krýsová, H.; Hubička, Z.; Kment, Š.; Maixner, J.; Kavan, L. Transparent rutile TiO2 films prepared by thermal oxidation
of sputtered Ti on FTO glass. Photochem. Photobiol. Sci. 2019, 18, 891–896. [CrossRef] [PubMed]

34. Sahrin, N.T.; Nawaz, R.; Fai Kait, C.; Lee, S.L.; Wirzal, M.D.H. Visible Light Photodegradation of Formaldehyde over TiO2
Nanotubes Synthesized via Electrochemical Anodization of Titanium Foil. Nanomaterials 2020, 10, 128. [CrossRef]

35. Valeeva, A.A.; Dorosheva, I.B.; Kozlova, E.A.; Sushnikova, A.A.; Kurenkova, A.Y.; Saraev, A.A.; Schroettner, H.; Rempel, A.A.
Solar photocatalysts based on titanium dioxide nanotubes for hydrogen evolution from aqueous solutions of ethanol. Int. J.
Hydrog. Energy 2021, 46, 16917–16924. [CrossRef]

36. Nguyen, T.T.; Cao, T.M.; Balayeva, N.O.; Pham, V.V. Thermal Treatment of Polyvinyl Alcohol for Coupling MoS2 and TiO2
Nanotube Arrays toward Enhancing Photoelectrochemical Water Splitting Performance. Catalysts 2021, 11, 857. [CrossRef]

37. Lei, B.-X.; Liao, J.-Y.; Zhang, R.; Wang, J.; Su, C.-Y.; Kuang, D.-B. Ordered crystalline TiO2 nanotube arrays on transparent FTO
glass for efficient dye-sensitized solar cells. J. Phys. Chem. C 2010, 114, 15228–15233. [CrossRef]

38. Huang, C.H.; Wang, I.S.; Ho, K.I.; Lin, Y.T.; Chou, C.; Chan, C.F.; Lai, C.S. High polarization and low-repulsion HfO2 thin film for
alkali metal ion detections by plasma system with a complementary filter. IEEE Sens. J. 2013, 13, 2459–2465. [CrossRef]

39. Khudhair, D.; Bhatti, A.; Li, Y.; Hamedani, H.A.; Garmestani, H.; Hodgson, P.; Nahavandi, S. Anodization parameters influencing
the morphology and electrical properties of TiO2 nanotubes for living cell interfacing and investigations. Mater. Sci. Eng. C 2016,
59, 1125–1142. [CrossRef]

40. Lin, T.; Liao, M.; Zhao, S.; Fan, H.; Zhu, X. Anodic TiO2 nanotubes produced under atmospheric pressure and in vacuum
conditions. Ceram. Int. 2018, 44, 1764–1770. [CrossRef]

41. Kathirvel, S.; Su, C.; Yang, C.-Y.; Shiao, Y.-J.; Chen, B.-R.; Li, W.-R. The growth of TiO2 nanotubes from sputter-deposited Ti film
on transparent conducting glass for photovoltaic applications. Vacuum 2015, 118, 17–25. [CrossRef]

205



Nanomaterials 2022, 12, 1925

42. Xie, W.; Li, R.; Xu, Q. Enhanced photocatalytic activity of Se-doped TiO2 under visible light irradiation. Sci. Rep. 2018, 8, 8752.
[CrossRef]

43. Bharti, B.; Kumar, S.; Lee, H.N.; Kumar, R. Formation of oxygen vacancies and Ti3+ state in TiO2 thin film and enhanced optical
properties by air plasma treatment. Sci. Rep. 2016, 6, 32355. [CrossRef] [PubMed]

44. Giurlani, W.; Sergi, L.; Crestini, E.; Calisi, N.; Poli, F.; Soavi, F.; Innocenti, M. Electrochemical stability of steel, Ti, and Cu current
collectors in water-in-salt electrolyte for green batteries and supercapacitors. J. Solid State Electrochem. 2022, 26, 85–95. [CrossRef]

45. Sopha, H.; Krbal, M.; Ng, S.; Prikryl, J.; Zazpe, R.; Yam, F.K.; Macak, J.M. Highly efficient photoelectrochemical and photocatalytic
anodic TiO2 nanotube layers with additional TiO2 coating. Appl. Mater. Today 2017, 9, 104–110. [CrossRef]

46. Han, H.; Moon, S.I.; Choi, S.; Enkhtuvshin, E.; Kim, S.J.; Jung, S.Y.; Thao, N.T.T.; Song, T. Enhanced photoelectrochemical
characteristic of TiO2 nanotubes via surface plasma treatment. Ceram. Int. 2021, 47, 30741–30746. [CrossRef]

47. In, S.I.; Almtoft, K.P.; Lee, H.S.; Andersen, I.H.; Qin, D.; Bao, N.; Grimes, C.A. Low temperature synthesis of transparent, vertically
aligned anatase TiO2 nanowire arrays: Application to dye sensitized solar cells. Bull. Korean Chem. Soc. 2012, 33, 1989–1992.
[CrossRef]

48. Liu, D.; Liu, F.; Liu, J. Effect of vanadium redox species on photoelectrochemical behavior of TiO2 and TiO2/WO3 photo-electrodes.
J. Power Sources 2012, 213, 78–82. [CrossRef]

49. Hao, C.; Wang, W.; Zhang, R.; Zou, B.; Shi, H. Enhanced photoelectrochemical water splitting with TiO2@Ag2O nanowire arrays
via p-n heterojunction formation. Sol. Energy Mater. Sol. Cells 2018, 174, 132–139. [CrossRef]

50. Ho, H.C.; Chen, K.; Nagao, T.; Hsueh, C.H. Photocurrent Enhancements of TiO2-Based Nanocomposites with Gold Nanostruc-
tures/Reduced Graphene Oxide on Nanobranched Substrate. J. Phys. Chem. C 2019, 123, 21103–21113. [CrossRef]

206



Citation: Zhao, M.-J.; Zhang, J.-F.;

Huang, J.; Chen, Z.-Z.; Xie, A.; Wu,

W.-Y.; Huang, C.-J.; Wuu, D.-S.; Lien,

S.-Y.; Zhu, W.-Z. Role of Ambient

Hydrogen in HiPIMS-ITO Film

during Annealing Process in a Large

Temperature Range. Nanomaterials

2022, 12, 1995. https://doi.org/

10.3390/nano12121995

Academic Editors: Jihoon Lee and

Ming-Yu Li

Received: 1 May 2022

Accepted: 6 June 2022

Published: 10 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Role of Ambient Hydrogen in HiPIMS-ITO Film during
Annealing Process in a Large Temperature Range

Ming-Jie Zhao 1,2, Jin-Fa Zhang 1, Jie Huang 1, Zuo-Zhu Chen 1, An Xie 3, Wan-Yu Wu 4, Chien-Jung Huang 5,

Dong-Sing Wuu 6, Shui-Yang Lien 1,2,4,* and Wen-Zhang Zhu 1,2

1 School of Opto-Electronic and Communication Engineering, Xiamen University of Technology,
Xiamen 361024, China; 2015000077@xmut.edu.cn (M.-J.Z.); jfzhang2019@stu.xmut.edu.cn (J.-F.Z.);
huangjie@stu.xmut.edu.cn (J.H.); 2022031141@s.xmut.edu.cn (Z.-Z.C.); wzzhu@xmut.edu.cn (W.-Z.Z.)

2 Fujian Key Laboratory of Optoelectronic Technology and Devices, Xiamen University of Technology,
Xiamen 361024, China

3 School of Materials Science and Engineering, Xiamen University of Technology, Xiamen 361024, China;
anxie@xmut.edu.cn

4 Department of Materials Science and Engineering, Da-Yeh University, Dacun, Changhua 51591, Taiwan;
wywu@mail.dyu.edu.tw

5 Department of Applied Physics, National University of Kaohsiung, Kaohsiung University Rd.,
Kaohsiung 81148, Taiwan; chien@nuk.edu.tw

6 Department of Applied Materials and Optoelectronic Engineering, National Chi Nan University,
Nantou 54561, Taiwan; dsw@ncnu.edu.tw

* Correspondence: sylien@xmut.edu.cn

Abstract: Indium tin oxide (ITO) thin films were prepared by high power impulse magnetron sputter-
ing (HiPIMS) and annealed in hydrogen-containing forming gas to reduce the film resistivity. The film
resistivity reduces by nearly an order of magnitude from 5.6 × 10−3 Ω·cm for the as-deposited film to
the lowest value of 6.7 × 10−4 Ω·cm after annealed at 700 ◦C for 40 min. The role of hydrogen (H) in
changing the film properties was explored and discussed in a large temperature range (300–800 ◦C).
When annealed at a low temperature of 300–500 ◦C, the incorporated H atoms occupied the oxygen
sites (Ho), acting as shallow donors that contribute to the increase of carrier concentration, leading to
the decrease of film resistivity. When annealed at an intermediate temperature of 500–700 ◦C, the
Ho defects are thermally unstable and decay upon annealing, leading to the reduction of carrier
concentration. However, the film resistivity keeps decreasing due to the increase in carrier mobility.
Meanwhile, some locally distributed metallic clusters formed due to the reduction effect of H2. When
annealed at a high temperature of 700–800 ◦C, the metal oxide film is severely reduced and transforms
to gaseous metal hydride, leading to the dramatic reduction of film thickness and carrier mobility at
750 ◦C and vanish of the film at 800 ◦C.

Keywords: indium tin oxide (ITO); HiPIMS; rapid thermal annealing (RTA); hydrogen-containing
forming gas; hydrogen doping

1. Introduction

Transparent conductors characterized by high conductivity and high transparency in
the visible light spectrum have been widely used in many optoelectronic applications, such
as photovoltaic cells, flat panel displays, light-emitting diodes and smart windows [1–4].
Indium tin oxide (ITO) is an excellent transparent conductor. Although it has been in-
vestigated for decades, it is still regarded as the most typical and important transparent
conductor due to its high optical transmission, low electrical resistivity, high stability
against harsh environments and easy processing properties. ITO film is usually prepared
by DC or RF magnetron sputtering, which is capable of depositing uniform, large-area
ITO film with a high deposition rate [5–7]. However, the film quality is somewhat inferior,
especially when deposited at low temperatures. Persistent efforts have been devoted to
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improving film quality, aiming at increasing the optical and electrical properties of the
film with various approaches, including doping, process parameter optimization, post-
deposition thermal or chemical treatment and deposition method innovation [8–12].

Recently, high power impulse magnetron sputtering (HiPIMS) is emerging as a method
for deposition of metal oxide films, including ITO films [13–17]. The high power impulses
can generate high-density plasma containing highly excited/ionized sputtered species and
reactive agents (oxygen radicals), favoring the synthesis of compounds. In addition, the
film conformality can be enhanced thanks to the highly energetic plasma species, which is
applicable for a 3D substrate such as devices with a high aspect ratio. Adding hydrogen
gas to the sputter gas during film deposition or to the ambient during the annealing process
and hydrogen plasma treatment has been proved to be effective approaches to reducing the
film resistivity [18–21]. Moreover, hydrogen incorporation in oxide film by either annealing
in an H2 ambient at elevated temperature or hydrogen plasma treatment has been reported
in the literature. However, these approaches have not been applied to ITO films prepared
by the HiPIMS method. Furthermore, the role of hydrogen in influencing the properties of
ITO film is still controversial so far. Some researchers stated that incorporated H exists as
interstitial (Hi) or occupies the oxygen sites (Ho), both of which act as a shallow donor in
metal oxide films, leading to the increase of carrier concentration and the decrease of film
resistivity [22,23]. Some researchers argued that neither the interstitial hydrogen nor the
substitutional hydrogen was likely the origin of incremental free carrier concentration in the
film. Rather, oxygen vacancy defects created by H2 reduction contribute to incremental free
carriers [24–30]. The experimental conditions are not exactly the same as the existing reports.
For instance, the investigated temperature ranges (not higher than 500 ◦C in most of the
research in the literature), the hydrogen source (hydrogen plasma or hydrogen-containing
atmosphere with various hydrogen proportions) and the introduction stage (during the
film deposition process or annealing process) varied from each other. To clarify the role
of hydrogen, investigations should be taken in a larger temperature range with consistent
experiment setups throughout the temperature range. Nevertheless, this is still in lack so
far. Furthermore, most research on the hydrogen annealing effects of ITO films focused
on the analysis of the variation of oxygen sub-stoichiometry state of the film influenced
by the annealing process. However, less attention has been paid to the possible material
exchange between the film and the annealing ambient, such as the adsorption/desorption
of hydrogen, hydroxyl groups, water, etc.

Previously, ITO films were prepared through the HiPIMS method by our group [31,32].
In this work, the films were annealed in hydrogen-containing forming gas to reduce film
resistivity. The role of hydrogen in influencing the film properties is explored and discussed
at a large temperature of 300–800 ◦C.

2. Materials and Methods

ITO thin films were deposited on a quartz glass substrate and silicon substrate by
an in-line sputtering system (Ljuhv, SP-122I, Zhubei City, Taiwan) using a high-purity
(99.99%) ceramic target consisting of 90 wt.% In2O3 and 10 wt.% SnO2 (supplied by
Heqi Target Material Technology, Zhangzhou, China). The target has a dimension of
30.7 cm (length) × 12.5 cm (width) × 0.6 cm (thickness). The sputtering system was de-
scribed in detail in References [31,32]. The film deposition parameters (working pressure
and sputtering power) have been optimized and reported in previously published papers.
The base pressure of the process chamber was lower than 6.7 × 10−5 Pa. The high-purity
(99.999%) Ar with a flow rate of 40 sccm was used as the plasma gas. The sputtering
pressure was kept at 8.0 Pa during the film deposition process. The average power, duty
cycle, pulse frequency and pulse length were set at 500 W, 10%, 1000 Hz and 100 us, respec-
tively. The substrate was not heated during the film deposition process. The size of the
deposited samples was 5 cm×5 cm. The inhomogeneity of film thickness was evaluated
by a nine-point method. The film thicknesses (d) at nine points distributed in a substrate
of 10 cm × 10 cm were measured by a step profiler. The inhomogeneity determined by
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(dmax − dmin)/(dmax + dmin) is within 2%. The deposition time was 10 min. The deposition
rate was 8 nm/min. The deposition parameters for the HIPIMS process are summarized in
Table 1.

Table 1. Deposition parameters for the high-power impulse magnetron sputtering (HIPIMS) process.

Parameter Value

Base pressure (×10−5 Pa) 6.7
Working pressure (Pa) 8.0

Distance of substrate-to-target (mm) 52
Average power (W) 500

Flow rate of Ar (sccm) 40
Deposition temperature (◦C) 25

Frequency (Hz) 1000
Pulse length (μs) 100
Duty cycle (%) 10

The obtained ITO film was annealed in a forming gas containing 5% hydrogen (H2)
and 95% nitrogen (N2) at 300–800 ◦C for 40 min using a rapid thermal annealing sys-
tem (Eaststar Labs, RTP-300, Beijing, China). The forming gas with a total flow rate of
1 L/min was introduced into the furnace during the whole process. The annealing pro-
cess consisted of three stages: (1) the temperature rose from room temperature to 200 ◦C
in 20 s, then held for 20 s; (2) the temperature rose from 200 ◦C to the aiming tempera-
ture (300, 400, 500, 600, 700, 750 and 800 ◦C for each specimen, respectively), then held for
40 min; (3) The temperature fell from the aiming temperature to room temperature in about
500 s. Parameters for the annealing process of ITO film are summarized in Table 2.

Table 2. Parameters for the annealing process of ITO film.

Parameter Value

Temperature (◦C) 300–800
Duration (min) 40

Atmosphere N2 (95%) + H2 (5%)
Gas flow rate (L/min) 1

The film thickness (d) was measured from the field emission scanning electron mi-
croscope (FESEM, sigma 500, Zeiss, Oberkochen, Germany) and captured images of a
cross-section of the ITO/quartz specimens before and after the annealing process. The
infrared (IR) absorption spectra of the films were measured with a Fourier transform in-
frared (FTIR, Bruker Vertex80v, Ettlingen, Germany) spectrometer. The depth distribution
of elements in the film was analyzed using time-of-flight secondary ion mass spectrometry
(TOF-SIMS, ION-TOF, TOF-SIMS V, Muenster, Germany). The crystal structure of the film
was analyzed by grazing X-ray diffraction (GIXRD, Rigaku, TTRAXIII, Ibaraki, Japan)
spectra using Cu-Kα radiation (λ = 0.154 nm) as the X-ray source. The X-ray incidents
with an angle of 1◦. The surface morphology of the films was observed by FESEM and
atomic force microscopy (AFM, Park, XE7, Suwon, Korea). The roughness (Rq) of the
film surface was obtained by statistical analysis of the AFM data. The cross-section of
the film was prepared by a focused ion beam (FIB, FEI Helios, Hillsboro, OR, USA) and
observed by a high-resolution transmission electron microscope (TEM, FEI Talos F200X,
Hillsboro, OR, USA). The electrical properties were measured by a four-point probe station
(Ossila, T2001A3, Sheffield, UK) and a Hall effect system (Hall, Ecopia, HMS5000, Anyang,
Korea). The transmittance of the specimens was measured by a spectrometer (PerkinElmer
Lambda 850, Waltham, MA, USA). The film transmittance (T) was obtained by deducting
the transmittance of bare quartz glass substrate from that of ITO/quartz specimens. The
film characterization was performed on samples on quartz glass substrate except for the
analyses of SIMS and XPS, which were performed on samples on a silicon substrate.
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3. Results and Discussion

Figure 1 shows the variation of film thickness with annealing temperature. The inset
shows the FESEM images of a cross-section of the specimens for the measurement of film
thickness. The graphs in Figure 1 present seven different specimens separated from the
deposited sample. The discrepancy of the original film thickness should be within 2%. The
thickness of the as-deposited film was 78.2 nm. The film thickness is almost unchanged
after annealing at 300 and 400 ◦C. Then, it modestly decreases after annealed at 500–700 ◦C,
possibly due to the partial reduction of the oxide film by H2. Finally, it dramatically
decreased after annealed at 750 ◦C and totally vanished after annealed at 800 ◦C due to
severe reduction and vaporization of the film. The chemical reaction of the film material
and the ambient gas will be discussed later.

Figure 1. The variation of thickness of ITO film with annealing temperature. The inset shows the
corresponding FESEM images of the specimens for the measurement of film thickness.

Generally, the Sn content and O content in the film are important factors that influence
the number of donor defects such as Sn substitutions and oxygen vacancies, thus leading to
the variation of carrier concentration in the film. Therefore, most research elaborated on the
oxygen sub-stoichiometry states of the ITO film. In previous works, the relative Sn doping
efficiency (reflected by the areal ratio of Sn4+/(Sn4+ + Sn2+) in the Sn 3d XPS peaks) and
the relative oxygen vacancy concentration (reflected by the areal ratio of OV/(OV + OL) in
the O 1s XPS peak) in the HiPIMS-ITO film have been investigated as functions of working
pressure and average power during the film deposition process [31,32]. The same analyses
have been performed on the samples in this work. The results are listed in Table 3 and
compared with previous works of our group. The Sn doping efficiency first decreases
with annealing temperature at 25–500 ◦C, then increases with annealing temperature at
500–750 ◦C. The variation of Sn doping efficiency is in the range of 69.8–75.0% when the
annealing temperature varies from 25 to 800 ◦C. In contrast, in our previous works, the
variations of Sn doping efficiency are in the ranges of 32.6–69.6% and 65.6–82.2%, as the
average power varies in the range of 200–600 W and the working pressure varies in the
range of 5.3–10.0 Pa, respectively. The oxygen vacancy concentration is shown in Table 3
first increases with annealing temperature at 25–500 ◦C, then decreases with annealing
temperature at 500–750 ◦C. The variation of oxygen vacancy concentration is in the range
of 42.0–47.6% when the annealing temperature varies in the range of 25–800 ◦C. In contrast,
in our previous works, the variations of oxygen vacancy concentrations are in the ranges of
39.0–48.1% and 42.1–53.5%, as the average power varies in the range of 200–600 W and the
working pressure varies in the range of 5.3–10.0 Pa, respectively. Therefore, the variations
of Sn doping efficiency and oxygen vacancy concentration with annealing temperature
in this work are much smaller than with average power and working pressure in our
previous work. However, the annealing treatment leads to a much larger variation in the
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carrier concentration (ΔNc = 9.3 × 1020 cm−3, see the results of Hall effect measurement)
compared to the smaller ΔNc = 2.2 × 1020 cm−3 and ΔNc = 5.6 × 1020 cm−3 by varying
average power and working pressure. Although the variations in Sn doping efficiency and
oxygen vacancy defects would influence the carrier concentration in the film, they may not
be the dominant factors. Therefore, we infer that the variation of carrier concentration with
annealing temperature should be primarily attributed to the possible material exchange
between the film and the annealing ambient rather than the Sn doping efficiency or the
slight oxygen sub-stoichiometry state. Therefore, the analysis of the hydrogen-related
defects is of main concern in this work.

Table 3. The Sn doping efficiency and oxygen vacancy concentration at different annealing temperatures.

Temperature (◦C) Sn4+/(Sn4+ + Sn2+) (%) OV/(OV + OL) (%)

25 75.0 45.1
300 73.0 45.6
400 70.2 47.2
500 69.3 47.6
600 70.0 46.5
700 71.9 44.1
750 69.8 42.0

The hydrogen centers in ITO film were studied by FTIR absorption spectra, as shown in
Figure 2. The assignment of the infrared absorption peaks in the FTIR spectra is summarized
in Table 4. The peak located at 3680 cm−1 origins from the vibration of OH species [33]. The
peak at 520 cm−1 is attributed to the vibration of the In-O bond [34,35]. The peak intensity
slightly decreases with increasing annealing temperature at 300–700 ◦C, possibly due to the
removal of weak In-O bonds by annealing. A broad band in the range of 1291–2260 cm−1

was observed for the as-deposited film, which possibly originated from the C, H and H2O-
related impurities in the film. It becomes weaker with increasing annealing temperature at
300–700 ◦C due to the removal of these impurities by annealing. It has been reported in the
case of AZO films deposited by reactive HiPIMS stored in ambient air contain hydroxyl
groups in the bulk of the film, and these groups are released after subsequent annealing in
reducing atmosphere [36]. The film resistivity significantly decreases after this release. In
this case, a similar phenomenon may occur in HiPIMS-ITO films. The water content in the
as-deposited film is quite high and drops after annealing. The release of the adsorbed water
may contribute to the decrease of film resistivity after annealing. However, the intensity
of the broadband becomes stronger and with featured peaks superimposed on it after
annealing at 750 ◦C. The featured peaks should be assigned to the stretching vibration of
Si-H, C-O, H2O and O-H bonds [37–44]. It is speculated that these featured peaks originated
from the adsorbent on the film surface, which is porous and rough, as observed by FESEM.

 

Figure 2. The FTIR spectra for ITO films deposited at different temperatures.
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Table 4. Assignments of the infrared absorption peaks of ITO film.

Wavenumber (cm−1) Assignments

3680 Si-OH
2260, 2020 Si-H
1904, 1802 C-O
1603, 1460 water
1350,832 C-H
1291, 531 C-O

520 In-O

Figure 3a,b shows the SIMS depth profile for the as-deposited and 500 ◦C-annealed
ITO films, respectively. The intensity (in the unit of counts per second, CPS) in the SIMS
spectra reflects the relative concentration of the certain element. The variation of the
concentration of certain elements along the depth direction can be observed in the spectra.
For the as-deposited ITO film, the intensity of H and C at the near-surface of the film is
almost 1.5 orders higher than that in the bulk of the film, suggesting that the H and C
in the as-deposited film are probably uptake from the ambient due to ambient exposure
of the specimens. The Sn element seems to be unevenly distributed along the depth of
the film. For the 500 ◦C-annealed ITO film, the distribution of C is similar to that of the
as-deposited film. However, the C content in the annealed film is smaller than that in the
as-deposited film both at the near film surface and in the bulk of the film. The integral SIMS
intensity of C from 0 to 80 nm for both the as-deposited and annealed film was calculated.
The result shows that the integral intensity of C decreases from 1.7 × 105 CPS·nm/s to
9.1 × 104 CPS·nm/s, suggesting the C related impurity was eliminated after annealing.
This is in accordance with the analysis of FTIR results. However, the intensity of H in the
bulk of the film increases to the level that is close to the near-surface of the film. Meanwhile,
the amount of hydrogen tends to have lowered around 40 nm of etching. This result
suggests that hydrogen redistribution and hydrogen adsorption from the ambient may
occur during the annealing process. To verify the hydrogen adsorption, the integral SIMS
intensity of H from 0–80 nm for both the as-deposited and annealed film was calculated.
The integral intensity of H increases from 4.3 × 105 CPS·nm/s to 5.0 × 105 CPS·nm/s,
indicating that more hydrogen atoms were incorporated into the film. In addition, the
Sn element exhibits a more even distribution along the direction perpendicular to the
substrate. However, the comparison between the concentrations of different elements
cannot be made since the spectra do not give the absolute intensity of the corresponding
elements. Therefore, the hydrogen concentrations in the SIMS spectra are not necessarily
high since the relative intensity does not give the absolute concentrations.

 
(a) 

 
(b) 

Figure 3. The SIMS depth profile for the (a) as-deposited ITO film and (b) 500 ◦C-annealed ITO
film, respectively.
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Figure 4a shows the XRD patterns of ITO films annealed at different temperatures.
The diffraction peaks for the as-deposited film are all identified to be belonging to the
diffraction by (2 1 1), (2 2 2), (4 0 0), (4 3 1), (4 4 0) and (6 2 2) planes of cubic bixbyite In2O3
lattice (JCPDS Card No. 06-0416). The multiple-peak feature of the pattern reveals the
poly-crystal nature of the film with (2 2 2)-planes as the preferentially orientated planes. The
cubic bixbyite crystal phase is stable after annealing at 300–500 ◦C. The full width at half
maximum (FWHM, β) of the (2 2 2) peak decreases with increasing annealing temperature,
as shown in Figure 4b, indicating that the grains grew larger after annealed. The grain size
(D) was calculated according to Scherrer’s formula [45]:

D =
0.94λ
β cos θ

(1)

where λ is the wavelength of the incident X-ray (0.154 nm), and θ is the diffraction position.
The grain size increases with annealing temperature, as shown in Figure 4b. Noticeably, an
emerging peak located at 41.38◦ was observed when the annealing temperature increased
to 600–750 ◦C, which is assigned to the diffraction by In3Sn alloy (JCPDS Card No. 07-0345).
The existence of the In3Sn phase suggests that the oxide films are partially reduced to the
alloy phase after being annealed at such a high temperature. Similarly, In/Sn clusters
have been observed in ITO film after H2 plasma treatment and annealing treatment in H2
containing atmosphere reported by other groups [19,20].

 
(a) 

 
(b) 

Figure 4. (a) XRD patterns of the ITO films annealed at different temperatures. (b) The variation
of full width at half maximum (FWHM, β) of the (2 2 2) peak and corresponding grain size with
annealing temperature.

Figure 5a–g shows the SEM images for the ITO films. The corresponding AFM images
were embedded at the top right corner of the SEM images. The surface roughness of
the film is plotted as a function of annealing temperature in Figure 5h. The surface of
the as-deposited film consists of uniform grains with clear boundaries. However, the
grain boundaries become blurred after annealing at 300 ◦C. Then, they become clear
again when the annealing temperature increases to 400 and 500 ◦C. The blurred grain
boundaries seem to be on a transition stage of molten-to-recrystallization, which exhibits
a surface morphology with seemingly amorphous characteristics. The grain size seems
to slightly increase as the annealing temperature increases from room temperature to
500 ◦C. However, coarse grains were observed when the annealing temperature increased
to higher than 600 ◦C. Voids started to appear at 700 ◦C. Suspected clusters were observed
after annealing at 750 ◦C. The emergence of coarse grains, voids and clusters are likely
to be caused by violent structural evolution such as precipitation of metal particles and
escape of gaseous materials. As a result, the surface roughness generally increases with
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annealing temperature, as shown in Figure 5h. The porous and rough film surface after
being annealed at 750 ◦C is more likely to accommodate adventitious contaminants, which
is in accordance with the analysis of the FTIR spectra.

 
(a) 

 
(b) 
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Figure 5. (a–g) The SEM images for the as-deposited and annealed ITO films (the corresponding
AFM images were embedded at the top right corner of the SEM images). (h) The variation of film
surface roughness with annealing temperature.
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Figure 6a,c shows the TEM images with a magnification of 58 K of as-deposited and
500 ◦C-annealed ITO films, respectively. Both films exhibit columnar crystals. However,
the columnar crystals grew larger after annealing. In addition, a thin amorphous layer
was observed at the film/substrate interface for the as-deposited specimen, whereas it
disappeared after annealed, suggesting that the crystallinity of the film increases after
annealing. Some small lighter-colored regions were observed in the TEM images with a
magnification of 58 K (Figure 6c). Since In3Sn metallic phase was observed in the XRD
patterns for ITO films deposited at ≥600 ◦C, the lighter-colored region is suspected to be
the metallic clusters. Although the XRD peak corresponding to In3Sn metallic phase was
not observed for the film annealed at 500 ◦C, it is possible that the proportion of the metallic
phase is too small to cause distinct diffraction that can be observed by XRD. Therefore,
the observations of TEM and XRD are in accordance with each other. Figure 6b,d show
the high-resolution TEM images with a magnification of 820 K, which exhibit clear grains
corresponding to the (2 2 2), (4 0 0), (2 2 1) and (4 4 0) planes of the cubic bixbyite In2O3
lattice with an interplanar distance of 2.93 Å, 2.53 Å, 4.11 Å and 1.78 Å, respectively.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. The TEM images for (a,b) as-deposited and (c,d) 500 ◦C-annealed ITO film. The magnifica-
tion of the images in (a,c) and (b,d) is 58 K and 820 K, respectively.

Based on the analysis of our experimental data and the information obtained from
the literature, different mechanisms for the effect of hydrogen on the film are proposed to
dominate in three temperature zones. When annealed at a low temperature (300–500 ◦C),
H is incorporated into the film and exists in the forms of interstitials (Hi) and substitutions
(Ho) at the oxygen sites. Hi and Ho have been reported to act as shallow donors in several
oxide semiconductors, including In2O3 and SnO2 [22,23]. However, it has been reported
that Hi in SnO2 is thermally unstable at near room temperature and tends to decay upon
annealing, while Ho in SnO2 is more thermally stable up to ≈500 ◦C [46]. Therefore, it
is predicted that the carrier concentration would increase due to the introduction of Ho
defects by annealing in hydrogen-containing atmosphere. In this temperature range, some
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donor defects can also be introduced by removing oxygen atoms that could be released in
the form of water molecules after combination with hydrogen. However, this seems not to
be the dominant mechanism as the variation of oxygen vacancy concentration is small. In
addition, the release of the adsorbed water after annealing, as indicated by the FTIR results,
may also contribute to the decrease of film resistivity. The film thickness was slightly
reduced due to the creation of oxygen vacancies and the release of the adsorbed water after
annealing. When annealed at an intermediate temperature (500–700 ◦C), the Ho defects
are thermally unstable and expected to decay with annealing temperature. Meanwhile,
some metallic clusters are formed locally in the film (observed by XRD and TEM) due to
the reduction of the oxide film by H2 as expressed by the following reactions:

In2O3−x + H → In + H2O (g) (2)

SnO2−x + H → Sn + H2O (g) (3)

where g denotes the gaseous phase. In this temperature zone, the film thickness modestly
decreases due to the lattice contraction as many vacancy defects exist in the film and the
partial reduction of the oxide. The decrease in oxygen vacancy concentration is possibly
due to the redistribution of oxygen atoms between the metallic cluster region and the
oxide lattice region. Namely, the oxygen vacancies in the oxide lattice region may be
passivated by the oxygen atoms released from the metallic cluster region. However, this
seems not to be the main reason for the decrease in carrier concentration as the variation of
oxygen vacancy concentration is small. When annealed at a high temperature (700–800 ◦C),
the metal oxide film was severely reduced to metallic particles and further reacted with
hydrogen, releasing gaseous hydride as expressed by the following reactions [47,48]:

In + H → InH3 (g) (4)

Sn + H → SnH4 (g) (5)

In this temperature zone, the film thickness would be dramatically decreased until it
totally vanished after being annealed at 800 ◦C.

Figure 7a shows the variation of carrier concentration and mobility of the film with
annealing temperature. The carrier concentration increases with annealing temperature
in the range of 300–500 ◦C before it decreases with annealing temperature in the range
of 500–750 ◦C. Assume that the carrier concentration only depended on the oxygen va-
cancy concentration with a directly proportional relationship, the increments of carrier
concentration would be expected to be 2.8 × 1020 cm−3 and 1.4 × 1020 cm−3 after an-
nealed at 500 ◦C taking the variations of carrier concentration with working pressure
(ΔNc = 1.2 × 1020 cm−3) and average power (ΔNc = 6.0 × 1019 cm−3) as references, respec-
tively. Actually, a much large increment (ΔNc = 8.0 × 1020 cm−3) was observed. Therefore,
the variation of carrier concentration should be primarily ascribed to the creation and decay
of the Ho dopant, although the evolution of carrier concentration is approximately the same
as the evolution of the oxygen vacancy concentration reported in Table 3. The Ho dopant
in ITO film is thermally stable and active in contributing free electrons to the conduction
band at a low temperature of 300–500 ◦C. However, the Ho dopants are thermally unstable
at higher temperatures (>500 ◦C) and tend to decay with increasing annealing tempera-
ture, leading to a decrease in carrier concentration. The mobility of free electrons slightly
decreases after annealed at 300 ◦C, possibly due to the amorphous-like structure of the film
surface. Further, increasing the annealing temperature to 400–700 ◦C leads to an increase in
mobility, which should be ascribed to the increase in grain size and the reduction of grain
boundary scattering. However, The electron mobility sharply decreases after annealed at
750 ◦C. On the one hand, the sharp decrease in mobility should be ascribed to the severe
surface scattering as the film thickness is greatly reduced to 20.6 nm after annealed. On
the other hand, the scattering by increased density of point defects and metallic inclusion
should play a role in decreasing the electron mobility in the film. As a result, the film
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resistivity (ρ) shown in Figure 7b decreases with annealing temperature at 300–700 ◦C, then
dramatically increases after being annealed at 750 ◦C.

 
(a) 

 
(b) 

Figure 7. The variation of (a) carrier concentration (Nc), mobility (μ) and (b) resistivity (ρ) of the film
with annealing temperature.

Figure 8a shows the transmittance (T) spectra for the ITO films annealed at different
temperatures. The films all exhibit a similar high transmittance of >80% in the visible light
range (350–800 nm). The film transmittance sharply decreases at the ultraviolet light range
(300–350 nm) for the as-deposited film, and the films annealed at 300–700 ◦C due to the
band-to-band transition. The film annealed at 750 ◦C is highly transparent due to the very
small thickness (28 nm). The absorbance (α) spectra plotted in Figure 8b were calculated
using the following expression [49]:

α =
1
d

ln
(

1
T

)
z (6)
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(b) 
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(d) 

Figure 8. (a) The transmittance spectra, (b) light absorption coefficient (α) spectra and (c) Tauc’s
plots for the ITO films annealed at different temperatures. (d) The variation of optical band gap with
annealing temperature.
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The absorbance is very weak in the visible light range (350–800 ◦C) for all films and
sharply increases in the shorter light range due to band-to-band transition. The extremely
weak absorption of the ITO film annealed at 750 ◦C should be due to the small film thickness.
The absorption edge in the transmittance and absorbance spectra exhibit a blue shift after
annealing treatment, indicating that the optical band gap changed after annealing. The
optical band gap was obtained from the Tauc plot in Figure 8c according to the following
formula [50]:

(αhv)2 = A
(
hv − Eg

)
(7)

where hv is the energy of incident photons, A is a constant, and Eg is the optical band gap.
Figure 8d shows the variation of the optical band gap with annealing temperature. The
optical band gap increases with annealing temperature at 300–500 ◦C. Then, it decreases
with annealing temperature at 500–750 ◦C. This developing trend seems to be positively
related to that of free carrier concentration, suggesting that the Moss–Burstein effect, which
often arises in heavily doped semiconductors and manifests as widening of optical band
gap by increasing carrier concentration, plays an important role in influencing the optical
band gap. The existence of metallic clusters does not lead to observable deterioration of the
optical properties of the film, although deterioration has been observed in ITO treated by
H2 plasma and annealed in an H2-containing atmosphere reported by other groups [18,20].

Table 5 lists the main results in this study and previous results for HiPIMS-ITO films
and ITO films prepared by other techniques. The annealing processes in the table were
all carried out in hydrogen-containing ambient (with different H2/N2 ratios). For the
as-deposited films prepared by DC magnetron sputtering (DCMS) and RF magnetron
sputtering (RFMS), the resistivity is (3.4–6.2) × 10−4 Ω·cm and the average transmittance in
the visible light range (Ave. T) is 70–90% [21,51,52]. After annealed at 500 ◦C, the resistivity
decreases to (2.2–4.1) × 10−4 Ω·cm and the Ave. T is improved to 86–90%. For the ITO films
prepared by sol-gel method and annealed at 600 ◦C, the resistivity is 4.4 × 10−2 Ω·cm and
the Ave. T is 86% [53]. For the ITO films prepared by e-beam evaporation, the resistivity
is 4.4 × 10−2 Ω·cm and the Ave. T is 32% [54]. These values are significantly improved
to 5.8 × 10−4 Ω·cm and 61% after annealed at 200 ◦C. For the as-deposited HiPIMS-ITO
films, the resistivity is (4.0–6.0) × 10−3 Ω·cm and the Ave. T is 78–82% [16,55,56]. The
resistivity decreases to 6.7 × 10−4 Ω·cm and the Ave. T is almost unchanged after being
annealed at 500 ◦C. Overall speaking, the ITO films prepared by DCMS and RFMS have the
best performance in terms of the electrical and optical properties both at the as-deposited
and annealed states; the ITO films prepared by HiPIMS score the secondary level at the
as-deposited state but achieves similar level to the DCMS and RFMS after annealed; the ITO
films prepared by e-beam evaporation have inferior performance at the as-deposited state,
but the resistivity can be improved to the similar level of the DCMS and RFMS while the
transmittance remains poor after annealed; the ITO films prepared by the sol-gel method
have inferior performance even after annealing. The results of this work fill in the blank of
the annealing data for the HiPIMS-ITO film.

Table 5. Comparison of the results of this study with previous results.

Method
H2/N2 Ratio

(%)

Annealing
Temp. (◦C)

ρ (Ω·cm) Ave. T (%)
Ref.

As-dep. Post-ann. As-dep. Post-ann.

DCMS 50 500 3.4 × 10−4 2.2 × 10−4 88 90 [21]
DCMS 100 500 6.2 × 10−4 2.7 × 10−4 90 92 [51]
RFMS 2 500 6.0 × 10−4 4.1 × 10−4 70 86 [52]
Sol-gel 3.75 600 N.A. 4.4 × 10−2 N.A. 86 [53]

E-beam evaporation 20 200 5.6 × 10−2 5.8 × 10−4 32 61 [54]
HiPIMS N.A. N.A. 4.0 × 10−3 N.A. N.A. N.A. [16]
HiPIMS N.A. N.A. 4.0 × 10−3 N.A. N.A. N.A. [55]
HiPIMS N.A. N.A. 6.0 × 10−3 N.A. 82 N.A. [56]
HiPIMS 5 500 5.6 × 10−3 6.7 × 10−4 78 78 This work

Notes: N.A. is short for not available; Ave. T is short for average transmittance in the visible light range; As-dep.
is short for as-deposited; Post-ann. is short for post-annealed.
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4. Conclusions

ITO films were prepared by an in-line HiPIMS system. Annealing treatment in
hydrogen-containing forming gas can effectively reduce the film resistivity without observ-
able deterioration of the optical properties. The lowest film resistivity of 6.7 × 10−4 Ω·cm
was obtained after annealed at 700 ◦C for 40 min. The hydrogen (H2) plays different roles
in influencing the film properties at different annealing temperatures: (1) hydrogen atoms
substitute the oxygen atoms (Ho), acting as shallow donors that contribute to the increase
of carrier concentration at a low annealing temperature of 300–500 ◦C; (2) the substitu-
tional hydrogen (Ho) is thermally unstable at an intermediate annealing temperature of
500–700 ◦C and decays with increasing annealing temperature, leading to the decrease
of carrier concentration; In addition, metallic clusters are formed by the reduction of H2;
(3) the hydrogen gas reduces the metal oxide severely, producing volatile metal hydride,
leading to a dramatic decrease of the film thickness and finally vanish of the film at a
high annealing temperature of 700–800 ◦C. The substitutional doping of H and the modest
reduction by H2 both lead to the increase of free carrier concentration in the film and the
decrease of film resistivity.
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Abstract: Water pollution and deficient energy are the main challenges for the scientific society
across the world. In this trend, new approaches include designing zinc oxide nanohybrids to be
very active in sunlight. In this line, organic and magnetic species intercalate among the nanolayers
of Al/Zn to build inorganic-magnetic-organic nanohybrid structures. A series of nanolayered and
nanohybrid structures have been prepared through intercalating very fine particles of cobalt iron
oxide nanocomposites and long chains of organic fatty acids such as n-capric acid and stearic acid
inside the nanolayered structures of Al/Zn. By thermal treatment, zinc oxide nanohybrids have
been prepared and used for purifying water from colored pollutants using solar energy. The optical
measurements have shown that the nanohybrid structure of zinc oxide leads to a clear reduction of
band gap energy from 3.30 eV to 2.60 eV to be effective in sunlight. In this line, a complete removal
of the colored pollutants (naphthol green B) was achieved after ten minutes in the presence of zinc
oxide nanohybrid and sunlight. Finally, this new approach for designing photoactive nanohybrids
leads to positive results for facing the energy- and water-related problems through using renewable
and non-polluting energy for purifying water.

Keywords: inorganic-magnetic-organic nanohybrids; zinc oxide nanohybrid; water purification; sunlight

1. Introduction

The current situation of the water and energy in the world became more critical be-
cause of deficient energy and environmental problems. Two major challenges are clear
for the scientific society in the recent years: water pollution and deficient energy. These
international challenges are produced through the rapidly growing population and indus-
tries which led to these energy- and environment-related problems. Many scientists have
used energy to solve the problem of water pollution leading to increasing the problem of
deficient energy. For saving energy, the scientists tried to discover different techniques
dependent on purifying water by renewable and non-polluting energy. One of the most
familiar non-polluting resources for energy is sunlight. Solar energy can produce strong ox-
idizing agents for converting the industrial pollutants to carbon dioxide and water through
exciting active photocatalysts. Most organic dyes such as textile dyes and surfactants
are not easily biodegradable. Therefore, they belong to the colored hazardous pollutants.
Photocatalytic degradation seems as one of the benign solutions for purifying water from
organic dyes using photocatalysts and sunlight [1–3]. For solving these environmental
problems, semiconductor photocatalysts are very familiar in this trend [4–7].

Although titanium oxide was one of the most famous photocatalysts in this field,
their applications were limited because it can mainly absorb UV-light which considers
4% of the solar energy [8–10]. Therefore, zinc oxide is suggested to be an alternative
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photocatalyst to titanium oxide because it has large excitation binding energy of 60 meV,
in addition to a band gap of 3.37 eV. According to the results of Dindar and Icli [11], zinc
oxide was more effective than titanium oxide in sunlight for the degradation of phenol.
Many researchers confirmed this conclusion through comparing between titanium oxide
and zinc oxide semiconductors through the advanced oxidation of wastewater [12,13].
However, low performance of zinc oxide was observed for photocatalytic degradation in
many studies [14–16] because of the high rate of recombination reactions for the excited
electrons and holes of zinc oxide which happened within nanoseconds and the low amount
energy absorbed during the photocatalytic processes. These disadvantages decrease the
importance of photocatalytic degradation processes in the market.

Several techniques have been used for modifying the structure of zinc oxide to solve
its problems through narrowing its band gap energy to be active in sunlight. The for-
mation of nanostructures [17], in combination with carbon nanorods and nanotubes [18],
and introducing surface defects, were good solutions for improving the activity of zinc
oxides. Additionally, for preventing the disadvantages of zinc oxide, doping processes
with transition elements in addition to morphological changes [19] were studied to be
suitable solutions for increasing the performance of zinc oxide for the photocatalytic degra-
dation of pollutants. In this trend, the optical properties and activity of zinc oxide were
developed through the morphological changes from nanoparticles [20] to nanorods [21]. In
addition, the zinc oxides nanotubes [22], and nanowires [23] were suggested to be active
photocatalysts [24].

Many researchers have used transition elements for doping zinc oxide to become
effective photocatalysts [25–29]. Insertion of sulfur inside the structure of ZnO improved
the charges separation through preventing the recombination process between electrons and
holes [30]. The results of Adeel et al. showed high photocatalytic degradation of rhodamine
blue and methylene blue under UV irradiation using ZnO films which were modified by
the addition of Ag and Al [31]. The introduction of nitrogen using micro-emulsion method
increased the optical properties and activity of ZnO nanospheres [32]. In addition, several
studies concluded that the addition of aluminum and iron as dopants inside ZnO structures
converted their transparent thin films to be useful for photocatalytic applications and
solar cells [33–38]. This positive effect of the addition of aluminum inside zinc oxide was
confirmed by our previous research [7]. Thus, the current study concentrates on improving
the photocatalytic performance of ZnO structures through building nanohybrids based
on organic, magnetic, and inorganic species by an unconventional technique. In the
conventional methods [39], multi-steps were used for mixing one or two elements for zinc
oxides. However, the main challenge is to get a homogenous structure of all elements
inside the crystals of ZnO.

The nano-size spinel ferrite nanoparticles CoFe2O4 have recently attracted significant
attention because of their remarkable photocatalytic properties [40–43]. Although much
research has been carried out for studying the photocatalytic performance of cobalt ferrite
nanoparticles, there are no articles for using CoFe2O4 as a filler for zinc oxide structures. Ad-
ditionally, because of the low band gap energy of cobalt iron oxide CoFe2O4 (1.32 eV) [43], it
is considered an excellent dopant and filler for reducing the band gap energy for zinc oxide.

Following this trend, the current study has used a new strategy for building zinc oxide
nanohybrids with reduction in the optical band gap energy to be active in visible light for
purifying water from pollutants. In this strategy, a series of zinc oxide nanohybrids based
on magnetic, inorganic, and organic species were prepared through building inorganic-
magnetic-organic nanohybrids according to the host–guest interaction. The inorganic-
magnetic-organic nanohybrids were formed by intercalation reactions of long chains of
hydrocarbons of n-capric acid and inserting magnetic nanoparticles of cobalt iron oxides
nanocomposites inside the nanolayered structures of zinc and aluminum. Furthermore,
longer chains of organic acid (stearic acid) were used for studying the role and the effect of
organic species. Organic species are used as pillars to widen the interlayered spacing of
the nanolayered structures to allow for the magnetic nanoparticles to be inserted between
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the nanolayers of zinc and aluminum. These nanohybrids were used for producing zinc
oxide nanohybrids by thermal treatment. Zinc oxide nanohybrids were tested for purifying
the water using sunlight through photocatalytic degradation of the colored pollutants. At
the same time, the optical properties and activity of the nanohybrids were studied and
compared with conventional photocatalysts. This strategy depends on a good distribution
of magnetic nanocomposites inside the internal surfaces of the Al/Zn nanolayers in special
arrangements in the nano scale producing nanohybrids based on zinc oxide doped with
multi-oxides, aiming to creating new optical active centers.

2. Materials and Methods

The hetero-structured hybrids such as inorganic-magnetic-organic systems are good
candidates for creating a distinguished photo-activity for ZnO which cannot be achieved
through the usual methods. In order to build inorganic-magnetic-organic nanohybrids
based on zinc oxide, three types of nanomaterials were prepared. The first type was very
fine nanoparticles of cobalt iron oxides nanocomposite, which were used as filler for the
nanohybrids. The second one was nanolayered structures based on Al/Zn LDHs. The
third type depended on the long chains of hydrocarbon of organic fatty acid to expand
and widen the interlayered spacing of the nanolayered structures. This widening and
expansion can facilitate the insertion of magnetic nanoparticles among the nanolayers of
Al/Zn LDHs. To study the important role of organic fatty acid, two different kinds of long
chains of hydrocarbons were used for building the nanohybrid structures.

2.1. Preparation of Nanoparticles of Magnetic Nanocomposites

A solvent thermal technique has been used for preparing very fine nanoparticles of
cobalt iron nanocomposite. Cobalt (II) acetate (0.051 mol) and Iron (II) acetate (0.026 mol)
were reacted with 350 mL of methanol at room temperature for 5 h. A similar amount of
ethanol was added to the mixture. To complete the reaction under super critical conditions
of pressure and temperature, the mixture was placed inside an autoclave. The mixture was
heated by a slow rate of 1 ◦C/min. to reach 260 ◦C under a high pressure of 75 bar. At
this stage, the pressure was slowly released under a flow of nitrogen to avoid oxidation
reactions. At the same time, the temperature of the autoclave decreased to the room
temperature. The fine powder of the product was easily collected.

2.2. Preparation of Nanolayered Structures and Nanohybrids

Two samples of inorganic-magnetic-organic nanohybrids were prepared for designing
nanolayered structure with changing the organic species. The pure nanolayered structure
of Al/Zn LDH was prepared without magnetic or organic species for comparison. Al/Zn
LDH was prepared through mixing aqueous solutions (0.069 M) of aluminum nitrate
with zinc nitrate in presence of 0.5 M of urea. The molar ratio of aluminum to zinc was
1:3. By keeping the temperature of the mixture at 80 ◦C, the nanolayers of LDH were
precipitated during the hydrolysis of urea because the nature of reaction medium were
gradually changed from acidic to alkaline. White precipitate was obtained after 12 h of the
reaction. It was filtrated and washed by distilled water. By drying at room temperature,
the product was collected and coded by ZOA.

The inorganic-magnetic-organic nanohybrid was synthesized by adding 100 mL of the
aqueous solution of 5% n-capric acid sodium salt during building the Al/Zn nanolayered
structure. In addition, 0.5 g of the prepared nanoparticles of cobalt iron oxides nanocompos-
ite was mixed with the aqueous solution (0.069 M) of aluminum nitrate with zinc nitrate in
presence of 0.5 M of urea. By keeping the temperature of the mixture at 80 ◦C, the product
was obtained after 12 h of the reaction. After filtration and washing, the sample was dried
at 25 ◦C in vacuum box. The product was coded as HZ-1.

Another inorganic-magnetic-organic nanohybrid was prepared by the same procedure
by changing the organic compound n-capric acid to be stearic acid, noting that the nanolay-
ers of the Al/Zn LDH were precipitated in presence of 0.5 g of the prepared nanoparticles
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of cobalt iron oxides nanocomposite with the organic species. The product was collected
and coded as HZ-2.

2.3. Preparation of Nanohybridsand Nanocomposite Based on Oxides

The nanolayered structure of Al/Zn LDH was thermally treated at 500 ◦C to pro-
duce a nanocomposite of zinc and aluminum oxides. It was represented by ZOA-500.
By calcination at 500 ◦C, the nanohybrid HZ-1 was converted to be a stable nanohybrid
composed of magnetic and non-magnetic oxides. It was represented as HZ-1-500. The
inorganic-magnetic-organic nanohybrid HZ-2 was transformed to new structure of nanohy-
brid through the thermal treatment at 500 ◦C. It was represented as HZ-2-500.

2.4. Physical Characterization

Nanolayered structures and crystalline structures of the prepared samples were identi-
fied by a Bruker-AXS system with Cu-Ka radiation (Bruker Company, Karlsruhe, Germany)
for X-ray diffraction analysis (XRD). An electrons probe microanalyser JED2300 (JEOLCom-
pany, Tokyo, Japan) was used for detecting the different metals in the products through
energy dispersive X-ray spectroscopy (EDX). For studying the thermal behavior of the
prepared samples, a thermogravimetric analyzer TA series Q500 and TA series Q600 for dif-
ferential scanning calorimetry (DSC) (T-A company, New Castle, PA, USA) were used under
the flow of nitrogen. FTIR spectroscopy was performed by using a Perkin–Elmer Spectrum
400 instrument starting from 425 cm−1 to 4000 cm−1. For determining the morphology and
nanosize of the products, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) JEM 2100F (JEOL Company, Tokyo, Japan) was used with different mag-
nifications. The optical properties were measured for the prepared samples through the
diffuse reflectance technique. UV/VIS/NIR Shimadzu 3600 spectrophotometer (Shimadzu,
Columbia, MD, USA) was used for measuring the absorbance of liquid and solid samples.

2.5. Photocatalytic Activity

Photocatalytic degradation of aqueous solutions of industrial dyes was used for
measuring the photocatalytic activity of the prepared materials for purification of water
in sunlight. The photo activities of the prepared nanomaterials were studied through
photocatalytic reactions of the green dyes such as naphthol green B (NGB) in the sunlight.
In the current research, the low concentration of aqueous solution of NGB (4 × 10−4 M)
was prepared and mixed with 0.1 g of the one of prepared nanomaterial. This sample was
exposed to sunlight through an irradiation area of 10 cm2. According to the Beer-Lambert
law, the intensity of the measured spectrum of the dye can be used for expressing the low
concentration of the dye. Depending on this fact, a small quantity of the green solution
was extracted from the main mixture every few minutes during exposure to sunlight. Then,
the UV-Vis spectrophotometer can determine the concentration through calculating the
intensity of absorbance of the liquid samples at 714 nm, which is the characteristic peak of
NGB. During the spring season (March) in Saudi Arabia, the photocatalysis processes were
carried out in presence of sunlight starting from 10:00 a.m. to 10:20 a.m.

3. Results

3.1. Characterization of the Prepared Filler

Very fine nanoparticles of cobalt iron oxides nanocomposite were prepared and charac-
terized to be suitable for use as a filler and inserted among the nanolayers of the nanolayered
structures. In this trend, X-ray diffraction was used for confirming the structure of the
prepared cobalt iron oxides nanocomposite. Figure 1a shows the X-ray diffraction pattern
of the prepared cobalt iron oxides nanocomposite.
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Figure 1. The prepared cobalt iron oxides nanocomposite (a) X-ray diffraction pattern (the red line is
the standard and the blue line is the sample), (b) TEM image at 50 nm, and (c) TEM image at 10 nm
(Inset: EDX spectrum).

The X-ray diffraction pattern showed weak peaks at 2  = 35.56◦, 41.6◦, and 62.9◦,
agreeing with d-spacings at 0.25 nm, 0.21 nm, and 0.15 nm, respectively. According to the
diffraction lines of JCPDS 79–1744, Figure 1a reveals that the prepared cobalt iron oxides
have a CoFe2O4 structure. Transmission electron microscopy was used for measuring
the nano size of the particles of the prepared cobalt iron oxides. Figure 1b shows strong
aggregates of nanoparticles because of the magnetic behavior of the cobalt iron oxides. By
magnification, very fine nanoparticles are observed in Figure 1c. Figure 1c shows that the
size of the particles of the prepared cobalt iron oxides is less than 5 nm. Energy dispersive
X-ray spectrometry (EDX) analysis confirmed the presence of magnetic elements through
observing two sharp peaks for cobalt and iron, as shown in Figure 1c (inset).

3.2. Design of Inorganic-Magnetic-Organic Nanohybrids

Inorganic-magnetic-organic nanohybrids appear to be very creative because they can
produce unlimited sets of known or unknown properties. In this way, nanohybrids were
designed by a combination of zero-dimensional nanoparticles of magnetic nanocompos-
ite and two-dimensional nanolayered structures, in addition to long chains of organic
acid. This combination was achieved in an order arrangement through building Al/Zn
nanolayered structures which have cationic nanolayers. In the presence of n-capric acid
(CH3(CH2)8COO−), the long chains of the aliphatic acid were intercalated among the
nanolayers for neutralizing their positive charges. At the same time, the long chains of
hydrocarbons of organic compounds were working as pillars for building the nanolayered
structures. In addition, these pillars expanded and widened the interlayered spacing among
the nanolayers to produce enough space for existing magnetic nanoparticles of cobalt iron
oxides nanocomposite. To indicate the positive role of organic species for designing this
nanohybrid, a pure Al/Zn nanolayered structure was prepared for comparison. In addition,
the Al/Zn nanolayered structure was modified by the nanoparticles of cobalt iron oxides
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nanocomposite with longer chains of hydrocarbon of stearic acid to study the effect of the
organic species. The X-ray diffraction patterns of the prepared nanolayered structures and
nanohybrids are displayed in Figure 2.

Figure 2. X-ray diffraction patterns of: (a) the pure Al/Zn nanolayered structure, (b) the nanohybrid
HZ-1, and (c) the nanohybrid HZ-2.

Figure 2a shows the x-ray diffraction pattern of the pure Al/Zn nanolayered structure.
Sharp and symmetric peaks were observed at 2  = 11.62◦, 23.36◦, and 34.54◦, aligning with
the d-spacing of 0.76 nm, 0.38 nm, and 0.26 nm, respectively. These peaks are due to the
reflections of the main planes (003), (006), and (009). The clear arrangement between these
reflections (0.76 nm = 2 × 0.38 nm = 3 × 0.26 nm) confirmed formation of the nanolayered
structures of the natural hydrotalcite (JCPDS file No. 37–629) and zinc aluminum carbonate
hydroxide hydrate (JCPDS file No. 38–486). The other reflections of the planes (012), (015),
(110), and (113) of the nanolayered structures of the natural hydrotalcite were observed
at 2  = 39.16◦, 46.56◦, 60.05◦, and 61.44◦ and matched with the d-spacing of 0.23 nm,
0.19 nm, 0.17 nm, 153, and 0.150 nm, respectively. The crystal parameters (a, c) could be
calculated depending on the d-spacing of the planes (003) and (110), respectively. The first
parameter was 2 × d(110) = 0.306 nm. It means that the average distance between Zn-cation
and Al-cation is 0.306 nm, agreeing with the previous published data of zinc aluminum
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carbonate hydroxide hydrate (JCPDS file No. 38–486). The second parameter was assessed
by 3 × d(003) = 2.28 nm. It was similar to that reported for the natural hydrotalcite.

By intercalating the long chains of hydrocarbons of n-capric acid (CH3(CH2)8COO−)
with the Al/Zn nanolayered structures in presence of the nanoparticles of cobalt iron oxides
nanocomposite, inorganic-magnetic-organic nanohybrid HZ-1 was formed through a host–
guest interaction. The X-ray diffraction pattern of HZ-1, which is displayed in Figure 2b,
shows new peaks at low 2  in addition to the disappearance of the original peaks of the
nanolayered structure of LDH, noting that the peaks of the nanoparticles of magnetic
nanocomposite were observed as weak peaks at 2  = 35.56◦, 41.6◦, and 62.9◦. A sharp
peak was observed at 2.2 nm indicating that the interlayered spacing of the nanolayered
structure expanded and widened from 0.755 nm to 2.20 nm. This spacing could allow for the
nanoparticles of cobalt iron oxides to intercalate among the nanolayers of the nanolayered
structure because the peaks of cobalt iron oxides were not clear in Figure 2b. The crystal
parameter (a), which depends on the reflection of the plane (110), has a little shift. At the
same time, a large change was observed for the parameter (c) from 2.280 nm to 6.60 nm. It
means that the nanohybrid HZ-1 consists of nanolayered structures having organic species
and magnetic nanoparticles.

With intercalating longer chains of organic compounds, stearic acid (CH3(CH2)16COO−)
and the nanoparticles of cobalt iron oxides nanocomposite inside the pure Al/Zn nanolay-
ered structures, HZ-2 was formed to build another inorganic-magnetic-organic nanohybrid.
Figure 2c shows the main peaks of the Al/Zn LDH in addition to appearing as new peaks
after building the nanohybrid HZ-2. The new peaks of the nanohybrid HZ-2 were observed
at 1.6 nm and 1.4 nm, as seen in Figure 2c (inset). It indicated that the interlayered spacing
of the nanolayered structure expanded and widened from 0.755 nm to become higher. This
expansion could allow for the nanoparticles of cobalt iron oxides to intercalate among the
nanolayers of the nanolayered structure because the characteristic peak of cobalt iron oxides
overlaps with the peak of nanolayered structure at 2  = 35.56◦, as shown in Figure 3c.
It means that the nanohybrid HZ-2 consists of nanolayered structures that have organic
species and magnetic nanoparticles.

This finding was confirmed by transmission electron microscopy (TEM) and energy
dispersive X-ray spectrometry (EDX). TEM images of the nanohybrid HZ-1 are displayed
in Figure 3. Figure 3a shows that the nanohybrid HZ-2 has nanoplatelets with a size
of less than 50 nm. Furthermore, very fine nanoparticles, which are marked by arrows,
were observed in Figure 3c,d, representing the magnetic nanoparticles cobalt iron oxides.
Through magnification, Figure 3c confirmed the presence of the magnetic nanoparticles
among the nanolayers of nanohybrid. In addition, Figure 3d shows one particle started to
intercalate with the nanolayered structure. By EDX analysis, the different elements were
identified in the nanohybrid HZ-2, as shown in Figure 3e. Figure 3e shows sharp peaks for
the non-magnetic elements zinc and aluminum. In addition, the magnetic elements cobalt
and iron were observed by weak peaks.

In order to identify the function groups of the nanohybrids HZ-1 and HZ-2, the
infrared spectra (FT-IR) was used and is displayed in Figure 4. For the nanohybrid HZ-1,
the absorption band was observed at 3434 cm−1, indicating the stretching mode of hydroxyl
groups as seen in Figure 5a. The presence of long chains of hydrocarbon of n-capric acid
was clear in the IR spectrum because the stretch absorption of carbon–hydrogen was
observed by sharp peaks at 2924 cm−1 and 2953 cm−1. In addition, the bending mode of
the carbon–hydrogen was clear through an observing band at 1468 cm−1. The symmetric
stretching vibration of carboxylate, which belonged to the aliphatic acid, was observed
at 1554 cm−1. Furthermore, the absorption at 1411 cm−1 is assigned to the asymmetric
stretching vibration of carboxylate. The bands observed below 1000 cm−1 could be ascribed
to Zn-O and Al-O.

228



Nanomaterials 2022, 12, 2005

Figure 3. TEM images of the nanohybrid HZ-1: (a) at 100 nm, (b,c) at 20 nm, (d) at 5 nm (the yellow
arrows are due to the intercalated nanoparticles), and (e) EDX spectrum.
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Figure 4. FT-IR spectra of: (a) the nanohybrid HZ-1 and (b) the nanohybrid HZ-2.

Figure 5. Thermal analyses of: (a) DSC curve of HZ-1, (b) DSC curve of HZ-2, (c) TG curve of HZ-1,
and (d) TG curve of HZ-2.

For the nanohybrid HZ-2, Figure 4b confirms the formation of inorganic-magnetic-
organic nanohybrid through observing the main bands of stearic acid. The presence of
long chains of hydrocarbon was confirmed by observing sharp peaks at 2922 cm−1 and
2849 cm−1, indicating the stretch absorption of carbon–hydrogen. Additionally, the bending
mode of the carbon–hydrogen was clear through observing the band at 1466 cm−1. The
symmetric stretching vibration of carboxylate, which belonged to the aliphatic acid, was
observed at 1589 cm−1. Furthermore, the absorption at 1397 cm−1 is assigned to the
asymmetric stretching vibration of carboxylate. In addition, the absorption band of the
hydroxyl groups of the nanolayered structure was observed at 3467 cm−1. In the same
trend, the presence of different kinds of hydroxyl groups were confirmed by observing
another band for hydroxyl groups at 3694 cm−1. It indicated that the presence of the
nanoparticles of cobalt iron oxides among the nanolayers affect the vibrational mode of
hydroxyl groups. It means that the confinement of the nanoparticles of CoFe2O4 among
the nanolayers affect the hydroxyl groups which are closer to these nanoparticles.

The thermal gravimetric analysis and differential scanning calorimetry (TGA-DSC
curves) were used to study the thermal behavior of the prepared nanohybrids. Figure 5
indicates that the thermal decomposition of both HZ-1 and HZ-2 can give information
for the nature of the interlayer species inside the nanohybrids. The DSC curve of the
nanohybrid HZ-1 shows two series of peaks, as shown in Figure 5a. The first series is
endothermic peaks at 92 ◦C and 171 ◦C, which are ascribed to the removal of the surface
and interlayered water. The second series is exothermic peaks at 250 ◦C, 419 ◦C, and 552 ◦C,
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representing the oxidation reactions of the chains of hydrocarbon of n-capric acid. From
the TG curve (Figure 5c), the weight loss of 18%, which happened up to 222 ◦C, represents
the internal content of water inside the nanohybrid HZ-1. In the same way, the weight loss
of 36%, which occurred up to 460 ◦C, is due to the internal content of organic species inside
the nanohybrid HZ-1. The DSC curve of the nanohybrid NHA-2 is similar to that of the
nanohybrid HZ-2, as seen in Figure 5b. Figure 5b shows endothermic and exothermic peaks,
indicating the removal of water and oxidation reactions of the long chains of hydrocarbon
of stearic acid. In the same way, similar behavior was observed for the TG curve of HZ-2, as
shown in Figure 5d. The thermal analyses results confirmed formation of the nanohybrids
HZ-1 and HZ-2.

3.3. Design of Nanohybrids Based on Oxides

The main reason for designing nanohybrids with organic and inorganic species is
directed to produce stable and effective zinc oxides nanohybrids and nanocomposites with
distinguished properties. Therefore, the prepared nanohybrids were thermally treated at
500 ◦C to remove unstable species and create new active sites.

X-ray diffraction has been used to identify the produced structures from the calcination
of the nanohybrids. Figure 6 shows X-ray diffraction patterns of ZOA-500, HZ-1-500, and
HZ-2-500. The XRD pattern of ZOA-500 exhibited new weak peaks at 2  = 32.01◦, 34.32◦,
36.49◦, 47.71◦, 7.05◦, and 62.81◦, in addition to disappearance of the original peaks of the
nanolayered structures, as shown in Figure 6a. By comparing the diffraction lines of the
zinc oxide crystal (JCPDS No. 36-1451) and the standard entire diffraction pattern of zincite
phase (JCPDS No. 75-576), ZOA-500 has a similar structure for zinc oxide. However, the
broad and diffuse peaks of ZOA-500 indicated that the structure of ZOA-500 is not pure
because of the presence of the amorphous structure of aluminum oxide inside the zincite
phase. In case of the nanohybrid HZ-1-500, Figure 6b shows clear and sharp peaks at
0.28 nm, 0.26 nm, and 0.24 nm, indicating a crystalline structure. Furthermore, weak peaks
were observed at 0.19 nm, 0.16 nm, 0.15 nm, and 0.14 nm. These diffraction lines agree with
the peaks of the zinc oxide crystal (JCPDS No. 36-1451) and the standard entire diffraction
pattern of the zincite phase (JCPDS No. 75-576). In addition, a weak peak was observed
at 0.30 nm and marked with (*) in Figure 6b. At the same time, Figure 6b reveals that the
characteristic peak of cobalt iron oxides is observed at 0.25 nm and overlaps with the peak
of zinc oxide at 0.24 nm.

For the nanohybrid HZ-2-500, Figure 6c shows that the characteristic peaks of zinc
oxide were observed at 0.28 nm, 0.26 nm, and 0.24 nm, agreeing with the crystalline
structure of the sample HZ-1-500. This similarity was confirmed by observing weak peaks
at 0.19 nm, 0.16 nm, 0.15 nm, and 0.14 nm. These diffraction lines agree with the peaks of the
zinc oxide crystal (JCPDS No. 36-1451) and the standard entire diffraction pattern of zincite
phase (JCPDS No. 75-576). At the same time, Figure 6c revealed that the characteristic
peak of cobalt iron oxides at 0.25 nm were not clear in the sample NH-2-500. These XRD
results can conclude that both HZ-1-500 and HZ-2-500 have a zincite phase doping with
aluminum and cobalt iron oxides.

To confirm the presence of magnetic elements inside the ZnO crystals, the chemical
composition of HZ-1-500 was measured through scanning electron microscopy (SEM)
and energy dispersive X-ray spectrometry (EDX). SEM images showed that HZ-1-500
has one phase, as shown in Figure 7a. In addition, SEM image indicated that this phase
consisted of nanoparticles. The chemical composition of this phase was determined by the
EDX equipment, which is attached to SEM. The EDX spectrum confirmed the presence of
magnetic elements Co and Fe. Furthermore, Figure 7b shows that the atomic percentages
of cobalt and iron in the nanoparticles of HZ-1-500 are 1.24% and 0.96%; respectively. In
addition, the atomic percentage of aluminum was 18.64%. At the same time, Figure 7b
revealed that the highest percentage is due to zinc. It means that HZ-1-500 is composed of
zinc oxide doping with Al, Co, and Fe.
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Figure 6. X-ray diffraction patterns of: (a) ZOA-500, (b) HZ-1-500 (the * is due to cobalt iron oxides),
and (c) HZ-2-500.

Figure 7. Images and spectrum of HZ-1-500: (a) SEM and (b) EDX with chemical composition.

TEM images of HZ-2-500 confirmed this finding, as shown in Figure 8. Clear nanopar-
ticles were observed for HZ-1-500, as seen in Figure 8a. It indicated that the width of
HZ-1-500 is 20 nm. Additionally, very fine white spots were observed and marked by the
arrow on the surface of the nanoparticles. These spots represent the cobalt iron oxides
nanocomposites. These white spots became clearer by magnification, as seen in Figure 8b.
Figure 8b shows the combination between the zinc oxide particles with the particles of
cobalt iron oxides. Energy dispersive X-ray spectrometry (EDX) analysis of HZ-1-500 con-
firmed the presence of magnetic elements through observing two weak peaks for cobalt and
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iron, as seen in Figure 8c. Furthermore, inorganic elements (zinc, aluminum and oxygen)
were also observed by sharp peaks in Figure 8c.

Figure 8. TEM images and EDX of HZ-1-500: (a) 20 nm, (b) 2 nm, and (c) EDX spectrum.

According to the results of XRD and the images of TEM in addition to SEM-EDX
analysis, the zinc oxide nanohybrids were produced from the thermal decomposition of
the inorganic-magnetic-organic nanohybrid, as shown in Figure 9.

Figure 9. Schematic representation of zinc oxide nanohybrids based on inorganic-magnetic-organic
nanohybrids.

Figure 9 shows a schematic representation for transforming the inorganic-magnetic-
organic nanohybrid to zinc oxides nanohybrids. It indicates that the presence of the
magnetic nanoparticles of cobalt iron oxides nanocomposite among the nanolayers of
Al/Zn gave a good chance for incorporation of cobalt iron oxides nanocomposite with the
nanoparticles of the Al-doped ZnO, which was produced during the thermal decomposition
of organic species. This combination, which happened during the crystallization process
of zinc oxide, created new optical active sites for HZ-1-500. According to the similarity
between the results of XRD, FIIR, and thermal analyses of both nanohybrids HZ-1 and
HZ-2, a similar process happened to produce HZ-2-500.
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3.4. Optical Properties

Zinc oxide is familiar for the researchers in the field of optical application as one of the
most famous photo-active materials. However, its optical applications are concentrated
in the UV-region. Therefore, many studies were published in literature for developing
the structure and the morphology of zinc oxide to advance its optical behavior through
increasing the range of its absorbance and decreasing its band gap energy

In this way, the optical absorbance and the band gap energy of the prepared nanohy-
brids were studied and compared by using the UV-Vis absorption technique which con-
siders one of the main means for giving significant details about their optical properties.
Figure 10 shows the UV-Vis absorbance of ZOA-500, HZ-1-500, and HZ-2-500 in addition
to their band gap energy. Figure 10a indicates that ZOA-500 is active in the UV region
because it has absorption in the range of wavelengths of 200–350 nm. At the same time,
there is no absorption in the visible region above 400 nm. By modifying the structure of
ZOA-500 through building nanohybrid with magnetic nanocomposites and n-capric acid,
the optical properties of HZ-1-500 improved, as shown in Figure 10b. A new absorbance
band was observed in the visible region at 630 nm. At the same time, the absorbance edge
shifted to higher wavelength at 700 nm. This positive effect was also observed for HZ-2-500,
as shown in Figure 10c. Figure 10c shows clear absorbance for HZ-2-500, starting from
700 nm to 200 nm with two maxima at 600 nm and 350 nm. It means that the intercalation
of magnetic nanoparticles inside the interlayered space of the nanohybrid led to good and
ordered dispersion inside the structure of zinc oxide, in addition to creating new optical
active centers for ZnO after calcination.

Figure 10. UV-Vis absorbance of: (a) ZOA-500, (b) HZ-1-500, (c) HZ-2-500, and band gap energy of
(d) ZOA-500, (e) HZ-1-500, and (f) HZ-2-500.

These results were confirmed by calculating their optical band gap energies. The band
gap energy was determined through plotting the relation (αhν)2 against energy (hν), as
seen in Figure 10d–f. The band gap energy Eg of ZOA was calculated by drawing the
tangent to the axis of energy to determine the optical band gap energy at (αhν)2 of 0. It
showed 3.10 eV indicating a little shift from the band gap of pure ZnO because of the
doping of aluminum inside the zinc oxide structure [7]. In the case of HZ-1-500, a large
change was observed for the band gap energy because Figure 10e shows 2.60 eV. This
strong effect of the nanohybrid structure was also observed for HZ-2-500 as shown in
Figure 10f. Figure 10f revealed the narrowing of the band gap energy for HZ-2-500 to be
2.79 eV. The comparison with the pure zinc oxide showed strong narrowing for band gap
energy because the reduction was from 3.30 eV to 2.60 and 2.79 eV for both the nanohybrids,
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indicating that the inorganic–magnetic-organic nanohybrids have a strong positive effect
on the optical properties of zinc oxide.

3.5. Optical Activity

It is known that the improvement of the optical properties of the products of zinc
oxides leads to positive effects for their photo activities. In order to indicate these positive
effects, the prepared products have been used as photocatalysts to be appropriate means
for increasing the photocatalytic activity of zinc oxide to decompose and remove pollutants
by sunlight in short time. In this way, the green dye of naphthol green B was used to be
specimen for industrial pollutants. The photo activities of zinc oxides (doped or undoped),
and their products based on the nanohybrids structure were studied through photocatalytic
degradation of naphthol green B. By measuring the absorbance of the liquid portion after
exposure of the green solution of dyes to the sunlight for few minutes in the presence of the
one of the prepared photocatalyst, the degradation of the main structure of the pollutant
was observed through decreasing the intensity of the absorbance band at a wavelength
of 714 nm, as seen in Figure 11a,b. At the same time, the reduction of the intensity of the
absorption peaks at 322 nm, 280 nm, and 230 nm indicated the degradation of the naphthyl
rings in the dye.

Figure 11. Photocatalytic degradation of naphthol green B in sunlight by: (a) HZ-1-500 and
(b) HZ-2-500.

This blank experiment, which was performed without a photocatalyst, indicated the
high stability of naphthol green B in sunlight. The photocatalytic degradation of the green
dye was studied as a function of the time of sunlight exposure in the presence of the
photocatalyst, as seen in Figure 11. When the aqueous solution of naphthol green B was
mixed with the photocatalyst for 10 min in the dark, an appropriate change was observed,
indicating that these photocatalysts have low adsorption power. For reference, it was used
as 0 min irradiation.

Figure 11a showed the photo catalytic degradation of NGB under sunlight in the
presence of HZ-1-500. By increasing the irradiation time, the photocatalytic degradation
of naphthol green B increased. After 10 min of sunlight exposure, the green color was
completely removed, indicating high activity for HZ-1-500. In the case of using HZ-2-500,
the activity became lower, as shown in Figure 11b. The photocatalytic degradation of
naphthol green B was arrived to 78% after 10 min of sunlight irradiation time. It means
that the nanohybrid HZ-2-00 needs more than 10 min to completely remove the colored
pollutant. It means that the nanohybrid HZ-1-500 is active and effective in sunlight because
it completely destroyed the green dye at shorter time.

The high performance of the zinc oxide nanohybrids HZ-1-500 and HZ-2-500 was
clear after comparison with the ZOA-500 and the pure zinc oxide. Where the complete
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removal of the green dye happened after 360 min of solar energy in presence of ZOA-500,
in the case of the pure zinc oxide, the complete removal of the green dyes was achieved
after 840 min of sunlight irradiation time. It means that the zinc oxide nanohybrids became
very active in sunlight. In order to indicate the effect of the organic species on the optical
activity, the kinetics of photocatalytic decolorization and degradation of naphthol green B
were studied for both HZ-1-500 and HZ-2-500 through the next relation:

ln([Co]/[C]) = k × t (1)

The concentration of naphthol green B at certain times is coded as [C]. In the case of
[Co], it represents the concentration of naphthol green B at t = 0. The rate reaction constant
is k. To determine kinetically the type of reactions, ln([Co]/[C] was plotted in Y-axis against
the irradiation time in minutes on the X-axis.

Figure 12 shows a straight line indicating pseudo-first-order reactions for the reactions
of photocatalytic degradation and decolorization of naphthol green B in the case of using
both HZ-1-500 and HZ-2-500.

Figure 12. Kinetics study of the photocatalytic degradation of naphthol green B in sunlight by:
(a) HZ-1-500 and (b) HZ-2-500.

Figure 12b shows that the photo activity of HZ-2-500 led to the rate reaction constant
of the photocatalytic degradation of naphthol green B in 0.143 min−1. By using HZ-1-500,
Figure 12a indicates that the rate reaction constant increased to 0.294 min−1. The kinetics
study concluded that the rate of photocatalytic degradation of naphthol green B in the
presence of HZ-1-500 increased to be higher than that of HZ-2-500. It means that the low
band gap of HZ-1-500 accelerated the photocatalytic degradation of naphthol green B.
In addition, the zinc oxide nanohybrid, which was based on pure nanohybrid HZ-1 is
better than the zinc oxide nanohybrid, which was produced from mixed phases between
nanohybrid and nanolayered LDH.

3.6. Discussion

The fast photocatalytic degradation of the green dyes in sunlight showed the excel-
lent activity of the prepared zinc oxide nanohybrid HZ-1-500 which was produced from
inorganic-magnetic-organic nanohybrids. The high performance of HZ-1-500 can be ex-
plained through the novel approach for building the nanohybrid structure of HZ-1-500. The
intercalation of the fine nanoparticles of CoFe2O4 nanocomposite among the nanolayers
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of Al/Zn created a good chance for incorporation of this nanocomposite with zinc oxide
structures during the crystallization process. Therefore, HZ-1-500 has a good crystalline
structure for zinc oxide and there are no peaks for aluminum or cobalt iron oxides. This
good incorporation of CoFe2O4 nanocomposite with the crystals of zinc oxide partially
failed for the sample HZ-2-500 because XRD results showed two mixed phases: nanolay-
ered structure and nanohybrid. It means that the nanoparticles of CoFe2O4 nanocomposite
could intercalate among the nanolayers of Al/Zn for part of the nanohybrid and support
on the external surface of the plates of the nanolayered structure of Al/Zn. The good
incorporation of CoFe2O4 nanocomposite with the crystals of zinc oxide which doped with
aluminum created new optical active centers inside zinc oxide nanohybrid HZ-1-500 and
caused reduction for its band gap energy to be very effective in sunlight because of the
low band gap energy of CoFe2O4 (1.32 eV) [43]. At the same time, some sites of Zn in zinc
oxide are occupied by CoFe2O4 atoms, producing new optical active centers called shallow
traps between the valance band and conduction band, leading to decreasing for the band
gap energy [1,44].

This low band gap energy and the small size of the nanoparticles of the zinc oxide
nanohybrid HZ-1-500 have a strong effect on the mechanism of the photocatalytic degrada-
tion process of the green dyes. The mechanism of the photocatalytic degradation process is
controlled by two critical reactions.

Photocatalyst + hν → h+(valance band) + e−(conduction band) (2)

Holes (h+) + H2O → H+ + •OH (free radicals) (3)

Electrons (e-) + O2 → •O2
− (4)

The first one depends on the amount of energy which was absorbed by the photocat-
alyst as seen in the Reaction (2). The second reaction is the movement and separation of
light-induced electrons-holes, as shown in the Reactions (3) and (4). The photo-generated
holes, which produced in the conduction band, react with the water molecules to produce
highly oxidizing agents free radicals of hydroxyl groups (•OH). At the same time, the
photo-generated electrons attack the oxygen molecules, which are adsorbed on the surface
of the photocatalyst or dissolved in water to produce strong oxidizing agents superoxide
radical anion (•O2

−).
In the presence of green dyes, the molecules of NGB adsorbed on the surface of the

nanoparticles of zinc oxide nanohybrid. The HZ-1-500 accelerated the first reaction in
sunlight to become excited because it has absorbance from the wavelength 700 nm to
200 nm, in addition to low band gap energy as shown in the following Reaction (5).

HZ-NGB* (sunlight) → HZ + NGB+ intermediates + electrons (e−) (5)

Electrons (e−) + O2 → •O2
− (6)

NGB+ intermediates + •O2
− → Degradation compounds + CO2 + H2O (7)

The band gap of HZ-1-500 is not very small to accelerate the recombination reactions
in addition to the shallow traps which help for separating between electrons and holes.
Therefore, the degradation reaction continues as shown in Equations (6) and (7). By this
way, the colored pollutants disappeared after ten minutes of sunlight exposure. For testing
the re-use of the optimum sample, the photocatalytic degradation of HZ-1-500 was repeated
two times for the fresh sample of the green dye. The same results were observed after
10 min of sunlight exposure, indicating high recyclability of the photocatalyst.
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4. Conclusions

In the present study, a dual-aim was achieved for designing zinc oxide nanohybrids to
be useful and effective for purifying water in sunlight. This aim focused on a new approach
for building inorganic-magnetic-organic nanohybrids and producing effective zinc oxide
nanohybrids in sunlight. In this line, two nanohybrids were prepared through expanding
the nanolayered structures of Al/Zn by intercalating long chains of hydrocarbons of fatty
acids such as n-capric and stearic acid to facilitate the insertion of very fine nanoparticles of
cobalt iron oxides among the nanolayers of Al/Zn. The characterization techniques showed
that the prepared inorganic-magnetic-organic nanohybrids were useful for producing zinc
oxide nanohybrids by thermal treatment. By measuring the optical properties, a clear
reduction of band gap energy was observed for the prepared zinc oxide nanohybrids
compared with the doped and undoped zinc oxide. This reduction of band gap energy
from 3.20 eV to 2.60 eV led to high activity for the prepared zinc oxide nanohybrids
in sunlight.

This high activity was proven by a complete removal of naphthol green B after 10 min
of sunlight exposure in presence of the prepared zinc oxide nanohybrids. These results
were confirmed by the comparison with the pure and doped zinc oxide which indicated
that the pure and doped zinc oxide removed the green dyes after 360–840 min of sunlight
exposure. Furthermore, the kinetic study showed that the zinc oxide nanohybrid, which
was based on the pure nanohybrid, is better than the zinc oxide nanohybrid, which was
produced from mixed phases between the nanohybrid and nanolayered LDH. Finally, it
can be concluded that this new approach for designing photoactive nanohybrids led to
positive tools for facing energy- and water-related problems through using renewable and
non-polluting energy for purifying water.
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Abstract: Bed collapse experiments provide vital information about fluidized bed hydrodynamics.
In this study, the region-wise bed collapse dynamics of glass beads, titania (TiO2), and hydrophilic
nanosilica (SiO2) particles with widely different voidages (ε) of 0.38, 0.80, and 0.98, respectively, were
carefully investigated. These particles belonged to different Geldart groups and exhibited varied
hysteresis phenomena and fluidization indices. The local collapse dynamics in the lower, lower-
middle, upper-middle, and upper regions were carefully monitored in addition to the distributor
pressure drop to obtain greater insight into the deaeration behavior of the bed. While the collapse
dynamics of glass beads revealed high bed homogeneity, the upper middle region controlled the
collapse process in the case of titania due to the size-based segregation along the bed height. The
segregation behavior was very strong for nanosilica, with the slow settling fine agglomerates in the
upper bed regions controlling its collapse dynamics. The collapse time of the upper region was
25 times slower than that of the lower region containing mainly large agglomerates. The spectral
analysis confirmed the trend that was observed in the pressure transients. The clear presence of high
frequency events at 20 and 40 Hz was observed in the nanosilica due to agglomerate movements.
The residual air exiting the plenum was strongly affected by the bed voidage, being lowest for the
nanosilica and highest for the glass beads.

Keywords: fluidization; collapse bed; hydrodynamics; bed voidage; purge flow; nanosilica

1. Introduction

Fluidized beds are often preferred over packed beds due to their superior gas–solid
contact, higher mass and heat transfer rates, and efficient gas–solid handling and mix-
ing [1–6]. However, the fluidization of ultrafine and fine powders belonging to Geldart
group C is difficult due to strong inter-particle forces (IPFs), which lead to severe bed
non-homogeneities and poor interphase phase mixing [7–16]. The fluidization of ultrafine
nanoparticles can either display agglomerate particulate fluidization (APF) or agglomerate
bubbling fluidization (ABF) owing to the large agglomerate formation as a result of the IPFs.
Whereas a high minimum fluidization velocity and a low bed expansion are observed in
ABF, uniform particulate fluidization is the main characteristic of APF [2,17–23]. Moreover,
the fluidization of ultrafine powders often exhibits the size segregation of agglomerates
along the length of the bed. For example, in one case, the ABF behavior of nanosilica
led to size-based stratification along the bed height such that agglomerates present in the
lower bed region were five to ten times larger than those present in the upper layer [24]. In
some cases, agglomerates as large as 2000 μm were found in the lower layer, which were
almost ten times larger than those in the upper layer [3]. In view of these challenges, an
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efficient design and the successful large-scale operation of fluidized beds require a detailed
understanding of their hydrodynamics.

An important tool for analyzing the fluidized bed hydrodynamics is the collapse bed
study, which can provide meaningful insight into the bed’s dynamic behavior. The fluid
flow is instantly stopped in a steady fluidized bed, and the solid particles are allowed
free fall under gravity, until the bed attains complete rest [22,25–30]. During the first
phase of the collapse process, the residual air escapes as bubbles followed by the free fall
of the particles. As the particles settle, a stationary layer develops at the bottom, and a
dense phase, with moving particles, simultaneously sediments at the top of the layer. The
interface of the stationary layer appears to move upwards, while the upper meniscus of the
dense phase moves downwards until both coincide to a single surface, thereby marking
the end of the collapse process. The pressure gradient gradually reaches zero as the bed
attains complete rest [25,31]. The collapse phases are controlled by the IPFs, drag force, and
gravitational force, which makes the collapse process an important tool for identifying the
dominant forces in the bed.

By monitoring the local pressure drop transients, Asif and Ali [22] noted the occurrence
of three prominent events characterizing three different phases of the collapse process.
In the first phase, the bed fell rapidly until the pressure transient became zero. With the
negative drag increasing with the downward fall of the particles, the pressure drop kept on
decreasing, ultimately reaching a maximum negative value marked as the occurrence of the
second event. The pressure drop then gradually increased again to a zero value, marking
the third event and signaling the end of the collapse process. The bed height declined
rapidly in the first phase, while slow solid particle settling occurred in the second phase.
The bed height remained stationary in the third phase. The authors compared the time
periods of all the phases by varying the initial fluid velocity and found that the total bed
settling time did not depend upon the initial superficial velocity. A mathematical model of
the bed collapse, proposed Nie and Liu [25], which successfully predicted the height of the
interfaces and the pressure drop at different locations along the height of the bed, was used
to predict the agglomerate diameter in a collapsing bed of nanosilica [32]. Another work
used collapse bed experiments to study the effect of pre-mixing the nanosilica with inert
Geldart group A particles as an aid for enhancing the fluidization quality [28].

The deaeration of the residual air during the collapse process critically governs the
collapse process. The residual air moves upward during a bed collapse in a conventional
fluidized bed [22,28,29,31,33]. However, other deaeration strategies have also been sug-
gested in the literature [24,26,34,35]. Santos et al. [36] added a vent below the fluidized
bed, which was active only during the collapse process, and termed this configuration as a
double drainage arrangement. Both single (conventional) and double drainage configura-
tions were used with FCC catalysts by the authors. The duration of the bed collapse was
substantially lower for the double drainage configuration compared to that of the single
drainage deaeration. Owing to the downward movement of the residual air, a negative
pressure drop was prominently observed in the lower bed regions for the double drainage
configuration. Cherntongchai, Innan [34] also used a modified air passage configuration
and proposed a mathematical model for calculating the dense phase voidage and the solid
velocity [35]. Lorences, Patience [26] used single drainage, double drainage, and zero
drainage configurations to study the collapse dynamics of mixtures of VPO and FCC cata-
lyst particles of different size distributions. While the deaeration durations were identical
for the zero and single drainage configurations, shorter deaeration occurred when the dou-
ble drainage configuration was used. The initial velocity did not affect the collapse process
in the author’s research. Ali et al. [24] studied the collapse of a pulsed flow fluidized bed
using three different flow strategies, namely single drainage, dual drainage, and modified
dual drainage. The square-wave flow pulsations were introduced using a solenoid valve.
The modified dual drainage eliminated the initial flow spike at the beginning of the flow
when the solenoid valve opened. This strategy reduced the size-based segregation of the
nano-agglomerates and resulted in a smoother and faster bed collapse.
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While the investigation of the collapse dynamics in the past mainly focused on the
effect of the drainage configuration for the deaeration of the residual gas [24,26,34], the
particle classification [17], and the fluidization assistance [27,29], there has not been any
focused study on the effect of agglomeration induced size stratification along the bed
height, which is a common occurrence in the case of the ultrafine nanoparticles. Any
detailed investigation into this effect, however, requires a careful monitoring of the collapse
dynamics in the different regions of the bed along its height to clearly delineate the effect of
the size stratification of nano-agglomerates. For deeper insights into the collapse behavior,
a comparison with other types of particles is also needed. Therefore, three different kinds of
powders, viz., glass beads, titania, and ultrafine nanosilica, were selected in this study. We
used hydrophilic nanosilica in this study owing to its strong agglomeration behavior that
results in ABF behavior [3,24]. Apart from widely different voidages, these powders also
significantly differ in their physical properties, and therefore belong to different groups
of Geldart’s classification [15]. Note that commercial grade nanosilica and titania find
large-scale applications in several industries such as the paint, catalyst manufacturing,
and pharmaceutical industries [37,38]. A set of pressure transducers located along the
height monitored the local collapse dynamics during the progress of the collapse process in
different bed regions of the fluidized bed. The dual drainage configuration for the residual
gas deaeration was used. In addition, the distributor pressure drop was also monitored to
obtain a better understanding of the gas flow through the distributor during deaeration.

2. Experimental

2.1. Experimental Set Up

The experimental set up schematic is shown in Figure 1. The test section was a
transparent perplex column, 1.6 m in length and 0.07 m internal diameter. A 0.3 m long
plenum, beneath the test section, eliminated inlet disturbances of the fluidizing air. A
perforated plate distributor with 2 mm holes in a circular pitch and 2.5% open area was
used to separate the test section from the plenum section. Such a distributor design ensured
uniform distribution of the inlet gases across the cross-section of the test section and
eliminated the dead zones. A 0.14 m diameter and 0.3 m long disengagement section at the
top of the test section helped to suppress the elutriation of particles at high fluid velocities.

The dual drainage deaeration scheme was implemented by allowing another residual
air exit from the bottom of the fluidized bed during the bed collapse. This was carried out
by using a normally closed 2-way solenoid valve, SV2 (Omega SV 3310, Omega, Norwalk,
CT, USA), placed immediately below the plenum chamber. With the start of the collapse
process, the solenoid valve was simultaneously energized, thus providing an alternate
passage to the escaping residual air from the collapsing bed. As shown in Figure 1, a flow
totalizer (FMA-2605A-V2, Omega, Norwalk, CT, USA) was used to measure the flow of the
escaping residual air from SV2.

Several sensitive bidirectional differential pressure transducers (Omega PX163-series,
Omega, Norwalk, CT, USA) with a response time of 1-ms and appropriate ranges were used
in the experiment. As shown in the figure, the local pressure drop transients in the lower
(ΔP1: 0–10 cm), lower middle (ΔP2: 10–20 cm), upper middle (ΔP3: 20–30 cm), and upper
regions (ΔP4: >30 cm above the distributor) were monitored. The global pressure drop (ΔPg)
across the entire bed, and the distributor pressure drop (ΔPd) across the distributor were
also recorded to gain insights into the reverse flow of the exiting residual air through SV2.

A data acquisition (DAQ) system (NI-DAQ-USB-6289) was used to acquire the analog
input of the pressure transducers and flow totalizer and control the solenoid valve by
using digital output signal. The data sampling rate was set to 100 Hz to capture the high
frequency events taking place during the bed collapse.

The segregation tendency was very strong for the nanosilica, with the slow settling of
fine agglomerates in the upper bed regions controlling its collapse dynamics, which was
five to six times higher than that of glass and titania under similar conditions.
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Figure 1. Experimental set-up schematic; (1) Air supply; (2) Flowmeters; (3) 3-way solenoid valve;
(4) Flow totalizer; (5) 2-way solenoid valve; (6) Flow totalizer; (7) Pressure transducers; (8) Data
acquisition system; (9) Computer; (10) Calming section; (11) Distributor; (12) Test section; (13) Disen-
gagement section.

2.2. Solid Particles

Three different powders, namely glass beads, titania, and nanosilica, were used in
the present work. The physical properties of the particles are listed in Table 1. We used
12 nm ultrafine hydrophilic nanosilica (Aerosil 200, Evonik GmBH, Essen, Germany) with
skeletal density of 2200 kg/m3. Its median agglomerate size was 12.5 μm (approx.), which
was approximately thousand-fold larger than its primary size. The size range of titania
was 0.5–90 μm. The particles’ sizes were obtained using Microtrac particle size analyzer
(Model S 3500, Montgomeryville, PA, USA).

Table 1. Physical properties of solid particles used in the experiments.

Powder
Particle Density

(kg/m3)
Particle Size
(×10−6 m)

Bulk Density
(kg/m3)

Bed Voidage(-/-) Umf (×10−3 m/s)

Glass beads 2500 88–149 1547 0.38 31
TiO2 3900 0.5–90 790 0.80 19

Nanosilica [26,39] 2200 2–100 50 0.98 30
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2.3. Methodology

Two different sets of experiments were carried out. In the first set of experiments, the
conventional fluidization was carried to determine the minimum fluidization velocity (Um f )
and fluidization quality (FI) of the different particle samples used. In the second series of
experiments, the particles were fluidized at two different fluid superficial velocities (U0) of
Um f and 2Um f until the steady state fluidization was achieved, and then the airflow to the
fluidization column was abruptly interrupted. The purge valve (SV2) was simultaneously
opened to provide an alternate passage for residual air. Each set of experiments was
performed at least twice to verify the data repeatability. To investigate the effect of height
on the collapse behavior, another set of collapse experiments was carried out by adding
more material in the column to raise the static bed height by 50%.

3. Results

In Section 3.1, the experimental results of the steady-state fluidization are presented
for three different solid particles used in this study. The results of the bed collapse study
are then considered in Section 3.2.

3.1. Conventional Fluidization

Figure 2 shows the dependence of the normalized pressure drop on the superficial
velocity of the fluidization gas during the conventional fluidization experiments. The
pressure drop was normalized by dividing the overall pressure drop across the entire bed
(ΔP) by the effective weight of the bed

ΔP =
ΔP(

ρb − ρ f

)
gL

(1)

where ρb, ρ f are the bulk and fluid densities, respectively, g is the gravitational acceleration,
and L is the bed length across which the pressure drop is measured. Given that the gas
density is negligible, the above equation simplifies to

ΔP =
ΔP(mg

A
) (2)

where m is the mass of the particles loaded in the bed, and A is the cross-sectional area of
the bed. In the literature, the normalized pressure drop is often identified at the fluidization
index since it can provide a good indication of the fluidization behavior of the powder [39].
Ideally, the fluidization index should be unity when velocity exceeds the minimum flu-
idization velocity, which signifies that the pressure drop across the fluidized bed should be
equal to the effective bed weight.

Figure 2a shows the fluidization behavior of glass beads (size: 118 μm), which is
categorized as belonging to Geldart’s group A. The flow was first gradually increased up
to 100 mm/s, which was more than thrice the Um f . The fluidization cycle was followed
by a gradual velocity decrease, thus completing the defluidization cycle. An excellent
agreement between both the fluidization and defluidization cycles was clearly seen in the
figure, thus indicating the absence of the hysteresis and confirming the homogeneity of the
bed of glass beads.

The fluidization behavior of the titania powder is illustrated in Figure 2b. At the
lowest air flow, a steep increase in the pressure drop to 0.4 was observed. However,
with the further increase in the velocity, the pressure drop increase was gradual and slow
before becoming almost constant at 60 mm/s. During the defluidization cycle of the
experiment, a gradual velocity decrease showed smooth behavior with the pressure drop
almost remaining constant as long as the velocity was greater than 40 mm/s. In this
case, the hysteresis phenomenon was clearly evident as the fluidization and defluidization
behaviors were significantly different. This behavior was anticipated, given that the titania
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powder belongs to the group C classification. Ideally, the normalized pressure drop should
attain the value of unity when the bed is fully fluidized. For the fluidization of the glass
beads, when U0 ≥ 30 mm/s, the normalized pressure drop was nearly unity (≈0.92). On the
contrary, the normalized pressure drop never exceeded 0.76 for the fluidization of titania.
This behavior indicates the presence of non-homogeneities caused by the channeling and
rat-holes through which the gas bypasses the bed solids, resulting in lower frictional losses.

(a) 

 

(b) 

 

(c) 

Figure 2. Hysteresis effect between fluidization and defluidization runs for conventional fluidized
beds; (a) Glass beads; (b) Titania; (c) Nanosilica.

246



Nanomaterials 2022, 12, 2019

Figure 2c shows the fluidization behavior of the highly porous nanosilica powder
(ε = 0.98). Silica nanoparticles form agglomerates with a wide size distribution [40]. Their
fluidization shows agglomerate bubbling fluidization (ABF) [17]. The bed was composed
of three main layers. The upper layer consisted of fine agglomerates while the bottom
layer mainly consisted of large and rigid agglomerates. There was a transition layer of
different-sized fluffy agglomerates in the middle section of the bed. The size segregation
of the nanosilica bed has been reported earlier as well [24,41]. Even at 2Um f , there was
hardly any motion in the lower layer, but a vigorous motion of fine agglomerates was
observed in the bed’s upper region. This behavior is an example of a partially fluidized
bed and an indication of ABF. The fluidization and defluidization pressure drop profiles
showed a substantial difference in this case. While the fluidization cycle displayed a
rather unpredictable dependence of the pressure drop on the superficial velocity, a gradual
decrease in velocity during the defluidization cycle showed a gradual and smooth pressure
drop decrease. A pronounced hysteresis phenomenon was observed in the fluidization of
nanosilica. The fluidization index was low, approximately 0.61. Such a low value of the
fluidization index was a clear indication of gas channeling and bypassing. The Um f values
were calculated from the fluidization curves in Figure 2 and reported in Table 1.

Figure 3 shows a snapshot of the fluidization behavior of all the three powders.
The glass beads displayed bubbling fluidization whereby the air moved as large bubbles
through the bed. This is visible in Figure 3a encircled in red. The intensity of the bubbles
increased with the increase in the fluid superficial velocity. On the other hand, the titania
particles exhibited agglomerate bubbling fluidization (ABF) due to their cohesiveness,
whereby the gas bubbles rapidly move upward through the bed [40]. Note that the bubbling
behavior of ABF was different from that of the Group A particles, where large air bubbles
dominated the fluidization behavior. The bubbles in the titania bed were smaller and
irregular and erupted through channels and cavities present in the bed (marked in red
in Figure 3b). The expansion was low with a substantial degree of non-homogeneities
observed throughout the bed. [17]. As mentioned earlier and seen in Figure 3c, severe size-
based segregation was observed during the fluidization of the nanosilica. The large and
rigid agglomerates in the lower region hardly showed any movement even at high velocities
whereas vigorous motion was observed in the upper layer of the fine agglomerates. The
overall bed thus appeared to be only partially fluidized even at high velocities.

   
(a) (b) (c) 

Figure 3. Digital images of solid particles fluidized bed; (a) Glass beads; (b) Titania; (c) Nanosilica.
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3.2. Bed Collapse Dynamics

Figure 4 shows the pictorial representation of the collapse process of Geldart group A
particles [24,35]. The collapse occurs in two main stages: a bubbling stage and a sedimen-
tation stage. The bubbles escape in the first stage, while the particles settle under gravity
during the second stage. A dense layer ‘L1’ is created after the escape of the air bubbles, and
a stationary layer of settled particles ‘L2’ forms at the bottom of the bed. As more particles
progressively settle in the stationary region, the interface between ‘L1’ and ‘L2’ rapidly
moves upwards towards the upper bed interface. The upward movement of bubbles from
the lower layers delays the collapse in the first stage and represents the bubbling period.

 
Figure 4. Schematic of the stepwise collapse process of Geldart group A particles.

Figure 5a,b show the local bed pressure drop transients for glass beads at two different
air superficial velocities (U0), i.e., U0 = Um f and U0 = 2Um f . The dashed black vertical
line indicates the commencement of the collapse process. To facilitate the comparison
between different sections of the collapsing bed, the actual transient pressure drop data
was normalized with respect to the steady state pressure drop before the start of the bed
collapse. The upper sections of the bed displayed a delayed response to the collapse as
compared to lower sections. This phenomenon was due to the movement of air bubbles
during the first phase of the collapse process. The upper region transients (ΔP4) showed
the longest bubbling period, which was also the total time taken by the bubbles to escape
after the start of the collapse process. Moreover, the collapse behavior of the uppermost
layer was different from the other layers, as the pressure transients decreased steadily
during the bubbling phase due to the downward movement of the top bed interface. The
sedimentation stage of the collapse process followed an exponential decay in all bed regions
before attaining a complete rest. The sedimentation stage transients were similar for all the
bed regions, thus indicating the bed homogeneity and uniform size of settling particles. As
the initial air superficial velocity was increased to 2Um f , the fluctuations during the first
phase increased due to the higher volume of air escaping as bubbles from the top interface
of the glass bed.

Figure 6a,b report the pressure transients of the collapsing bed of titania powder at
U0 = Um f and U0 = 2Um f . The bubble escape time was significantly shorter (less than
half) than that of the glass beads due to the smaller bubble concentration. The bubbling
stage was observed only in ΔP3 transients with a bubbling time of approximately 0.3 s and
0.7 s for U0 = Um f and 2Um f , respectively. The ΔP3 region dominated the bed collapse
process. The bubbling stage was not observed in the ΔP2 and ΔP4 transients, which could
be attributed to the presence of cracks and channels in the upper and lower middle regions
of the titania bed. Due to the poor contact between the gas and solid phases, the gas–solid
drag and hence the pressure drop was low in the upper region of the bed during the
collapse. As a result, the smaller agglomerates present in the upper middle layer mainly
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controlled the collapse process owing to size-based segregation. The size segregation of the
agglomerates along the bed height also affected the sedimentation stage transients.

(a) 

(b) 

 

Figure 5. Pressure drop transients in different regions of the bed of glass beads for (a) U0 = Um f ,
(b) U0 = 2Um f .

(a) 

 

Figure 6. Cont.
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(b) 

 

Figure 6. Pressure drop transients in different regions of the bed of titania powder for (a) U0 = Um f ,
(b) U0 = 2Um f .

Faster transients were observed for the lower layer that contained large agglomerates.
ΔP1 transients were followed by that of ΔP2. Owing to the presence of fine agglomerates, the
ΔP3 transients were slowest. The collapse behavior was more pronounced for U0 = 2Um f
(Figure 6b). Higher velocities increased the bubble fraction, thus enhancing the bubbling
time for ΔP3 transients. The segregation behavior was also stronger at higher velocities,
thereby slowing the pressure drop transients of the upper middle layer (i.e., ΔP3). The ΔP4
transients appeared unaffected by the velocity change as the uppermost layer apparently
developed cavities or channels through which the fluidizing gas bypassed without much
interaction with bed material.

Figure 7 highlights the behavior of the pressure transients in the nanosilica bed. In
Figure 7a, the pressure transients, ΔP1, ΔP2, and ΔP3 responded instantaneously to the
collapse, whereas ΔP4 transients decreased gradually taking approximately 25 s to settle
completely. The static bed height was 0.4 m, which expanded to 0.7 m at Umf , thus almost
half of the bed was in the ΔP4 region. The rapid decrease in ΔP1, ΔP2, and ΔP3 transients
indicated a lack of agglomerate movement in the lower regions due to the size segregation
in the bed. Large rigid agglomerates constituted the lower region whereas fine agglomerates
were observed in the upper region. Clearly, the size segregation in the nanosilica bed was
much higher than the titania bed. The ΔP4 transients indicated that the collapse process
occurred in two stages. In the first stage, free fall of solids occurred under gravity with a
rapid pressure drop decrease for approximately 1.5 s. During the second stage, the response
was sluggish due to a gradual agglomerate settling and slow deaeration of the residual air
through the bed and the purge.

The data analysis in the frequency domain can identify the presence of periodically
recurring events in the bed, which cannot otherwise be clearly identified from the time
domain data analysis [42]. Figure 8 reports the frequency spectra of the pressure drop
transients recorded during the bed collapse at low frequencies using fast the Fourier
transform (FFT) algorithm of MATLAB R2015a (Mathworks, Natick, MA, USA). For the
case of the glass beads, the multiple low frequency peaks observed in Figure 8a indicate
bubble movement. Given that the bed voidage of the glass beads at Umf is approximately
0.38, its bulk density is high, leading to high pressure drop values in all the regions of the
glass bed. This behavior is clearly evident from the dc component of the signal, which
is <400 Pa in all the transients. The dc component refers to the amplitude of the non-
fluctuating component of the signal, which is equal to the mean value of the signal.
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(a) 

 

(b) 

 

Figure 7. Pressure drop transients in different regions of the bed of nanosilica for (a) U0 = Um f ,
(b) U0 = 2Um f .

This situation is substantially different for the titania, with a significantly higher
voidage (ε = 0.80) and a lower bulk density than that of glass. Therefore, pressure drop
values, i.e., the dc components of the signals are substantially lower than those of glass
(Figure 8b). Ideally, the dc components of ΔP1, ΔP2, ΔP3 should be identical given that
ΔL1 = ΔL2 = ΔL3. Therefore, the lower ΔP1 indicates the presence of gas bypassing due to
the non-homogeneities in the lower layer of the titania bed. The same phenomenon was
also prominently observed in the upper layer, where ΔP4 transients were recorded. No
low frequency event was observed in this region unlike ΔP2 and ΔP3, where weak bubble
movement with a frequency of 0.5 Hz was observed. Due to the local non-homogeneities,
the bubble movement in the lower region appeared to be suppressed.

The spectral analysis corroborates the different bubbling phenomenon occurring in
the glass and titania beds discussed earlier. The smaller and irregular gas bubbles were
observed in the titania bed while homogeneous intense bubbling occurred throughout the
bed of glass beads. In Figure 8c, no evidence of bubbling was noticed in the low frequency
range for the nanosilica. However, the magnitude of the dc component, (i.e., pressure drop)
was highest for ΔP4, which kept on decreasing for ΔP3 and ΔP2 while being the lowest
for ΔP1. The large and rigid agglomerates in the lower regions behaved like a fixed bed,
where the pressure drop varied inversely with the agglomerate size as predicted by the
Ergun equation. Therefore, the gradually increasing dc component along the bed height
(Figure 8c) indicated that the size of the agglomerates decreased with the distance from
the distributor, thereby leading to the size-based segregation of agglomerates. The upper
region of the nanosilica bed is clearly seen to contribute the most to the pressure drop.
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(a) 

 

(b) 

 

(c) 

 

Figure 8. Power spectral analysis at low frequencies (0–1 Hz) of pressure transients in different bed
regions of the collapsing bed at Um f and bed height H of (a) glass beads, (b) titania, and (c) nanosilica.

Figure 9 reports the power spectra at higher frequencies (10–50 Hz) for all the three
powders. No high frequency events were observed for the case of the glass and titania.
However, the nanosilica shows two distinct peaks at 20 Hz and 40 Hz in Figure 9c, which
clearly indicate the presence of high frequency events. The highest intensity fluctuation
occurred in the ΔP3 transients. The feeble peaks in the ΔP4 region indicate lower intensity
fluctuations caused by fine agglomerates present in the upper region due to segregation.
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The presence of high intensity fluctuations was clearly observed in Figure 7a, which were
predominantly present during the sedimentation stage for regions with large agglomerates,
while the fine and smaller agglomerates in the upper region were still settling under the
gravity. The interaction of the larger agglomerates with their smaller counterparts appeared
to the main reason for the high frequency events observed for the nanosilica.

(a) 

 

(b) 

 

(c) 

 

Figure 9. Power spectral analysis at low frequencies (10–50 Hz) of pressure transients in different bed
regions of the collapsing bed at Um f and bed height H of (a) glass beads, (b) titania, and (c) nanosilica.
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Figure 10 shows the effect of the height and the velocity on the global bed pressure
drop transients for the beds of glass beads, titania, and nanosilica. Apart from the velocity,
the effect of height on the bed dynamics was also considered by increasing the bed height
by 50%, represented as 1.5 H in the figure. The global pressure drop included the combined
effect of all the bed regions. A smooth overall collapse was clearly seen for all the cases. A
substantial change in the velocity (U0 = Um f and U0 = 2Um f ) failed to make any significant
difference on the collapse time irrespective of the bed material used. Similar observations
were made earlier by Lorences, Patience [26]. However, increasing the height by 50%
affected the collapse time in all cases. In the case of the titania, the shorter beds were slower
than the longer beds. Moreover, shorter titania beds were more sensitive to the initial
superficial velocity at which the collapse was initiated. While the increase in the bed height
did not significantly affect the collapse time for the glass beds, a 50% increase in the height
increased the collapse time for the nanosilica by approximately 100%.

(a) 

 

(b) 

 

(c) 

 

Figure 10. Global pressure drop of the collapsing particles bed at Um f and 2Um f bed heights H and
1.5 H for (a) glass beads, (b) titania, and (c) nanosilica.
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Table 2 presents a comparison of the collapse times for all three cases. The collapse
time was much higher for nanosilica as compared to those of glass beads and titania,
with similar collapse times. The collapse times for glass beads, titania, and nanosilica
varied from 4.7–6.6 s, 4.1–7.1 s, and 22.3–43.6 s, respectively. As mentioned earlier, unlike
other cases, the bed height significantly affected the collapse time of the nanosilica. A
50% increase in the bed height led to an almost 100% increase in the collapse time for
nanosilica. Adding to the bed material to increase the initial bed height led to a higher
concentration of fine agglomerates in the upper region, which attained greater height in
the column owing to bed expansion. These fine agglomerates took much longer to settle
during collapse. Surprisingly, the trend was reversed for the titania bed. Adding to the
bed material shortened the collapse time. This is a clear indication that increasing the
bed material did not correspondingly increase the gas–solid contact. Instead, greater bed
non-homogeneity in the bed developed, thereby reducing the gas–solid drag. As a result,
the collapse time was reduced.

Table 2. Total bed collapse time (in seconds) evaluated using global pressure drop transients.

Static Bed Height H 1.5 H

Initial Flow Rate Umf 2Umf Umf 2Umf

Glass beads 5.0 4.7 6.6 5.8
Titania 5.7 7.1 4.2 4.1
Nanosilica 22.3 25.7 43.6 43.5

3.3. Distributor Pressure Drop

An important aspect of the present investigation was the monitoring of the distributor
pressure drop during the bed collapse. The distributor pressure drop was mostly higher
than the bed pressure drop given that only 2.7% of the distributor area was kept open to
gas flow. Figure 11a reports the effect of the bed height and the velocity on the distributor
pressure drop during the collapse of the glass bed. As the collapse process commenced, the
distributor pressure drop decreased rapidly. A resultant net drag force was exerted down-
wards by the falling particles, which forced a portion of residual air present in the column
to flow in the reverse direction across the distributor, which resulted in a rapid decrease of
the pressure drop. The pressure drop became negative until reaching a global minimum
before gradually rising back to zero pressure drop, while the collapsing bed reached a
complete rest. The opening of the purge valve (SV2) during the collapse process provided
an alternative path for residual air in the reverse direction in addition to the conventional
pathway from the top of the bed. A higher initial collapse velocity resulted in a higher neg-
ative pressure drop because the bed contained a greater volume of air at higher velocities.
Increasing the bed height by 50% increased the negative minimum by approximately 50%
irrespective of the velocity, owing to bed homogeneity and uniform expansion.

Figure 11b reports the distributor pressure drop transients during the collapse of the
titania bed. The effect of the bed height was not significant at a lower velocity as the gas
bypassing occurred through channels and cracks. As a result, increasing bed solids did
not increase the gas–solid drag that can cause a greater downward flow of residual air
during the collapse. However, at a higher velocity, there was a substantial difference in the
distributor pressure drop transients when the bed height was changed. Faster transients
were observed for the longer beds as compared to those of the shorter beds.

For the case of the nanosilica particles shown in Figure 11c, the effect of the velocity
and the bed height on the distributor pressure drop transients was negligible. Given that
the voidage was 0.98, only 2% solids were present in the bed. Due to the extremely high bed
voidage, any change either in the velocity or the bed material failed to make any difference
on the deaeration of the residual gas from the nanosilica bed.
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(a) 

 

(b) 

 

(c) 

 

Figure 11. Distributor pressure drop of the bed at Um f and 2Um f for (a) glass beads, (b) titania,
(c) nanosilica.

Figure 11 indicates that the bed voidage clearly affected the pressure drop minimum.
The maximum negative pressure drop values attained by the glass beads, titania, and
nanosilica collapse beds were approximately −4.7, −1.5 and −0.65, respectively. A low bed
voidage leads to a higher specific surface area of the solid phase in the bed, resulting in
greater gas–solid drag and frictional losses during the bed collapse which forces a greater
amount of the residual air to pass through the distributor.

3.4. Purge Flow Transients

Figure 12 reports the airflow transients in LPM through the purge valve during the
collapse process of glass beads, titania, and nanosilica particles bed. The purge flow begun
with a sudden airflow spike as the collapse initiated, followed by a sluggish exponential
decay. Table 3 reports the maximum airflow from the purge, recorded from Figure 12,
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achieved during the commencement of collapse. The lower voidage bed attained higher
peak. The highest peaks attained by glass beads, titania, and nanosilica particles were
0.99, 0.54, and 0.02 LPM, respectively. The initial spike signifies the initial intensity of the
bed collapse. The particles with a higher bed weight and uniform fluidization forced the
downward flow of the residual air through the purge valve. Moreover, increasing the initial
airflow from Um f to 2Um f did not yield any tangible effect on the purge flow. However,
increasing the bed height resulted in an increase in the higher flow spike in all cases, which
signifies the flow spike was dependent on the fluidized bed weight. These parameters are
reported in Table 3.

(a) 

 

(b) 

 

(c) 

 

Figure 12. Purge flow transients at Um f and 2Um f for (a) glass beads, (b) titania, and (c) nanosilica.
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Table 3. Maximum initial airflow (LPM) through purge during collapse evaluated from Figure 12.

Static Bed Height H 1.5 H

Initial Velocities Umf 2Umf Umf 2Umf

Glass beads 0.64 0.61 0.94 0.99
TiO2 0.34 0.44 0.41 0.54
Nanosilica 0.01 0.01 0.014 0.016

The total airflow in LPM, which is the total area under the curve in Figure 12, was
calculated using the trapezoid method. Thereafter, the ratio of the total airflow through
purge to the volume of air that was present in the bed during the fluidization before the
commencement of the collapse was calculated. The volume of air present in the bed resides
in the voidage of the bed. Hence, bed voidage volume gives a good approximation of the
total volume of air present under steady state. Figure 13 reports the plot of purge airflow
ratio against the bed voidage. The relationship is linear with ‘R2 = 0.985’ fit, which signifies
that the ratio of purge airflow with bed fluid volume during fluidization decreases linearly
with the bed voidage.

Figure 13. Effect of the bed voidage on the ratio of the purge flow to the total volume during
gas deaeration.

4. Conclusions

The bed collapse behavior of three different kinds of solid particles of widely different
voidages and belonging to different Geldart classifications, namely glass beads, titania, and
nanosilica, was investigated in this study. First, the hysteresis behavior and fluidization
index of each solid particle species was examined by analyzing the dependence of the
pressure drop on the air velocity while both gradually increasing and decreasing the air
flow. The glass beads (Geldart group A) showed the highest fluidization index of 0.92 with
no hysteresis effects. The cohesive powder of titania (Geldart group C) showed severe
gas-bypassing due to local non-homogeneities comprising cracks and channels, thereby
resulting in a low fluidization index of 0.76 and a strong hysteresis effect. The fluidization
index of nanosilica was even lower at 0.61 due its poor fluidization hydrodynamics with a
stronger hysteresis behavior than that observed for the titania.

A dual drainage scheme was implemented by allowing the downward movement of
the residual air through a purge passage located below the plenum chamber. The flowrate
of the exiting air through the purge was monitored using an electronic flowmeter. Owing
to the bed homogeneity, all the regions in the glass bed exhibited almost identical two-
stage collapse processes, i.e., the bubbling and sedimentation stages. The bubbling time
decreased with the distance from the distributor. The spectral analysis of the transients
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clearly indicated the bubble movement as low frequency events. The bubbling was less
intense and irregular due to the gas-bypassing through the cracks and channels in the bed of
the titania particles. Its transient response decreased with the distance from the distributor
owing to size segregation with the upper middle layer (i.e., ΔP3) dominating the collapse
dynamics. Even stronger segregation tendencies were observed in the nanosilica bed with
a significant number of fine agglomerates present in the upper region of the bed while
large rigid agglomerates occupied the lower region. Therefore, the slow gravity settling
of fine agglomerates in the upper region took almost 25 s whereas larger agglomerates
present in the other bed regions settled in approximately 1 s only. As a result, the nanosilica
bed collapse took at least five times longer than the durations of glass and titania, which
showed almost identical overall collapse times. Unlike glass and titania, two distinct high
frequency events at 20 Hz and 40 Hz occurred for nanosilica due to the interaction of fine
agglomerates with their larger counterpart while setting down.

For glass beads, the maximum negative distributor pressure drop attained during
the collapse was a function of both the velocity and bed height. The same behavior
was observed with the titania bed with a change of the bed height. For the case of the
nanosilica, however, the backward flow of the residual air through the distributor was
rather insignificant, resulting in a low pressure drop.

Hydrophilic nanosilica with strong agglomeration behavior were used in this study.
Any extension of these results to nanoparticles with APF behavior, even with similar
primary dimensions and comparable bulk density, should be treated with caution.
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Abstract: The influence of the indenter angle on the deformation mechanisms of single-crystal Si
was analyzed via molecular dynamics simulations of the nanoindentation process. Three different
types of diamond conical indenters with semi-angles of 45◦, 60◦, and 70◦ were used. The load–
indentation depth curves were obtained by varying the indenter angles, and the structural phase
transformations of single-crystal Si were observed from an atomistic view. In addition, the hardness
and elastic modulus with varying indenter angles were evaluated based on the Oliver–Pharr method
and Sneddon’s solution. The simulation results showed that the indenter angle had a significant
effect on the load–indentation depth curves, which resulted from the strong dependence of the elastic
and plastic deformation ratios on the indenter angle during indentations.

Keywords: nanoindentation; indenter angle; phase transformation; silicon; atomistic simulation

1. Introduction

The highly localized stress near the indenter tip induces characteristic plastic responses
in the material [1]. For instance, thin films consisting of single-crystal Si beneath a rigid
indenter exhibit phase transformations during indentation [2,3]. When the stress in single-
crystal Si with a diamond cubic structure (Si-I) increases to nearly 12 GPa, the cubic
diamond phase is transformed to a β-tin structure (Si-II) [4]. For the unloading procedure,
metastable phases such as body-centered cubic (Si-III) or rhombohedral distortion (Si-XII)
can occur [5,6]. This phase transformation in single-crystal Si during indentation has been
found to be an important factor that determines its mechanical properties. However, Jang
et al. [1] investigated triangular pyramidal indenters with four different indenter angles
and experimentally demonstrated that the transformation behavior of Si was strongly
dependent on the shape of the indenter.

Micro-Raman analysis and transmission electron microscopy (TEM) are too restricted
to provide sufficient explanations for the sequence of phase transformations [7]. An
atomistic analysis via molecular dynamics (MD) simulations can effectively elucidate the
essential features of phase transformations, compared to the limited observations from
experiments [8–10]. Recently, several atomistic studies on the nanoindentation of thin-film
Si have been conducted by Sun et al. [11], Wang et al. [12], and Jiao et al. [13]. However,
these computational studies focused on the use of a spherical indenter. Different geometries
of the indenter tip significantly influence the stresses and strains of the material beneath
the indenter, which may induce deviations in the mechanical properties from theoretical
values [14,15].

The present study investigates the effect of the indenter angle on the indentation
behavior of single-crystal Si using MD simulations. Nanoindentations were performed
using a perfect conical indenter, and the indenter semi-angles were chosen as 45◦, 60◦, and
70◦. MD simulations were conducted at temperatures of 1 K and 300 K. The relationship be-
tween the indenter angle and the deformation mechanism of single-crystal Si was analyzed
through load–indentation depth (P-h) curves and atomistic views. In addition, mechanical

Nanomaterials 2022, 12, 2071. https://doi.org/10.3390/nano12122071 https://www.mdpi.com/journal/nanomaterials262



Nanomaterials 2022, 12, 2071

properties such as hardness and elastic modulus were evaluated using the P-h curve, as
suggested by Oliver and Pharr [16] and Sneddon [17].

2. MD Simulation Method

The atomistic model used in this study is shown in Figure 1. The x-, y-, and z-axes of the
model are oriented along the [100], [010], and [001] crystallographic directions, respectively.
The dimensions of the Si substrate were chosen as Lx = 50a, Ly = 35a, and Lz = 50a, where a
is the Si lattice constant of 0.5431 nm. Periodic boundary conditions were applied in the
x- and z-directions. The conical indenter was composed of a carbon diamond structure
(C) with a lattice parameter of 0.3576 nm, and was located 1 nm above the Si substrate. To
analyze the Si substrate’s response under the conical indenter, the indenter semi-angles (α)
were chosen as 45◦, 60◦, and 70◦.

Figure 1. Computational model of a Si single-crystal substrate with a conical indenter: (a) three-
dimensional model; (b) schematic diagram of the Si substrate and conical indenter.

The Si substrate consisted of fixed, thermostat, and Newtonian layers [12,18]. The
fixed layer at the bottom of the substrate was treated as a rigid body for structural stability,
and the thermostat layer above the fixed layer was used to ensure reasonable outward
heat conduction away from the Newtonian layer through an NVT ensemble. The layer
above the thermostat layer was the Newtonian layer, where the behavior of atoms was only
governed by the forces between them, with no other constraints [19].

It is important to consider the interatomic potential to obtain accurate simulation
results. Although many potential functions have been developed to describe the interaction
between Si atoms, it has been demonstrated by many researchers that the Tersoff potential
provides a reasonable deformation mechanism of Si [20]. In the present study, the Tersoff
potential was used to compute the interaction between Si atoms (Si–Si) and diamond atoms
(C–C) [21]. The interaction potential between the Si and C atoms was modeled using
Morse potential [19].

Before the indentation procedure, the temperature of the Si substrate was equilibrated
at either 1 K or 300 K. To equilibrate the temperature of the substrate, an NVE ensemble
with a velocity rescaling method was used in the Newtonian layer [22,23]. Subsequently,
the indentation load was applied by displacing the conical indenter into the substrate.
The indentation speed was set to 50 m/s and the indentation depth was 3 nm. Retreating
of the indenter was then conducted at the same speed. MD simulations were conducted
using the open source MD program Large-Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [24], and the atomistic configurations of the results were visualized
using AtomViewer [25] and AtomEye [26].
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3. Structural Phases of Si

Various structural phases of Si were observed during the nanoindentation simulation.
The Si phases of Si-I, Si-II, BCT-5, Si-III (R8), and Si-XII (BC8) are schematically described in
Figure 2 [27]. The Si-I phase is the initial diamond cubic structure with four-fold coordination,
and Si-II is the tetragonal (β-tin) structure with six-fold coordination [2]. BCT-5 is the five-
coordinated body-centered tetragonal structure that consists of four neighbors at a distance
of 0.244 nm and one neighbor at 0.231 nm [28]. The Si-III (R8) and Si-XII (BC8) phases have
four-fold coordination with similar structures [29].

Figure 2. Crystallographic structures of the Si phases observed during nanoindentation: (a) Si-II, a
tetragonal (β-tin) structure with six-fold coordination; (b) BCT-5, a body-centered tetragonal structure
with five-fold coordination; (c) Si-III (BC8), a cubic structure with four-fold coordination; and (d)
Si-XII (R8), a rhombohedral distortion structure with four-fold coordination.

4. Theoretical Method

4.1. Sneddon’s Solution

To investigate the deformation mechanism of the Si substrate during the loading pro-
cedure in more detail, the load of the indenter was compared with Sneddon’s solution [17],
which is the relationship between a frictionless non-rigid cone and an elastic half plane.
Sneddon’s solution is given by Equation (1).

P =
2
π

E∗ tan α × h2, (1)

where P is the load applied to the indenter, α is the semi-angle of the conical indenter, h is
the indentation depth, and E* is the reduced modulus. The reduced modulus was defined
by Oliver and Pharr [16], as given in Equation (2).

1
E∗ =

1 − ν2
s

Es
+

1 − ν2
i

Ei
, (2)

where E and ν are the elastic modulus and Poisson’s ratio, respectively. The subscripts s
and i indicate the substrate and indenter, respectively. The elastic modulus and Poisson’s
ratio for the substrate and indenter are Es = 130 GPa, Ei = 1056.48 GPa, νs = 0.3459, and
νi = 0.103, respectively [30,31].

4.2. Calculation of Mechanical Properties

In nanoindentation, hardness (H) is defined as follows [16]:

H =
Pmax

Ac
, (3)

where Pmax is the maximum indentation load and Ac is the projected contact area. For the
conical indenter, the projected contact area is expressed as follows:

Ac = π(tan α × hc)
2, (4)
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where α is the semi-angle of the cone indenter and hc is the contact depth. In this study, we
assumed that hc = h for the actual projected contact area [32,33].

The elastic modulus values of Si were calculated from the unloading line using Sned-
don’s solution [17]. To measure the elastic modulus of the Si substrate, Equation (2) is
modified to

Es =
(

1 − ν2
s

)
×

(
1

E∗ − 1 − ν2
i

Ei

)−1

, (5)

where E and ν are the elastic modulus and Poisson’s ratio, respectively, and the subscripts s
and i indicate the substrate and indenter, respectively. E* is the reduced modulus. Accord-
ing to Sneddon, the reduced modulus of the substrate is defined as given in Equation (6).

E∗ = 1
2h tan α

dP
dh

=
1

2h tan α
S, (6)

where h is the indentation depth, α is the semi-angle of the conical indenter, and the
stiffness, S, is the slope of the unloading line. Typically, S is measured for the top one-third
of the unloading line. In this study, S was measured in the range of 2.5 to 2.96 nm for the
unloading line.

5. Results and Discussion

5.1. P-h Curves

To analyze the dependence of the Si substrate’s deformation mechanism on the inden-
ter angle, the load–indentation depth (P-h) curves for indenter angles of 45◦, 60◦, and 70◦
were obtained, as shown in Figure 3. The black solid lines were obtained from Sneddon’s
solution, corresponding to Equation (1). It is well known that if the indented material
shows perfectly elastic deformation, then the unloading line falls on the loading line in the
P-h curve [16]. In contrast, if plastic deformations largely occur in the indented material,
the unloading line does not fall on the loading line.

Figure 3. Load−indentation depth curves at temperatures of 1 and 300 K for indenter angles (α) of
(a) 45◦, (b) 60◦, and (c) 70◦.

In our simulation results, the discrepancies between the loading and unloading lines
decreased with increasing indenter angles. The effect of temperature on the discrepancy
could also be observed for the 60◦ and 70◦ indenter angles, whereas there was little differ-
ence between the 1 K and 300 K plots for the 45◦ indenter angle. In addition, the load curve
for an indenter semi-angle of 45◦ was smaller than that obtained from Sneddon’s solution.
In contrast, the load curves for the 60◦ and 70◦ indenter angles were similar and larger than
those derived from Sneddon’s solution. It is worth noting that these discrepancies resulted
from the frictionless assumption used in Sneddon’s solution [17,34,35]. Hence, it can be
speculated that the fraction of plastic deformation, with respect to the total deformation
under loading, decreased with the increasing indenter angle.
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5.2. Loading Procedure

Cross-sectional views of the transformed region at an indentation depth of 3 nm
are shown in Figure 4. Figure 4a,b illustrate the cases of the 45◦, 60◦, and 70◦ indenter
semi-angles at 1 K and 300 K, respectively. To identify the Si phases, the original Si phase
atoms (Si-I) were not captured, while the transformed Si atoms were depicted using three
colors; the blue, red, and green atoms indicate the Si-II, BCT-5, and Si-III and Si-XII phases,
respectively.

Figure 4. Cross-sectional views of the (001) plane of the transformed Si substrate at an indentation
depth of h = 3 nm. Images (a1–a3) correspond to indenter angles of 45◦, 60◦, and 70◦ at a temperature
of 1 K, and (b1–b3) correspond to indenter angles of 45◦, 60◦, and 70◦ at 300 K, respectively.

As shown in Figure 4, the distributions of the transformed Si phases were quite
different depending on the indenter angle. When the Si substrate was indented by the
45◦ indenter, the structure of the Si atoms at the interfacial area between the indenter
and the substrate was transformed from diamond to the Si-II and BCT-5 phase structures.
However, the number of transformations to the Si-II and BCT-5 phases at the interfacial
area decreased with increasing indenter angles. These transformed phase distributions
are associated with pressure concentration [1,36,37]. To monitor the pressure distribution
induced by the conical indenter, the (001) plane cross-sectional views of the Si substrate at
a temperature of 1 K were captured and are presented in Figure 5. Here, the color of the
atoms indicates the level of hydrostatic pressure. The pressure distributions depicted in
Figure 5 matched well with the phase distributions of the Si atoms shown in Figure 4a.

To analyze the detailed behavior of the phase transformations, the ratio of the Si-II
and BCT-5 atoms (NSi-II and BCT-5) to the total transformed atoms (NTotal) was calculated
(Table 1). It has been previously reported [13,18] that the Si-II and BCT-5 phases are related
to plastic deformation, while metastable Si phases, such as Si-III and Si-XII, are associated
with elastic deformation. This trend was also observed in our simulation results, as shown
in Figures 3 and 4. For example, the transformed atoms in the case of the 70◦ indenter at 1
K were almost the same as those of the Si-III and Si-XII phases (Figure 4(a3)). However,
at a temperature of 300 K (Figure 4(b3)), a large number of transformations to the Si-II
and BCT-5 phases occurred at the subsurface. This trend was evident in the P-h curves
shown in Figure 3c. Therefore, the ratio of the Si-II and BCT-5 atoms to the total number of
transformed atoms (NSi-II and BCT-5/NTotal) can be used as the ratio of plastic deformation to
total deformation.
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Figure 5. Cross-sectional views of the (001) plane of the hydrostatic pressure distribution in the Si
substrate at an indentation depth of h = 3 nm. Images (a–c) correspond to indenter angles of 45◦, 60◦,
and 70◦ at a temperature of 1 K, respectively.

Table 1. Ratio of Si-II and BCT-5 atoms (NSi-II and BCT-5) to the total number of transformed atoms at
the maximum indentation depth (NTotal).

Indenter Angle
NSi-II and BCT-5/NTotal

1 K 300 K

45◦ 0.34 0.363
60◦ 0.162 0.362
70◦ 0.032 0.164

In addition, it can be seen that the ratio of Si-II and BCT-5 atoms at 300 K is larger than
that at 1 K, implying that more plastic deformation occurs at 300 K than at 1 K. These results
can be explained by the relationship between the temperature and pressure required for
phase transformation. Khayyat et al. [38] utilized a Vickers diamond indenter (equivalent
cone semi-angle of 70.3◦) and experimentally showed that the pressure required to cause
transformation increases with decreasing temperature. As shown in Table 1, this effect of
temperature on the ratio was observed for the 60◦ and 70◦ indenters, whereas only a small
discrepancy between the ratios at 1 K and 300 K was observed for the 45◦ indenter angle.
This indicates that while the influence of temperature on plastic deformation is significant
for the 60◦ and 70◦ indenters, it is not as significant for the 45◦ indenter angle, which is
consistent with the P-h curve results.

The phase transformation in the Si substrate during indenter loading is shown in
Figure 6. Figure 6a–c illustrate the 60◦ indenter case at the indentation depths of 1 nm,
2 nm, and 3 nm, respectively. As the hydrostatic pressure beneath the indenter tip increases
with loading (Figure 5b), the area of phase transformations to Si-II, BCT-5, Si-III, and Si-XII
structures increases in the substrate. Specifically, the number of Si-II and BCT-5-phase
atoms (related to plastic deformation) increases beneath the indenter tip, where the location
matches the large hydrostatic pressure zone. The results indicate that the phase transforma-
tion behavior of the Si structure is dependent on the hydrostatic pressure distribution.
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Figure 6. Cross-sectional views of the (001) plane of the transformed Si substrate during indenter
loading. Images (a–c) correspond to the 60◦ indenter angle case at the indentation depths of 1 nm,
2 nm, and 3 nm, respectively.

5.3. Unloading Procedure

To analyze the deformation mechanism of the substrate under unloading conditions,
the ratio of the final depth (hf) to the maximum indentation depth (hmax) was plotted as
a function of the indenter angle (Figure 7) [38]. The final depth was defined as the point
at which P = 0 in the unloading line. In the range 0 ≤ hf/hmax ≤ 1, the lower bound
corresponds to the case of perfect elastic recovery, while the upper bound indicates the
fully plastic deformation case. As displayed in Figure 7, the ratio increased with decreasing
indenter angle, and the ratio at 300 K was larger than that at 1 K. These results indicate that
at a temperature of 1 K, the Si substrate indented by a blunt indenter recovers in a more
elastic manner, and elastic recovery is greater. In particular, the ratio for the 70◦ indenter
angle at 1 K was 0.143, which indicates that almost perfect elastic recovery occurs in the Si
substrate.

Figure 7. Ratio of the final depth, hf, to the maximum indentation depth, hmax, versus the indenter
angle α.
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The distribution of residual transformed atoms in the substrate after unloading is
shown in Figure 8. Figure 8a,b illustrate the cases of indenter angles of 45◦, 60◦, and 70◦
at temperatures of 1 K and 300 K, respectively. From a comparison with Figure 4, it can
be seen that most of the Si-III and Si-XII atoms disappeared, and the amorphous-phase Si
comprising Si-II, BCT-5, Si-III, and Si-XII atoms was formed in the substrate. In addition, it
can be observed that the shape of amorphous Si was similar to the distribution of Si-II and
BCT-5 atoms at an indentation depth of 3 nm. For instance, for the 45◦ indenter angle, cone-
shaped amorphous Si was formed in the substrate, which was similar to the distribution
of the Si-II and BCT-5 atoms at an indentation depth of 3 nm, as shown in Figure 4. In
contrast, for the 70◦ indenter angle at 1 K, most of the transformed atoms returned to the
original Si structure and only a few transformed atoms remained at the surface, as shown
in Figure 8(a3).

Figure 8. Views of the residual transformed atoms in the (001) plane of the Si substrate after unloading.
Images (a1–a3) correspond to indenter angles of 45◦, 60◦, and 70◦ at a temperature of 1 K, and (b1–b3)
correspond to indenter angles of 45◦, 60◦, and 70◦ at 300 K, respectively.

To study the ratio of elastic recovery under unloading, the ratio of atoms that returned
to their original structure upon unloading to the total number of transformed atoms at
an indentation depth of 3 nm, (NReturned atom/NTotal), was calculated (Table 2). From the
results given in Table 2, it is evident that the ratio NReturned atom/NTotal increased with
increasing indenter angle and the ratio at 1 K was larger than that at 300 K, which indicates
that the elastic recovery occurred more readily under blunter indenter unloading and at
lower temperatures. These atomistic configuration results are consistent with the P-h curve
trend shown in Figure 2.

Table 2. Ratio of atoms that returned to the original structure upon unloading (NReturned atom) to the
total number of transformed atoms at the maximum indentation depth (NTotal).

Indenter Angle
NReturned atom/NTotal

1 K 300 K

45◦ 0.546 0.47
60◦ 0.783 0.736
70◦ 0.955 0.877

Figure 9 shows the phase transformation in the Si substrate during the unloading
procedure. Figure 9a–c illustrate the 60◦ indenter case at the indentation depths of 2 nm,
1 nm, and 0 nm, respectively. During indenter unloading, most of the Si-III- and Si-XII-
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phase atoms disappear, while the Si-II- and BCT-5-phase atoms remain in the Si substrate.
The phase transformation behavior under the unloading procedure describes that the Si-III
and Si-XII phases are associated with the elastic deformation of Si, whereas Si-II and BCT-5
phases are related to the plastic deformation of Si [18,22].

Figure 9. Cross-sectional views of the (001) plane of the transformed Si substrate during indenter
unloading. Images (a–c) correspond to the 60◦ indenter angle case at the indentation depths of 2 nm,
1 nm, and 0 nm, respectively.

5.4. Mechanical Properties

The hardness (H) of the Si substrate was presented as a function of the indentation
depth (h) for each indenter angle at 300 K, and the results are shown in Figure 10. The
hardness was calculated from the P-h curve using Equations (3) and (4). For the 45◦ and 60◦
indenters, it was observed that the hardness decreased with increasing indentation depth,
and then converged to a constant value. However, for the 70◦ indenter, the hardness re-
mained almost constant during loading. This trend is also demonstrated by the indentation
size effect [32,39,40], which appeared strongly in the case of the sharper indenter because
of the relatively small penetration volume.

Figure 10. Hardness–indentation depth curves at a temperature of 300 K for the three indenter angles.
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From Figure 10, the convergence values of hardness were obtained as 20.1, 14.21, and
11.36 GPa for the indenter semi-angles of 45◦, 60◦, and 70◦, respectively, which are the
average values at an indentation depth ranging from 2.9 to 3 nm. Experimental values of
the hardness of single-crystal Si have been reported to be 12–14 GPa at 300 K [41]. Thus,
the result of the 60◦ indenter was found to be in good agreement with experimental values.
In addition, it can be seen that the obtained hardness decreases with increasing indenter
angle. This angle-dependent hardness is associated with plastic flow. According to Prasad
et al. [42], the hardness values decreased with an increase in the elastic deformation zone
surrounding the plastic zone. As shown in Figure 4b, the size of the elastic zone surrounding
the plastic zone increases with increasing indenter angle. Hence, it is reasonable to conclude
that the hardness of Si depends on the indenter angle at the atomic scale.

The elastic modulus of the Si substrate was calculated for each indenter angle at 300 K
using Equations (5) and (6), and the results are presented in Figure 11. The experimental
value of the elastic modulus of Si in the (010) plane was reported to be 130 GPa [29,43].
As shown in Figure 9, although the obtained elastic modulus decreased with increasing
indenter angle, the values were within a reasonable range when compared to experimental
values. When α = 45◦, the difference between the obtained result and the experimental
value was 5.3%, while for α = 60◦ and 70◦, the differences were 2.9% and 6.5%, respectively.
Therefore, it can be concluded that the results obtained for the indenter with a 60◦ semi-
angle were best fitted to the experimental values.

Figure 11. Computed elastic modulus values at a temperature of 300 K for the three indenter angles.

6. Conclusions

This research revealed atomistic insights into the effect of indenter shape on the phase
transformation behavior of a Si substrate via MD simulations. Upon indenter loading, phase
transformations to Si-II, BCT-5, Si-III, and Si-XII were observed beneath the indenter tip.
For the indenter unloading procedure, the number of Si-III and Si-XII atoms significantly
decreased, but the Si-II- and BCT-5-phase atoms remained in the Si substrate. The results
exhibited that the Si-III and Si-XII phases describe elastic recovery, while the Si-II and BCT-5
phases describe plastic deformation. Among the three conical indenters with semi-angles
of 45◦, 60◦, and 70◦, the 70◦ indenter case showed greater elastic recovery, which was
elucidated based on the P-h curve and atomistic deformation behaviors. Furthermore, the
mechanical properties of hardness and elastic modulus decreased with increasing indenter
angle, and the 60◦ indenter case showed good agreement with previous experiments. The
present findings obtained from MD simulations are expected to give useful insights into
the deformation mechanism of thin-film Si under nanoindentation testing.
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Abbreviations

Si-I Silicon single crystal with diamond cubic structure
Si-II Silicon with tetragonal structure
Si-III Silicon cubic structure with four-fold coordination
Si-XII Silicon rhombohedral distortion structure with four-fold coordination.
BCT-5 Silicon with five-coordinated body-centered tetragonal structure
TEM Transmission electron microscopy
MD Molecular dynamics
P-h curves Load–indentation depth curves
LAMMPS Large-Scale Atomic/Molecular Massively Parallel Simulator
NSi-II and BCT-5 Number of Si-II and BCT-5 atoms
NTotal Number of transformed Si atoms at the maximum indentation depth
NReturned atom Number of Si atoms returned to the original structure upon unloading
hf Final depth (the point at which P = 0 in the unloading line.)
hmax Maximum indentation depth
H Hardness
E Elastic modulus
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Abstract: A series of CuO-based catalysts supported on the α-MnO2 nanowire were facilely syn-
thesized and employed as the CO oxidation catalysts. The achieved catalysts were systematically
characterized by XRD, SEM, EDS-mapping, XPS and H2-TPR. The catalytic performances toward
CO oxidation had been carefully evaluated over these CuO-based catalysts. The effects of different
loading methods, calcination temperatures and CuO loading on the low temperature catalytic activity
of the catalyst were investigated and compared with the traditional commercial MnO2 catalyst with
a block structure. It was found that the slenderness ratio of a CuO/α-MnO2 nanowire catalyst
decreases with the increase in CuO loading capacity. The results showed that when CuO loading was
3 wt%, calcination temperature was 200 ◦C and the catalyst that was supported by the deposition
precipitation method had the highest catalytic activity. Besides, the α-MnO2 nanowire-supported
catalysts with excellent redox properties displayed much better catalytic performances than the
commercial MnO2-supported catalyst. In conclusion, the CuO-based catalysts that are supported by
α-MnO2 nanowires are considered as a series of promising CO oxidation catalysts.

Keywords: CuO-based catalyst; α-MnO2 nanowire; low-temperature catalytic activity; CO oxidation

1. Introduction

Carbon monoxide is generally considered to be a fuel, resulting from the incomplete
combustion of fuel. The environmental pollution it causes has become a serious problem
all over the world, which has a great impact on human health and living environment [1,2].
At present, CO degradation technologies mainly include adsorption, separation, biodegra-
dation, combustion, plasma catalysis, photocatalysis, catalytic oxidation and so on [3].
Among them, catalytic oxidation has been widely used because of its advantages of high
purification efficiency, low reaction temperature and low cost [4]. Therefore, the design
and development of catalysts with advanced performance is the key to solve CO catalytic
oxidation. It was found that noble metals (Au [5], Pt [6] and Rh [7]) as the active center
supported on specific metal oxides (CeO2 [8], MnO2 [9], ZrO2 [10] and Fe2O3 [11]) with
excellent oxygen storage capacity usually have high activity for CO catalytic oxidation.
However, due to the high price and scarce resources of precious metals, their large-scale
application is greatly limited. In the past few decades, various transition metal oxides
(Co3O4, CuO, Fe2O3 and MnO2) have proved to show excellent catalytic activity in CO
catalytic oxidation. Co3O4-based catalysts have been widely studied for their low tempera-
ture catalytic activity that is similar to that of noble metal catalysts. However, the rapid
deactivation of Co3O4-based catalysts occurs under high humidity [12,13]. In contrast,
CuO-based catalysts have poor low temperature activity but high humidity tolerance.
Therefore, the preparation of CuO-based catalysts with excellent low temperature activity
has always been a research focus and challenge in the field of CO catalytic oxidation [14].

Nanomaterials 2022, 12, 2083. https://doi.org/10.3390/nano12122083 https://www.mdpi.com/journal/nanomaterials274



Nanomaterials 2022, 12, 2083

In order to design and prepare highly efficient CuO-based catalysts, the effect of
catalyst supports and preparation strategies have been extensively studied. Among many
catalysts supports, MnO2 has been widely studied because of its low cost, environmental
friendliness and high activity [15]. It is well known that the physicochemical properties of
MnO2 with different morphologies are often different. The common one-dimensional struc-
tures of MnO2 include block structure, nanorods, nanotube and nanowires. Among these
morphologies, MnO2 of a nanowire structure plays an important role because nanowire
with a one-dimensional structure can be used as the basic assembly unit of two- or three-
dimensional structural materials [16,17]. In addition, composites with novel structures and
properties can be prepared easily. Compared with traditional MnO2 with a bulk structure,
nanostructured MnO2 materials generally have better physicochemical properties, such
as a higher specific surface area, lower density and adjustable chemical properties [18]. In
addition, various studies have shown that MnO2 materials with nanowire morphology
usually have a high surface area and strong metal-support interactions. Compared with
other morphologies of MnO2 nanomaterials, MnO2 nanowire usually has higher catalytic
activity [19,20]. Therefore, nanowire is the main form of MnO2 nanomaterials. MnO2
nanowires generally have more surface oxygen adsorption, stronger reducibility, higher
specific surface area and lower Mn-O bond strength than MnO2 nanorods. Therefore, it
has a better catalytic performance in the catalytic combustion of dimethyl ether and the
catalytic oxidation of toluene. Saputra et al. [21] found that MnO2 nanowire exhibited
higher activity than MnO2 nanorods and MnO2 nanofibers in the co-degradation of phenol
by reactive oxygen species and hydroxyl groups. In addition, compared with nanorod and
nanotube MnO2, MnO2 nanowires as supports have stronger interactions with Ag and
exhibit higher toluene oxidation activity. Among the MnO2 nanomaterials (α-MnO2, β-
MnO2), α-MnO2 nanowire also showed the best catalytic activity for CO, even after Co3O4
nanoparticles were decorated. Liang et al. [22] synthesized four MnO2 nanomaterials with
different crystal types. They found that the order of activity of CO catalytic oxidation
is α = δ > γ > β-MnO2 because the [2 × 2] and [1 × 1] tunnel structures of α-MnO2 can
occupy more space to obtain more CO adsorption sites. On the other hand, the strong
catalytic performance of α-MnO2 for CO oxidation is due to the prolonged length of the
Mn-O bond that is caused by twisted [MnO6], which may be conducive to the fracture
of Mn-O bond, thus promoting CO oxidation. Therefore, α-MnO2 reacts easily with CO,
which further improves its catalytic performance.

In addition, various studies have been carried out to improve the CO catalytic oxida-
tion activity of MnO2 nanowires. In order to achieve this goal, effective strategies, including
element-doped surface engineering and combination with other active substances have
been extensively developed [23]. Metal loading and doping are two commonly used modifi-
cation methods for preparing catalysts. Both can significantly improve the catalytic activity
of MnO2 nanowires [24,25]. The loading method can disperse the metal or metal oxide on
the surface of the catalyst carrier highly uniformly, and the catalyst with higher activity can
be obtained due to the formation of a strong metal-support interaction. The doping method
is to replace the metal cations in the main metal oxides with different cations, which can
greatly change the chemical bonding on the surface of the main metal oxides and improve
their catalytic performance [26,27]. The active sites in the catalytic system may be oxygen
atoms near the dopant or the dopant itself. Therefore, the activity of MnO2 nanowires can
be further improved by dispersing more active components on their surfaces. Gao et al. [28]
found that hydrothermal doping of Cu significantly improved the CO oxidation activity
and water resistance of α-MnO2 nanowires. For γ-MnO2, Zn-doped MnO2 achieves a
90% CO conversion at 160 ◦C and shows the best CO oxidation activity in other elements
that are doped with γ-MnO2. Li et al. [29] synthesized α-MnO2 with a porous surface
structure by acid treatment. It has rich adsorption sites for O2, thus enhancing the catalytic
oxidation activity of MnO2 to CO. In addition, combining Au, Ag and CuO with MnO2
nanomaterials can effectively improve the efficiency of CO catalytic oxidation. Xu et al. [30]
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also studied the effect of a Ag-supported catalyst on CO catalytic oxidation activity on
α-MnO2 nanowires, and the T90% of Ag/α-MnO2 could reach below 100 ◦C.

In this study, α-MnO2 material with a perfect nanowire structure was successfully
prepared by a one-step hydrothermal method. The nanowires with excellent structural
properties and thermal stability could be used as CuO-based catalyst supports. A series
of CuO-based α-MnO2 nanowire catalysts were prepared by initial impregnation and
deposition precipitation methods for CO catalytic oxidation reaction at a low temperature.
The catalysts were characterized by X-ray powder diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersed spectroscopy (EDS) mapping, X-ray photoelectron
spectroscopy (XPS), etc. The effects of different loading methods, calcination temperature,
CuO loading and the mesoscopic structure of MnO2 on CO oxidation activity at low
temperature were studied.

2. Materials and Methods

2.1. Synthesis of α-MnO2 Nanowire Support

The α-MnO2 nanowire support was synthesized by a hydrothermal method according
to the scheme that was previously reported [31]. Specifically, 3 mmol of MnSO4·H2O was
first dissolved in 40 mL of deionized water and stirred for 5 min until the MnSO4·H2O
solution was clarified. Then, 2 mmol of KMnO4 was also dissolved in 40 mL of deionized
water and stirred for 5 min. After that, the KMnO4 solution was gradually added to the
MnSO4·H2O solution to obtain the brown suspension, and the stirring was continued for
30 min. The stirred brown suspension was transferred to a Teflon reactor and hydrothermal
reaction at 160 ◦C for 12 h. The brown-black liquid that was obtained after the hydrothermal
treatment was washed six times with ethanol. The solid that was obtained by centrifugation
was placed in a vacuum drying oven at 100 ◦C for 12 h, and then the α-MnO2 nanowire
support was obtained.

2.2. CuO-Based α-MnO2 Nanowire Catalyst Preparation

The CuO-based supported α-MnO2 nanowire catalysts containing x wt% CuO (x = mCuO/
(mCuO + msupport) × 100%) were synthesized by a deposition precipitation method. To be
specific, α-MnO2 nanowire was dispersed in Cu(NO3)2·3H2O solution, and then Na2CO3
(0.01 M) solution was added droplet by droplet to adjust the pH to 8~9. The mixed solution was
fully stirred for 30 min and then stood for 1h. After filtration, it was washed with deionized
water and dried for 12 h in an oven of 120 ◦C. Then, the CuO-based α-MnO2 nanowire catalysts
with different CuO loading were obtained by calcination at 200 ◦C for 5 h and were denoted as
xCuO/α-MnO2-200-DP (x = 1, 3, 5, 10, 20 and 30). Meanwhile, a series of catalysts defined as
3CuO/α-MnO2-T-DP (T = 120, 200, 300 and 400) were synthesized under the same preparation
process at a different calcination temperature, where “T” refers to the calcination temperature
of the catalyst. In order to clarify the influence of the loading mode on the performance of the
catalyst, the CuO-based α-MnO2 nanowire catalyst by incipient impregnation method was
denoted as 3CuO/α-MnO2-200-IMP.

In addition, the CuO that was supported on a commercial MnO2 catalyst (3CuO/C-
MnO2-200-DP) indicated that the special morphology of α-MnO2 nanowire also promoted
the catalytic activity of CO catalytic oxidation. The commercial MnO2 that was used in this
study was the most common one in the market, and it was normal to have fewer impurities
in the commercial MnO2.

2.3. Catalyst Characterizations

X-ray powder diffraction (XRD) patterns of all catalysts were performed on a Smart
Lab/3 kW Intelligent multifunctional X-ray Diffractometer (Shimadzu, Kyoto, Japan) (Cu
Kα radiation 40 kV/100 mA, the step of 5◦/min, 2θ = 10–80◦). Scanning electron microscopy
(SEM) and energy-dispersed spectroscopy (EDS) mapping measurements of all catalysts
were carried out on a scanning electron microscopy (FEI TECNAI G2 F20, Hillsboro,
OR, USA). The sample was glued to the conductive adhesive, and gold spraying was
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performed for 45 s and 10 mA using Oxford Quorum SC7620 sputtering coater (Quorum,
UK). The morphology of the sample was photographed with a ZEISS Gemini SEM 300
scanning electron microscope. The X-ray photoelectron spectroscopy (XPS) measurements
were tested on an Escalab 250Xi (Thermo Fisher Scientific, Waltham, MA, USA) that was
equipped with an Al Kα X-ray source to determine the elemental composition and chemical
states of the elements. The powder of the sample was spread and coated on conductive
tape on the sample holder. The binding energies were calibrated using the C 1s line at
284.5 eV as the reference.

H2 temperature-programmed reduction (H2-TPR) experiments were carried out in a
self-made fixed-bed reactor (assemble). The consumption curve of H2 was recorded and
analyzed by an online LC-D200 mass spectrometer (TILON, Seoul, Korea). A mixture of H2
(0.4 mL/min) and Ar (7.6 mL/min) was introduced into the reactor. After the H2 signal
baseline (m/z = 2) was stabilized, a H2-TPR experiment was performed at a heating rate of
20 ◦C/min from room temperature to 800 ◦C.

2.4. Catalyst Evaluation

The catalytic activity of CO oxidation of the catalyst in this system had been tested
in a vertical fixed-bed continuous flow reactor that was equipped with quartz tubes
(I.D. = 10.00 mm). The temperature of the reaction should be the center temperature of the
catalyst bed and it was detected and controlled by the thermocouple that was located in the
center of the catalyst bed. The gas flows of the feed gases are controlled by the mass flow
controllers (MFC, Brooks Instrument, Hatfield, UK) and used as feed 1 vol % CO, 20 vol. %
O2 and balanced N2. The catalyst weighed 0.1 g and was injected with CO reaction gas
with a total flow of 20 mL/min. The CO oxidation corresponding to the gas hourly space
velocity (GHSV) was 12,000 mL/(g·h) gas, and the catalytic activity of CO oxidation over
different catalysts was tested in the specified temperature range. Finally, a GC-680 gas
chromatograph (Perkin Elmer, Waltham, MA, USA) with a thermal conductivity detector
(TCD) was used for an on-line analysis of the outlet gas. The catalytic activity of the catalyst
was reflected and expressed by CO conversion. The conversion rate of CO was calculated
based on the formula below:

CCO =
FCO,Inlet − FCO,Outlet

FCO,Intlet
× 100% (1)

FCO,Inlet represented the flow rate of CO species into; FCO,outlet represented the flow
rate of CO species out of the reactor.

3. Results and Discussion

3.1. Characterizations of the Catalysts
3.1.1. XRD Analysis

In order to study the crystal phase structure of the supports and catalysts, a series
of materials were analyzed by XRD. In Figure 1, the diffraction peaks of α-MnO2 that
were located at 2θ = 12.78◦, 18.11◦, 25.71◦, 37.52◦, 41.97◦, 49.86◦, 56.37◦, 65.11◦ and 69.71◦
could be ascribed to the α-MnO2 phase (PDF#44-0141) [30]. Specific, obvious diffraction
peaks correspond to the (1 1 0), (2 0 0), (2 2 0), (2 1 1), (3 0 1), (4 1 1), (6 0 0), (5 2 1),
(0 0 2) and (5 4 1) crystal planes of the MnO2 structure, respectively. Figure 1a shows
the XRD patterns of 3CuO/α-MnO2-200-DP and 3CuO/α-MnO2-200-IMP under different
loading methods. As can be seen from the figure, the MnO2 diffraction peak intensity
of the 3CuO/α-MnO2-200-DP catalyst that was prepared by the deposition precipitation
method (DP) loaded with CuO was significantly stronger than 3CuO/α-MnO2-200-IMP
that was prepared by the initial impregnation method (IMP). The catalytic activity test
showed that the CO catalytic oxidation activity of 3CuO/α-MnO2-200-DP was significantly
better than that of 3CuO/α-MnO2-200-IMP.The test also proved that the (2 2 0) and (6 0 0)
crystal planes of α-MnO2 may play a dominant role in CO catalytic oxidation. At the
same time, compared with the 3CuO/α-MnO2-200-IMP, the characteristic peak of CuO in
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the 3CuO/α-MnO2-200-DP catalyst was much lower. The results showed that the CuO
dispersion on the surface of the 3CuO/α-MnO2-200-DP catalyst was significantly higher
than that of 3CuO/α-MnO2-200-IMP.

Figure 1. XRD patterns of (a) 3CuO/α-MnO2-200-DP and 3CuO/α-MnO2-200-IMP catalysts under
different loading methods; (b) 3CuO/α-MnO2-T-DP (T = 120, 200, 300, 400) catalysts with different
calcination temperatures; (c) xCuO/α-MnO2-200-DP (x = 0, 1, 3, 5, 10, 20, 30) catalysts with different
CuO loading; (d) α-MnO2 nanowire, commercial MnO2 (C-MnO2) and corresponding catalysts.
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In general, calcination at higher temperatures was always accompanied by an increase
in mean particle size and a decrease in specific surface area due to pore clogging. In addition
to reducing the surface area, higher calcination temperatures reduced the active ingredients,
ultimately leading to a reduction in the active interface sites. On the other hand, the CuO/α-
MnO2 catalyst generated CuMn2O4 at higher temperature and deactivates [32]. Figure 1b
shows the XRD patterns of 3CuO/α-MnO2-T-DP at different calcination temperatures.
When the calcination temperature raised from 120 ◦C to 300 ◦C, the intensity of the XRD
diffraction peak increased and the diffraction peak was the strongest at 300 ◦C. This ought
to be attributed to the collapse of the nanowire framework at the calcination temperature as
high as 300 ◦C, which made the dispersion of CuO worse. However, when the calcination
temperature raised to 400 ◦C, the peak intensity decreased, which was caused by the
formation of CuMn2O4. Moreover, due to the low content of CuMn2O4, its characteristic
diffraction peak cannot be displayed in the XRD pattern.

The XRD patterns of the pure α-MnO2 nanowire support and xCuO/α-MnO2-200-DP
catalysts with different CuO loading are shown in Figure 1c. As can be seen from the figure,
almost all the xCuO/α-MnO2-200-DP nanowire catalysts showed wide and clear XRD
peaks, indicating that all the catalysts displayed good crystallinity. As the CuO loading
increased, two diffraction peaks were detected at the 2θ = 35.5◦ and 38.8◦, which were the
diffraction peaks of CuO (PDF#05-0661) [33]. On the other hand, with the increase in CuO
content, the intensity of the CuO diffraction peak also increased, indicating that the grain
size of CuO increased. At the same time, the characteristic peak intensity of the (2 2 0) and
(2 1 1) crystal planes of α-MnO2 decreased obviously.

Figure 1d shows the XRD patterns of pure α-MnO2 nanowire, commercial MnO2 and
corresponding catalysts. As can be seen from the figure, the diffraction peak of C-MnO2
was the same as that of MnO2 (PDF#72-1984). In addition, the diffraction peak of impurity
FeMnO3 (PDF#75-0894) was observed in the C-MnO2 diffraction peak by comparison [34].
The characteristic peak of CuO cannot be clearly seen in the figure, due to the low loading
of CuO. On the other hand, it indicated the high dispersion of CuO on the catalyst’s surface.

3.1.2. SEM Observation

SEM images of the α-MnO2 nanowire support and xCuO/α-MnO2-200-DP catalysts
were analyzed, as shown in Figure 2. The 5CuO/α-MnO2-200-DP and 30CuO/α-MnO2-200-
DP with different CuO loadings were selected as representative catalysts. Figure 2a,b shows
the morphology of pure α-MnO2 nanowire. It was found that the nanowire had a uniform
morphology, smooth surface, and large aspect ratio (length: 5–15 μm, width: 100–200 nm).
Figure 2c,e, respectively, show the 5CuO/α-MnO2-200-DP and 30CuO/α-MnO2-200-DP
nanowires’ catalysts’ structure. When the CuO loading increased from 0% to 5%, α-MnO2
nanowire support retained its morphology, while the 30% CuO loading catalyst showed
irregular nanowire. At the same time, the aspect ratio of α-MnO2 nanowires decreases
with the increase in CuO loading. The CuO loading was observed on the surface of the
5CuO/α-MnO2-200-DP and 30CuO/α-MnO2-200-DP catalysts.

The spatial dispersion of Mn and Cu elements in the nanowire structure could be
characterized and analyzed by scanning transmission electron microscopy (STEM) and
energy dispersive spectroscopy mapping (EDS-mapping) of the 3CuO/α-MnO2-200-DP
and 3CuO/α-MnO2-200-IMP catalysts. It could be seen from Figure 3 that the supported
metal Cu element was uniformly distributed on the surface of the catalysts. In addition, the
dispersion of Cu element in the 3CuO/α-MnO2-200-DP catalyst was significantly higher
than that of the 3CuO/α-MnO2-200-IMP catalyst, indicating that the catalyst that was
prepared by the precipitation deposition method could better distribute the Cu element on
the catalyst’s surface.
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Figure 2. SEM images of α-MnO2 nanowire support (a,b), 5CuO/α-MnO2-200-DP (c,d) and
30CuO/α-MnO2-200-DP (e,f) catalysts.

Figure 3. STEM and EDS element mapping images showing the spatial distribution of Mn and Cu
elements: (a,b) 3CuO/α-MnO2-200-DP, (c,d) 3CuO/α-MnO2-200-IMP.
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3.1.3. XPS Analysis

An XPS analysis of a series of prepared catalysts provided further evidence of surface
chemical coordination, valence and composition states. Their XPS curves were shown in
Figures 4–7. It can be seen from Figure 7 that the XPS spectrum of Mn 3s had a double
peak structure, and the double peak spacing of all catalysts was 4.5 eV. Therefore, it could
be concluded that the Mn species in all catalysts existed in the form of MnO2. It can be
seen from Figure 4a,c that the XPS distribution of Mn 2p and O 1s catalysts under different
loading modes was almost the same, because the addition of a small amount of CuO did
not affect the overall element concentration ratio of Mn and O. It can be observed from
Figure 4b that these catalysts have two main peaks at 933.3 eV and 953.03 eV, which may
be attributed to Cu 2p3/2 and Cu 2p1/2, respectively. In addition, it was noteworthy that
the Cu 2p3/2 peak was almost accompanied by an oscillating satellite peak in the range
of 940.38–943.28 eV. This was accompanied by three satellite peaks with Cu 2p3/2 peaks
at 940.4 eV (I), 941.8 eV (II), and 943.4 eV (III). It was well known that the satellite peak
was caused by the transfer of electrons from the ligand orbit to the 3d orbit of Cu, which
confirmed the existence of Cu2+ in the divalent form of the 3d9 structure, rather than the
species level of Cu+ or Cu0 with d-filled energy [35,36]. Meanwhile, the XPS spectrum
of Cu 2p varies greatly under different loading modes. The peak intensity of the Cu 2p
spectrum of the 3CuO/α-MnO2-200-IMP catalyst was significantly lower than that of the
3CuO/α-MnO2-200-DP catalyst. The peak intensity of the Cu 2p spectrum of the 3CuO/α-
MnO2-200-IMP catalyst was significantly lower than that of the 3CuO/α-MnO2-200-DP
catalyst. The main reason for this was the different CuO dispersion over these catalysts.
Specifically, the CuO dispersion of the 3CuO/α-MnO2-200-IMP catalyst was poorer than
the 3CuO/α-MnO2-200-DP catalyst. According to the XPS survey spectra results (Table 1),
the surface concentration of the Cu element over the 3CuO/α-MnO2-200-DP catalyst was
2.9%, which was similar to the content of the Cu element that was added. However, the
surface concentration (1.7%) of the Cu element in the 3CuO/α-MnO2-200-IMP catalyst
was much lower than the theoretical value. These results indicated that the deposition-
precipitation method could better disperse the CuO than the initial impregnation method
over the α-MnO2 nanowire support.

The XPS spectra of Mn 2p, O 1s and Cu 2p at different calcination temperatures of
the 3CuO/α-MnO2-T-DP catalyst are shown in Figure 5. As can be seen from Figure 5a,
these catalysts had two main peaks at 654.0 eV and 642.1 eV, which belong to Mn 2p1/2
and Mn 2p3/2 spin orbits, respectively. It should be noted that these two peaks were
characteristic signals of Mn (IV). All these indicated the occurrence of interfacial reactions
and the formation of MnO2. To show the redox characteristics of the prepared catalyst,
the surface oxidation state of copper was also studied [37]. As can be seen from Figure 5b,
the XPS peaks that are centered on 954.0 eV and 933.0 eV belong to Cu 2p1/2 and Cu
2p3/2, respectively. The binding energy of Cu 2p increased with the increase in calcination
temperature. Meanwhile, with the increase in calcination temperature, the peak intensity
corresponding to Cu 2p decreased, which may be caused by the decrease in Cu species’
concentration on the catalyst surface, caused by the increase in calcination temperature. To
further investigate the properties of various oxygen substances on the 3CuO/α-MnO2-T-
DP catalyst, the XPS spectrum of O 1s of 3CuO/α-MnO2-T-DP are shown in Figure 5c. All
the catalysts show two peaks of different oxygen species. Specifically, the peaks of 529.9 eV
and 531.2 eV can be attributed to the lattice oxygen (Olatt) and surface-adsorbed oxygen
(Oads) of CuOx and α-MnO2, respectively. Combined with the data after peak fitting in
Table 2, with the increase in calcination temperature, the acromial area ratio also decreased
correspondingly. The oxygen vacancy concentration of 3CuO/α-MnO2-200-DP was the
highest. According to previous reports [38], the formation of oxygen anion radicals was
due to the increased adsorption of environmental oxygen by surface oxygen vacancies,
which will further improve the performance of catalysts.
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Figure 4. XPS spectra of Mn 2p (a), Cu 2p (b), O 1s (c) and survey spectrum (d) for 3CuO/α-MnO2-
200-DP and 3CuO/α-MnO2-200-IMP catalysts under different loading methods.

Figure 5. XPS spectra of Mn 2p (a), Cu 2p (b) and O 1s (c) for 3CuO/α-MnO2-T-IMP catalysts with
different calcination temperatures.
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Figure 6. XPS spectra of Mn 2p (a), Cu 2p (b) and O 1s (c) for xCuO/α-MnO2-200-DP catalysts with
different CuO loading.

Figure 7. XPS spectra of Mn 3s for catalysts.
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Table 1. The surface atomic concentration ratio of Mn, Cu, O of the catalysts based on XPS.

Samples Mn (%) Cu (%) O (%)

α-MnO2 21.1 / 46.4
1CuO/α-MnO2-200-DP 20.8 0.9 45.8
3CuO/α-MnO2-200-DP 18.1 2.9 51.1
5CuO/α-MnO2-200-DP 18.0 4.0 44.6

10CuO/α-MnO2-200-DP 17.8 5.6 43.8
20CuO/α-MnO2-200-DP 16.5 7.0 39.4
30CuO/α-MnO2-200-DP 10.0 16.9 40.0
3CuO/α-MnO2-120-DP 20.4 1.2 45.5
3CuO/α-MnO2-300-DP 17.7 2.2 44.4
3CuO/α-MnO2-400-DP 16.9 2.0 41.5

3CuO/α-MnO2-200-IMP 17.6 1.7 45.9

Table 2. O 1 s peak areas of the catalysts based on XPS.

Samples
O 1s Main
Peak Area

O 1s Shoulder
Peak Area

O 1s Shoulder
Peak Area Ratio (%)

α-MnO2 129,671.0 32,166.2 19.8
1CuO/α-MnO2-200-DP 140,985.7 32,068.2 18.5
3CuO/α-MnO2-200-DP 118,838.6 32,724.9 21.6
5CuO/α-MnO2-200-DP 138,945.0 32,733.5 19.1

10CuO/α-MnO2-200-DP 137,120.8 34,822.0 20.3
20CuO/α-MnO2-200-DP 129,100.5 33,846.1 20.7
30CuO/α-MnO2-200-DP 129,861.6 32,378.3 20.0
3CuO/α-MnO2-120-DP 129,997.5 32,051.5 19.8
3CuO/α-MnO2-300-DP 132,452.1 34,305.7 20.6
3CuO/α-MnO2-400-DP 134,830.5 33,962.0 20.1

3CuO/α-MnO2-200-IMP 134,777.2 32,518.3 19.4

Figure 6 shows the XPS spectra of Mn 2p, O 1s and Cu 2p in xCuO/α-MnO2-200-DP
catalysts with different CuO loadings. As can be seen from Figure 6a, these catalysts had
two main peaks at 652.7 eV and 642.0 eV, which were Mn 2p1/2 and Mn 2p3/2, respectively.
This indicated that Mn existed in the form of Mn4+ in the xCuO/α-MnO2-200-DP catalyst.
In order to show the redox characteristics of the prepared catalyst, the surface oxidation
state of copper was also studied [39]. As can be seen from Figure 6b, these catalysts
had two main peaks at 953.0 eV and 933.0 eV, namely Cu 2p1/2 and Cu 2p3/2. It was
noteworthy that the peak intensity of the Cu 2p spectrum increased significantly with
the increase in copper content, and the corresponding peak fitting results also showed
that the proportion of Cu element increased. In order to clarify the properties of various
oxygen-containing substances on the xCuO/α-MnO2-200-DP catalyst, the XPS spectra of
O 1s of all the xCuO/α-MnO2-200-DP catalysts are shown in Figure 6c. According to the
binding energy of surface elements, the binding energy of the xCuO/α-MnO2-T-DP catalyst
in Table 3 decreased with the increase in CuO loading. Combined with the data after peak
fitting in Table 2, 3CuO/α-MnO2-200-DP had the highest acromion area ratio of O 1s.
Metal-support interactions between well-dispersed CuO and MnO2 support produce more
surface oxygen and defects. These oxygen and defects predominated when the catalysts
exhibited strong CO oxidation properties, and high oxygen vacancy provided a higher
catalyst performance for CO catalytic oxidation. In conclusion, different CuO loadings and
calcination temperatures together affect the formation of oxygen vacancy on the surface of
the catalyst, and further affect the catalytic oxidation performance of CO.
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Table 3. Binding energies of surface elements in xCuO/α-MnO2-T catalysts.

Samples Cu 2p3/2 O 1s Mn 2p3/2

α-MnO2 / 529.8 642.3
1CuO/α-MnO2-200-DP 933.2 529.7 642.2
3CuO/α-MnO2-200-DP 933.3 529.7 642.2
5CuO/α-MnO2-200-DP 933.2 529.6 642.1

10CuO/α-MnO2-200-DP 933.2 529.6 642.1
20CuO/α-MnO2-200-DP 933.1 529.6 642.1
30CuO/α-MnO2-200-DP 933.1 529.6 642.1
3CuO/α-MnO2-120-DP 933.2 529.6 642.1
3CuO/α-MnO2-300-DP 933.3 529.6 642.1
3CuO/α-MnO2-400-DP 933.4 529.7 642.2

3CuO/α-MnO2-200-IMP 933.3 529.7 642.2

3.1.4. H2-TPR Analysis

In order to study the interaction between catalyst support and CuO, a H2-TPR anal-
ysis was systematically carried out on the catalysts of commercial MnO2 and α-MnO2
nanowire that were loaded with CuO under different CuO loadings, different calcina-
tion temperatures and different loading methods. The typical H2-TPR curve is shown
in Figure 7.

Figure 8a shows the H2-TPR curves of α-MnO2 nanowire catalyst under different
loading modes. With the loading of CuO, the reduction peak of the catalyst moved towards
a low temperature, and the reduction in catalyst by precipitation deposition was improved
more obviously. This meant that the interaction between CuO and α-MnO2 nanowire
was stronger. Figure 8b shows the H2-TPR curves of the 3CuO/α-MnO2-T-DP nanowire
catalysts that were calcined at 120 ◦C, 200 ◦C, 300 ◦C and 400 ◦C. With the increase in
calcination temperature, the relative position between the two reduction peaks of the
catalyst basically remained unchanged, and the H2-TPR curve of the catalysts that were
calcined at 200 ◦C and 300 ◦C moved to a higher temperature. The increase in CuO
composition at this temperature required a higher temperature to completely reduce the
catalyst. This indicated that the excellent reduction performance could be reduced by high
loading. Figure 8c shows the H2-TPR curve of α-MnO2 nanowire with two main peaks,
the maximum values of which were concentrated at 372 ◦C and 613 ◦C, respectively. The
first peak at 372 ◦C was attributed to the reduction in MnO2 to Mn3O4, while the second
peak at 613 ◦C was attributed to the reduction in Mn3O4 to MnO [40]. However, after
loading different amounts of CuO, all the xCuO/α-MnO2-200-DP catalysts showed a two-
stage reduction peak like that of pure α-MnO2 nanowires, and there was no characteristic
reduction peak of CuO species. Meanwhile, the addition of CuO to α-MnO2 nanowire
changed the reduction behavior of α-MnO2 nanowire. With the increase in CuO loading,
the continuous reduction peaks of MnO2 to Mn3O4 and Mn3O4 to MnO also shift to lower
temperatures. This finding clearly indicated that the CuO had a significant effect on the
reduction performance of the xCuO/α-MnO2-200-DP catalyst. Figure 8d shows the H2-TPR
curves of commercial MnO2 and α-MnO2 nanowire catalysts before and after CuO loading.
Unlike α-MnO2 nanowire, the reduction peak of the commercial MnO2 catalyst that was
loaded with CuO shifts to a high temperature. This meant that the reduction performance of
commercial MnO2 that was loaded with CuO was significantly reduced, indicating that the
interaction between CuO and commercial MnO2 was weak. The structural advantages of
α-MnO2 nanowires and their ability to interact with oxides were shown from the side view.

285



Nanomaterials 2022, 12, 2083

Figure 8. H2-TPR profiles of (a) α-MnO2, 3CuO/α-MnO2-200-DP and 3CuO/α-MnO2-200-IMP
catalysts under different loading methods; (b) 3CuO/α-MnO2-T-DP (T = 120, 200, 300, 400) cat-
alysts with different calcination temperatures; (c) xCuO/α-MnO2-200-DP (x = 0, 1, 3, 5, 10, 20,
30) catalysts with different CuO loading; (d) α-MnO2 nanowire, commercial MnO2 (C-MnO2) and
corresponding catalysts.

3.2. Catalytic Performance for CO Oxidation
3.2.1. Catalytic Activity

In order to study the influence of the loading mode on the catalytic activity, the
catalytic oxidation reaction of 3CuO/α-MnO2-200-DP (deposition precipitation method)
and the 3CuO/α-MnO2-200-IMP (initial impregnation method) catalyst CO was studied.
The results are shown in Figure 9a. As can be seen in the figure, the 100% CO conversion
temperature of the 3CuO/α-MnO2-200-DP catalyst was 80 ◦C. The catalytic activity of
the 3CuO/α-MnO2-200-IMP catalyst was much lower than that of the 3CuO/α-MnO2-
200-DP catalyst, and the complete transformation of CO can be realized until 170 ◦C. This
shows that the sedimentation method has obvious advantages over the traditional initial
impregnation method.

To study the influence of calcination temperature on the catalytic activity of the
3CuO/α-MnO2-T-DP catalyst, the CO catalytic oxidation reaction was studied at calci-
nation temperatures of 200 ◦C, 300 ◦C and 400 ◦C, and catalyst samples dried only at
120 ◦C without calcination, as shown in Figure 9b. As can be seen from the figure, the
catalytic activity of 3CuO/α-MnO2-T-DP catalyst decreases as the calcination temperature
increases from 200 ◦C to 400 ◦C. The catalytic activity of catalysts that have been calcined
at 120 ◦C, was lower than that of the catalyst samples that have been calcined at 200 ◦C to
400 ◦C. This may be because Cu(NO3)2·3H2O did not decompose completely due to the
low temperature of catalyst samples that were calcined above 200 ◦C during the loading
process. The calcination temperature of the catalysts had great influence on the dispersion,
structure and metal–surface interaction strength of the catalysts. It can be seen from the
XRD pattern that the CuO diffraction peak intensity of 3CuO/α-MnO2-T-DP catalyst was
different to some extent. The CuO diffraction peak of 3CuO/α-MnO2-300-DP was the
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strongest, indicating that the CuO species were poorly dispersed. Therefore, the different
catalytic activity of the 3CuO/α-MnO2-T-DP catalyst at different calcination temperatures
may be related to the dispersion of CuO active sites. In addition, the difference in catalytic
activity of 3CuO/α-MnO2-T-DP catalysts at different calcination temperatures may also
be caused by the thermal shrinkage of the catalyst skeleton and the agglomeration of
CuO species.

Figure 9. (a) 3CuO/α-MnO2-200-DP and 3CuO/α-MnO2-200-IMP catalysts under different loading
modes; (b) 3CuO/α-MnO2-T-DP (T = 120, 200, 300, 400) catalysts; (c) xCuO/α-MnO2-200 (x = 0, 1,
3, 5, 10, 20, 30) catalyst; and (d) CO conversion of pure α-MnO2 nanowires and commercial MnO2

catalysts supported by CuO by precipitation deposition at different reaction temperatures.

Secondly, the catalytic activity of CO oxidation on the xCuO/α-MnO2-200-DP catalyst
with CuO loading was evaluated in detail, as shown in Figure 9c. As can be seen from
the figure, pure α-MnO2 nanowire catalyst started to activate at 120 ◦C. With the increase
in reaction temperature, CO conversion gradually increased until reaching 100% at about
200 ◦C. Compared with pure α-MnO2 nanowire carrier, the xCuO/α-MnO2-200-DP catalyst
had higher catalytic activity, especially in the 30–100 ◦C region. These results indicated
that CuO species were the main active center of CO oxidation and the main cause of CO
oxidation at a low temperature. To show the difference more clearly in the catalytic activity
of the xCuO/α-MnO2-200-DP catalysts with different CuO loads, the CO conversion of the
xCuO/α-MnO2-200-DP catalysts was analyzed at 60 ◦C, as shown in Figure 10. When the
CuO load increased from 0 wt% to 3 wt%, the catalytic activity of the xCuO/α-MnO2-200-
DP catalyst was significantly enhanced at a low temperature. The 3CuO/α-MnO2-200-DP
catalyst showed the highest catalytic activity among all the catalysts, which showed a
significant advantage compared with previous studies. However, a further increase in
CuO from 3 wt% to 30 wt% lead to a decrease in catalytic activity. The possible reason
was that the one-dimensional structure of α-MnO2 nanowires, especially the aspect ratio
of the catalyst, decreases significantly with the increase in CuO load, resulting in a poor
dispersion of CuO on the surface of the supports.
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Figure 10. CO conversion and conversion of xCuO/α-MnO2-200-DP (x = 0, 1, 3, 5, 10, 20, 30) catalysts
with different CuO loading at 60 ◦C.

Meanwhile, in order to study the influence of the nanowire structure and redox
performance of the catalyst support on the catalytic activity, commercial MnO2 was used as
the contrast carrier for the CO catalytic oxidation reaction and the same loading method was
used to prepare the contrast catalyst. Figure 9d shows the catalytic activity of comparative
catalysts. In the figure, the 100% CO conversion temperature of the 3CuO/α-MnO2-200-
DP catalyst was 80 ◦C, while the CO conversion of the 3CuO/C-MnO2-200-DP catalyst
was close to 100% only when the temperature was above 200 ◦C. The catalytic activity of
the 3CuO/C-MnO2-200-DP catalyst was like the α-MnO2 nanowire support without the
CuO load. The advantages of the structure and properties of α-MnO2 nanowire support
were illustrated.

3.2.2. Long-Term Stability Test

A long-term stability test was carried out to evaluate the catalytic stability of the
prepared CuO-based catalyst under the specific reaction conditions (CO/O2/N2 = 1/20/79,
GHSV = 12,000 mL·g−1·H−1, 80 ◦C, 1 atm). The CO oxidation stability of these catalysts was
tested for 12 h, and 3CuO/α-MnO2-200-DP was selected as the representative catalyst. As
can be seen from Figure 11, the 3CuO/α-MnO2-200-DP catalyst showed excellent stability
during the entire 12 h stability test, with the activity remaining at 100% and no significant
deactivation. These results indicate that the 3CuO/α-MnO2-200-DP catalyst not only had
high temperature activity, but also had good stability.

Figure 11. Stability of 3CuO/α-MnO2-200-DP catalyst at 80 ◦C for 12 h.
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4. Conclusions

In summary, a series of CuO/α-MnO2 nanowire catalysts with different CuO loadings,
different calcination temperatures and different loading modes were synthesized as the
supports of a CO catalytic oxidation catalyst. The slenderness ratio of the CuO/α-MnO2
nanowire catalyst decreases with the increase in loading capacity. The results showed that
when CuO loading was 3 wt%, calcination temperature was 200 ◦C and the catalyst that
was supported by the deposition precipitation method had the highest catalytic activity.
Compared with the commercial MnO2 catalyst, the synthetic α-MnO2 nanowire catalyst
has better redox performance and better low-temperature catalytic activity due to the
particularity of the microstructure. Compared with commercial MnO2, it was a better
catalyst support for CO catalytic oxidation. The CuO particles that were calcined at 200 ◦C
by the precipitation deposition method showed better dispersion on the surface of a α-
MnO2 nanowire support, which proved that the precipitation deposition method was
superior to the traditional initial impregnation method. In addition, CuO as the active
center of CO oxidation formed a strong intermetallic synergistic effect on the surface of
the α-MnO2 nanowire support, which further enhanced the CO oxidation activity of the
α-MnO2 nanowire support at a low temperature. Because of these advantages, α-MnO2
nanowire is considered as a promising support for the CO oxidation of CuO-based catalysts,
and has stronger catalytic activity, especially at low temperatures.
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Abstract: Assisted fluidization techniques can significantly improve the hydrodynamics of difficult-
to-fluidize solids. Among these techniques, the pulsed flow strategy is highly promising owing to its
cost-effectiveness and amenability to implementation for largescale processing. Using commercial-
grade, highly porous nanosilica that shows strong agglomeration behavior, we implemented the
pulsed flow with square-wave pulsation schemes of 0.05, 0.10, and 0.25 Hz frequencies, and compared
their effectiveness in each case. Besides the conventional approach of assessing their efficacy using
the pressure drop data, we have proposed a new approach in this work that consists of computing
the power of the overall pressure drop transient signals. Using the theoretical value, i.e., the effective
bed weight per unit area as a reference, the percentage increase in the power was 27 ± 4, 71 ± 5, and
128 ± 4, respectively, for 0.05, 0.10, and 0.25 Hz pulsation frequencies. In fact, the average pressure
drop values were substantially higher when the partial bed collapse occurred between successive
pulsations when compared with the case of low-frequency pulsations. The pulsation frequency
also affected the evolution of local bed dynamics in various bed regions during the expansion and
collapse of the bed. Moreover, the local and global pressure transients have shown interesting mutual
correlations which were otherwise not evident from their individual transient profiles.

Keywords: nanosilica; fluidization; pulsed flow; pulsation frequency; assisted fluidization; efficacy;
bed dynamics

1. Introduction

Notwithstanding inherent advantages associated with the use of fine and ultrafine
powders, their processing remains hugely challenging. This was pointed out long ago by
Geldart [1], who examined the effect of the physical properties of the solid particles on
their gas-phase fluidization behavior. For particles with a size smaller than 30 μm, the
solids, when contacted with an upward gas flow, show cohesive and non-homogeneous
fluidization behavior with poor contact and insufficient mixing between the two phases.
This leads to poor transport of heat and mass that could ultimately compromise the
effectiveness of the process.

A commonly used strategy to improve the fluidization hydrodynamics of difficult-
to-fluidize cohesive solids has been the use of assisted fluidization techniques [2]. These
techniques mostly require the input of additional extra energy to the system mainly to
counteract the interparticle forces, thereby enhancing the fluidization behavior. For instance,
subjecting the fluidized bed to mechanical vibration leads to a greater bed homogeneity and
reduced minimum fluidization velocity (Umf) in addition to uniform product quality [3–12].
Given that the transition of the fixed bed to the fluidized bed mode of gas–solid contact
occurs at the Umf, it is therefore considered a critical fluidization parameter. Similarly, a
pulsation of the inlet flow promotes deagglomeration, reduces the Umf, and suppresses the
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hysteresis phenomenon [13–24]. Another assisted fluidization strategy widely reported in
the literature utilizes the acoustics perturbations generated from a sound source. When the
acoustic frequency matches the natural frequency of the system, resonance occurs, which
leads to the development of standing waves, thereby causing high-intensity disturbances in
the pressure transients. This lowers the Umf and improves the quality of fluidization [25–29].
Mixing with inert particles of appropriate physical properties has also been reported as a
strategy to enhance the fluidization hydrodynamics of difficult-to-fluidize particles [30–33].
In some cases, a combination of two different assisted fluidization techniques has been
utilized to improve the fluidization quality and suppress the size segregation of the bed
material along the height [20,34–36].

For largescale gas–solid processing, the efficacy of the energy augmentation using
the assisted fluidization technique is of critical importance for the economic feasibility
of the process. In this context, the pulsed flow assisted fluidization technique stands
out on two main counts. First, unlike mechanical vibrations and acoustic perturbations,
additional energy input and its associated capital and operating costs are not required.
Second, the existing process units can be easily and economically retrofitted to introduce
flow pulsations.

Pulsed flow introduces intense pressure fluctuations, which cause additional dissipa-
tion of energy and can therefore help to improve fluidization hydrodynamics. Simple flow
pulsation strategy, e.g., square-wave flow pulsations, can be implemented by regularly
interrupting the inlet fluid flow. Once the flow is stopped, the collapse process begins. As
a result of regular expansion and collapse of the bed due to pulsed flow, the solid phase
mostly remains in a state of vigorous perpetual motion, thus leading to additional frictional
losses, which are otherwise not possible with conventional fluidization.

Pulsation frequency can be adjusted to cause either partial or total collapse of the bed
between two successive pulsation events. Further lowering the pulsations frequency be-
yond that required for complete collapse would provide additional time for the adjustment
of solid particles before the next pulsation event [14,17,24].

The efficacy of assisted fluidization techniques has mostly been assessed in terms of the
Umf reduction and the fluidization index, which is a good indication of the correspondence
between the overall pressure drop and the bed’s effective weight. While a qualitative
indication of the quality of the fluidization using this approach is possible, a precise
evaluation of the power augmentation as a result of applying the assisted fluidization
technique is nonetheless not feasible. In this study, we therefore set out to make a rigorous
estimation of the energy dissipation per unit time from the pressure transients as a tool
to discern the efficacy of the pulsed flow with different pulsation frequencies in a highly
porous bed of nanosilica. The proposed approach, although presented here in the context
of pulsed flow, can be extended to other assisted fluidization techniques as well. We
have considered three different square-wave frequencies: 0.05, 0.10, and 0.25 Hz. While
low frequency yields sufficient time between two consecutive pulsation events, higher
frequencies, i.e., 0.10 Hz and 0.25 Hz, respectively, allow complete and partial collapse of
the bed between successive pulsations. Following the conventional approach, we examined
the effect of the pulsation frequency on the average values of the local as well as the overall
pressure drop as a function of the gas flow. Next, the correlation between the local and
global dynamics of different bed regions in response to the pulsations has been analyzed.
Finally, the energy dissipation per unit time has been evaluated from the overall pressure
signal to evaluate the effect of the pulsed flow frequency on the power input.

2. Experimental

The schematic of the experimental set used in this study is shown in Figure 1. The test
section was a 1.5 m long transparent Perspex column with an internal diameter of 70 mm,
which was preceded by a perforated plate distributor and a 0.5 m long plenum chamber.
The fractional open area of the distributor was kept low to ensure uniform gas distribution
by eliminating the dead zones [37,38].
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Figure 1. Experimental setup schematic. (1) Wind-box; (2) Test section; (3) Disengagement section;
(4) Compressed air supply; (5) Mass flow controller (low flow); (6) Mass flow controller (high flow);
(7) Data acquisition system (DAQ); (8) Analog output (AO) signals (blue broken lines) (9) Analog
input (AI) signals (red broken lines); (10) Laptop with LabVIEW software; (11) Pressure taps for
upper (ΔPU), middle (ΔPM ), and lower (ΔPL ) pressure drops; (12) Pressure taps for global pressure
drop (ΔPG ).

Several sensitive pressure transducers with appropriate ranges were used for moni-
toring the bed transients. Local bed dynamics were monitored in the lower (ΔPL), middle
(ΔPM), and upper (ΔPU) regions of the fluidized bed. Overall bed transients (ΔPG) were
also monitored with a pressure transducer of relatively larger range as compared to the
ones used for monitoring local transients. The bottom tap of this transducer was located
close to the distributor, whereas the upper tap was kept open to the atmosphere as shown
in Figure 1. The transient pressure drop data were recorded at a frequency of 100 Hz with
an 18-bit data acquisition system (DAQ) (Model: USB-6289, National Instruments, Austin,
TX, USA) controlled using LabVIEW 2019 software obtained from National Instruments,
Austin, TX, USA.
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We used commercial-grade hydrophilic nanosilica (Aerosil 200, Evonik GmbH, Wolf-
gang, Germany), which is widely used in bulk quantities in various applications, e.g.,
rubber, plastics, concrete, agriculture, and cosmetics, with an estimated 3.3 million tons of
global consumption in 2015 [39]. Due to multi-level agglomeration caused by interparticle
forces, the particle size distribution of its sieved sample ranged from 2 to 200 μm, which
was three orders of magnitude greater than the actual size of the nanoparticle [14]. The
bulk density was 44 kg/m3 with an overall bed void fraction of approximately 0.98.

Compressed air was used as the fluidizing gas. Its flow was controlled by using two
different electronic mass flow controllers. Both flow controllers were connected to the DAQ
to generate pulsed flow. Square-wave flow pulsation schemes were implemented for three
different frequencies: 0.25, 0.10, and 0.05 Hz. For 0.25 Hz, the gas flow was maintained
for two seconds followed by another two seconds of pause, thus completing one cycle.
Likewise, gas flow durations were kept for five seconds and ten seconds followed by a
pause of Perspex column the same duration for the 0.10 and 0.05 Hz cases, respectively.
These frequencies were carefully chosen to cover the full spectrum of the bed collapse
such that 0.25 Hz flow pulsation allowed only a partial collapse of the bed before the next
pulsation event. However, 0.10 Hz was just sufficient to ensure the complete bed collapse in
most cases before the start of the next pulsation, whereas a 0.05 Hz flow pulsation ensured
a complete bed collapse and its settlement before the next flow pulse.

Our experimental strategy consisted of using 36 velocities such that 18 different flows
were conducted out by gradually increasing the flow whereas the next 18 flows consisted of
gradually decreasing the flow, thereby completing both the fluidization and defluidization
cycles of an experimental run. At a fixed flow of the fluidizing gas, four complete pulses,
each of 20 s duration, were carried out for a 0.05 Hz pulsed flow. Similarly, five complete
pulses, each of 10 s duration, were considered for 0.1 Hz pulsations for each individual
flow. In the case of 0.025 Hz, however, we considered eight pulses, each of 4 s duration,
for a given flowrate. These aspects of our experiments are highlighted in Figure 2, which
shows the power spectra of the velocity data for a complete experimental run. A prominent
peak in Figure 2a at 0.048 Hz corresponds to the pulsation frequency, while another peak at
0.0124 Hz corresponds to the time duration of 80 s for which the velocity was held constant,
thereby yielding four identical flow pulses with a time period of 20 s. In Figure 2b, we
likewise note a prominent peak at 0.098 Hz, indicating the frequency of flow pulsation.
Another peak at 0.020 Hz corresponds to the flow changes introduced after 50 s. In the case
of 0.25 Hz, flow pulsation is depicted in Figure 2c with velocity step changes introduced at
an interval of 32 s, where each pulse lasted only four seconds.

A 30 s snapshot of the velocity and pressure drop transients in real time is shown
in Figure 3. As seen in Figure 3a, the flow lasted for 10 s and was interrupted for the
next 10 s for a 0.05 Hz pulsed flow, which was reduced to five seconds for the 0.1 Hz
and further reduced to 2 s for the 0.25 Hz pulsed flow. From the overall dynamics shown
in Figure 3b it is obvious that the collapse process for 0.05 Hz is complete, with the bed
coming to a complete rest with subsequent adjustment, if any, before the next pulse of
flow is introduced. In the case of 0.1 Hz, however, the flow interruption duration was just
sufficient for the total bed collapse to complete between two successive pulsation events.
As the pulsation frequency was raised to 0.25 Hz, there was a notable change in the bed
dynamics. The overall pressure hardly dropped to 50 Pa before the next flow pulse was
introduced. This means that the 0.25 Hz flow pulsation frequency allowed only a partial
bed collapse. As a result of different dynamics seen with different frequencies, a significant
difference in the bed hydrodynamics is expected.
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Figure 2. Power spectra (in dB) of the velocity data for (a) 0.05 Hz, (b) 0.10 Hz, (c) 0.25 Hz.

Figure 3. Pulsed flow transients for (a) the velocity and (b) the upper region pressure drop for
different frequencies of the pulsed flow.

In view of the square-wave flow pulsations, the following equations were used for
computing the mean values of the velocities (U0) and the pressure drops (ΔP),

U0 =
1
N

N

∑
i=1

n2

∑
j=n1

U0ij

(n2 − n1 + 1)
, (1)
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ΔP =
1
N

N

∑
i=1

n2

∑
j=n1

Δpij

(n2 − n1 + 1)
, (2)

where U0ij and Δpij are the jth data points of the ith pulse for the velocity and the pressure
drop, respectively. For 0.25 Hz pulsations as an example, there were eight pulses (N = 8),
each of four-second duration, with data acquired with a sampling frequency of 100 Hz,
thereby yielding 400 data points. The part of the pulse with zero flow was not considered.
For the remaining part of the pulse comprised of 200 data points, its initial rise time and
the latter part of the pulse were also discarded. Therefore, we used n1 = 60 and n2 = 160
for the 0.25 Hz pulsed flow.

3. Results and Discussion

In the following, the effect of the gas flow on the local and overall pressure drop is
first examined for various pulsation frequencies. The correlation between the dynamics of
different bed regions is highlighted next. Finally, the influence of the pulsation frequency
on the energy dissipation per unit time is discussed.

3.1. Dependence of the Local Pressure Drop on Gas Velocity

During the square-wave pulsed flow, the flow stoppage initiated the collapse, thereby
causing a simultaneous decline in the pressure drop as well. However, for the evaluation
of the average pressure drop, the pressure drop magnitudes for the fully developed were
considered [24]. The variation in the local pressure drop in the upper region of the fluidized
bed with the velocity is shown in Figure 4 for various pulsed flows. The case of conventional
fluidization with no pulsation is also depicted in the figure for the sake of comparison.
The 0.25 Hz and 0.1 Hz cases show close agreement with much greater pressure drop as
compared to 0.05 Hz, which was still slightly higher than the conventional fluidized bed.
This behavior is seen for both when the flow was gradually increased (Figure 4a) followed
by a gradual decrease (Figure 4b). The steady increase in the pressure drop with the velocity
occurs due to the bed expansion, which causes a greater input of bed solids in the upper
region. A higher pressure drop indicates a greater expansion of the fluidized bed.

Figure 4. Local pressure drop variation with the velocity in the upper region with (a) increasing
velocity and (b) decreasing velocity.

The pressure drop variation with the flow in the middle region of the fluidized bed
is highlighted in Figure 5. The pressure drop at higher velocities, i.e., above 50 mm/s, is
comparable for all cases during the fluidization cycle (Figure 5a). Similar behavior is also
observed during the defluidization cycle in Figure 5b. At lower velocities in Figure 5a,
below the Umf, the pressure drop for 0.25 and 0.1 Hz is higher than that for 0.05 Hz.
Assuming the applicability of the Ergun equation for flow in fixed beds, a higher pressure
drop can be attributed to the smaller size of agglomerates [14].
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Figure 5. Local pressure drop variation with the velocity in the middle region with (a) increasing
velocity and (b) decreasing velocity.

The pressure drop variation with the velocity in the lower region of the pulsed bed is
shown in Figure 6 for both fluidization (Figure 6a) and defluidization (Figure 6b) cycles.
The highest frequency pulsed flow in this case differs from all other cases especially during
the gradual velocity decrease cycle of the experimental run (Figure 6b). This is caused by
the partial collapse of the pulsed bed where the frequent collapse events cause a greater
compaction, thus leading to higher frictional losses in the lower region.

Figure 6. Local pressure drop variation with the velocity in the lower region with (a) increasing
velocity and (b) decreasing velocity.

Next, in Figure 7, we consider the overall total pressure drop across the fluidized bed.
The experimental data of the fluidization (Figure 7a) and defluidization (Figure 7b) cycles
show the absence of hysteresis behavior. Moreover, the 0.25 and 0.10 Hz pulsed flows
show good agreement with a significantly higher pressure drop than the corresponding
0.05 Hz case, which happens to be marginally higher than the one for the un-pulsed flow
(conventional fluidization). A clear difference is seen in the defluidization cycle of the
experiment. The 0.05 Hz flow pulsation clearly yields a slightly higher pressure drop than
that for the un-pulsed flow. Likewise, 0.25 Hz pulsation causes a higher pressure drop
than the one for 0.10 Hz. Note that the effective weight per unit area of the fluidized bed is
approximately 149 Pa, whereas we often obtain pressure drop values as high as 185 Pa for
the fully fluidized bed with the introduction of flow pulsations. This issue will be discussed
in detail in Section 3.3.
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Figure 7. Variation of the total pressure drop with the velocity in pulsed beds with (a) increasing
velocity and (b) decreasing velocity.

A close look at Figure 7b also reveals that pulsation helps lower the Umf. However,
any clear difference between the 0.1 and 0.25 Hz is hardly noticeable. In fact, earlier studies
relied on the evaluation of the agglomerate diameter either from the Umf or the bed collapse
data to assess the effect of the flow pulsation [15,16]. Such an approach is based on the
validity of a theoretical model capable of describing the experimental data. Therefore, any
error in the predictive capability of the model will consequently affect the assessment of
the efficacy of the assisted fluidization technique.

We have presented the normalized pressure drop behavior in Figure 8 where the actual
experimental pressure drop was divided by the effective bed weight per unit area. In the
literature this parameter is sometimes called the fluidization index [33,40,41]. The results
shown in the figure are quite revealing, especially during the defluidization leg of the
experiment when the velocity was gradually decreased. In the absence of flow pulsation,
the fluidization index was almost 0.9. This means that the pressure drop was less than the
effective solid weight per unit bed area. When the low frequency flow pulsations of 0.05 Hz
were introduced, the fluidization quality improved. The value of the normalized pressure
drop was approximately 0.99. At 0.10 Hz, we noted an increase in the normalized pressure
drop to a value of approximately 1.12 for most velocities. This is a more than 20% increase
in the pressure drop compared to what was obtained without pulsations. Increasing the
frequency to 0.25 Hz further increased the normalized pressure drop to approximately 1.2.

Figure 8. Variation in the normalized pressure drop with the velocity in the pulsed bed with
(a) increasing velocity and (b) decreasing velocity.

The fluidized bed pressure drop is essentially caused by frictional losses, which arise
from changes in the kinetic and potential energy, as well as by gas–solid interphase and
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solid–solid intra-phase drag. During the bed collapse, the potential energy converts into
kinetic energy as the solids fall downwards. This causes an increase in the gas–solid
interphase drag, leading to greater energy dissipation. In fact, this phenomenon also
occurs during the expansion of the bed. Thus, the frequent collapse and expansion of
the pulsed bed led to greater energy dissipation as compared to the case of conventional
fluidization. As the pulsation frequency increased, greater energy dissipation took place,
which was reflected in greater frictional losses. In the present case, 0.25 Hz pulsations
caused a substantially greater power augmentation in the pulsed bed as compared to the
one for conventional fluidization.

3.2. Bed Dynamics and Their Inter-Region Correlation

The dynamics in various bed regions were examined by utilizing the experimental
data of the entire spectrum of several pulses at a fixed flow rate. First, let’s consider the
case of 0.05 Hz in Figure 9 with 10 s of gas flow followed by another 10 seconds of pause
at a velocity of 182 mm/s. There were four complete pulses with a total duration of over
80 seconds, with approximately 8000 pressure-transient data points for each of the three
regions in addition to data points for the overall pressure drop transients. The results are
shown in Figure 9a. At the beginning of the flow pulse, all regions immediately responded
to the change in flow. The vigorous solid motion was captured by the disturbances in the
pressure transients. Once the flow was stopped, the bed collapse started. As expected, the
effect of the bed fall was felt first in the lower portion, followed by the middle region, and
subsequently the upper part.

Figure 9. (a) Bed transients in different regions of the pulsed fluidized bed and (b) inter-region
pressure drop data correlation for 0.05 Hz at 182 mm/s.

Because the dynamics in all three bed regions occurred simultaneously, they were
therefore correlated. The mutual interdependence regional dynamics are presented in
Figure 9b, which also depicts the transients of the overall bed pressure drop. Note that
the global dynamics data were recorded using the pressure transducer with its lower
port above the distributor and the upper port open to the atmosphere. The highest data
concentration is seen in the form of a circular disk. It represents the steady part of the flow
pulse where the gas velocity was constant. There are two different branches, with different
amounts of data points, seen in the figure; one leads toward the data disk and the other
emanates from it. The branch with fewer data represents the bed expansion, while the
other branch shows the bed collapse. This is a clear indication that expansion transients are
faster than collapse transients.

The case of 0.10 Hz pulse with five seconds of gas flow followed immediately by
another five seconds of flow interruption at 182 mm/s is considered in Figure 10. There
were five complete pulses with a total duration of over 50 seconds, as seen in Figure 10a.
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There is a substantial consistency in the dynamics of all the five pulses. Expectedly, pressure
transients in all the regions immediately responded to the flow change, clearly evident
at the start of the flow pulse. The middle region transient immediately peaks, whereas
the lower region lags behind. The motion of the solid phase in the bed was once again
evident from the disturbances occurring in the pressure transients. The steady part of the
pulse was significantly less dense than the previous case of 0.05 Hz pulse. Once the bed
collapse begins with the flow interruption, the upper region transients show significant
lag compared with the transients of the other two regions, yet the complete bed occurred
before the next flow pulse.

Figure 10. (a) Bed transients in different bed regions and (b) inter-region pressure drop data correla-
tion for 0.10 Hz at 182 mm/s.

The interdependence of the dynamics of all three regions is shown in Figure 10b. The
data in the form of the circular disk are significantly smaller than the 0.01 Hz counterpart
due to the much shorter time during which the bed is under relatively steady flow con-
ditions. Two different branches, leading to and emanating from the circular data region,
are once again clearly visible. Faster expansion transients possess fewer data as compared
to the collapse dynamics. The curvature in the expansion branch arose from the faster
transients displayed by the middle portion of the bed as compared to the transients of the
lower portion.

The case of 0.25 Hz flow pulsations is shown in Figure 11 with two seconds of flow
followed by the remaining two seconds of flow cessation. There was a total of eight pulses
for a fixed velocity with a total duration of 32 seconds. Unlike the previous case of 0.05 Hz
and 0.1 Hz, only a partial collapse of the bed occurred such that solids in the upper portion
of the pulsed bed remained in a state of perpetual motion. The lowest pressure drop
remained approximately 60 Pa, while the peaks were significantly higher than that for
0.05 Hz and slightly higher than that for 0.10 Hz pulsations. The middle region appeared
relatively insensitive to pulsations as compared to the other two regions, i.e., the upper
and lower regions. Another peak in the middle region pressure transients after the start of
the collapse is due to the addition of the solid mass from the upper part. This significantly
slows the transients of the middle region. Moreover, the central portion of the bed was
never settled during the pulsed flow. Transients in the lower portion were pronounced
with a prominent initial peak and a steep drop in pressure with the bed fall. This behavior
significantly differed from that seen for the 0.05 and 0.10 Hz pulsed flows.
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Figure 11. (a) Bed transients in different bed regions and (b) inter-region pressure drop data correla-
tion for 0.25 Hz at 182 mm/s.

The transient behavior seen in Figure 10a is also clearly reflected in Figure 11b. The
faster transients in the lower bed region now shift the data branch movement counter-
clockwise toward the disk-shaped data region. Note that the upper region or the overall
pressure drop was always above 50 Pa. Similarly, the middle region pressure drop always
remained above 10 Pa, while the lower region pressure drop became negative toward the
end of the collapse.

3.3. Energy Dissipation per Unit Time

To investigate the effect of the pulsation on the power augmentation, we have used
the commonly suggested approach, which consists of evaluating the square of the signal
over time (T) as follows:

Power = lim
T→∞

1
T

T∫
0

ΔP2
Gdt, (3)

where ΔPG is the overall pressure drop signal across the pulsed bed. Four different cases are
depicted in Figure 12 for the estimation of the integral in Equation (3). Only one complete
pulse is shown in the figure for each of the three cases, i.e., 0.25, 0.1, and 0.05-Hz, at
182 mm/s. However, the power was computed using all four pulses for 0.05 Hz, five pulses
for 0.10 Hz, and eight pulses for 0.25 Hz for a fixed velocity to ensure precise evaluation
of the expression in Equation (3). In addition, the power of the theoretical case was also
computed by noting that the theoretical pressure drop is equal to the effective bed weight,
which is shown for the case of 0.05 Hz pulsation in Figure 12a. The shaded area shown in
the figure corresponds to

∫ T
0 ΔPGdt of a single pulse. Therefore, the greater the shaded area,

the higher the power or the energy dissipation per unit time. As the frequency increases,
the shaded area also increases, thus clearly indicating a greater dissipation of energy.

The power of the overall pressure drop (ΔPG) signal of a fully fluidized bed is shown
in Figure 13. Figure 13a shows the case when the fluidization velocity gradually increased,
whereas Figure 13b considers the case of gradual decrease in velocity. The influence
of the flow velocity on the magnitude of the power is insignificant. However, as the
frequency increased, the energy dissipation due to the pulsation also increased. The
theoretical values computed from the effective bed weight lie in the range of 9800 Pa2,
while those for the 0.05 Hz computed from the experimental data ranged from 11,750 to
12,800 Pa2. These values increased to approximately 17,000 and 22,000 Pa2 for 0.10 Hz and
0.25 Hz, respectively.
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Figure 12. Shaded area used in the evaluation of the integral expression used in Equation (3);
(a) Theoretical values (effective bed weight) based on 0.05 Hz pulsation, (b) 0.05-Hz pulsation,
(c) 0.10-Hz pulsation, (d) 0.25-Hz pulsation.

Figure 13. Power evaluated using Equation (3) while (a) increasing velocity and (b) decreasing velocity.

The data are summarized in Table 1, which presents the average values and standard
deviations. Clearly, there is an almost 27 ± 4% increase in the energy dissipation when the
pulsed flow of 0.05-Hz is used. This increases to 71 ± 5% with a 0.10 Hz and 128 ± 4% with
a 0.25 Hz pulsed flow.
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Table 1. Comparison of power input for different pulsation frequencies.

Theoretical 0.05-Hz 0.10-Hz 0.25-Hz

Mean 9705 12,308 16,588 22,085
Std. Deviation 129 393 545 472

4. Conclusions

The fluidization of ultrafine and fine powders is often difficult due to the small size of
the solid particles, which causes the inter-particle forces to dominate other forces acting
on the particles. The fluidization of such powders would reveal poor interphase mixing
with severe gas bypassing due to the heterogeneities developed in the bed. Assisted
techniques are therefore often required to improve fluidization quality. The efficacy of
assisted fluidization techniques has however been mostly evaluated qualitatively in the
literature. This mainly consisted of examining the dependence of the pressure drop on the
fluidizing gas velocity and evaluating the Umf. Any decline in the Umf is considered as an
enhancement of the fluidization quality of the powder.

In the present study, we have extensively investigated the fluidization hydrodynamics
of ultrafine nanosilica powder, which was subjected to a square-wave pulsed flow of three
widely different pulsation frequencies. In addition to the overall pressure drop, the pressure
drop characteristics of the lower, middle, and upper portions of the bed were carefully
monitored. The dynamics of the upper portion differed from the two lower portions of
the bed owing to the bed expansion, which was higher for high-frequency flow pulsations.
Moreover, the progress of the collapse process was also felt differently in different portions
of the bed when the frequency was changed. For example, the dynamic response of the
middle bed region was slowest in comparison to the lower and upper bed regions when
incomplete collapse of the bed occurred between two successive pulsation events. These
characteristics of the bed dynamics were clearly highlighted by the three- dimensional plot
that presented the correlation between the different parts of the pulsed bed. Finally, we
have used the signal of the overall pressure drop to compute the power of the signal. A
significant improvement in the power was observed when higher frequencies were used.
The low-frequency pulsations (0.05 Hz), when compared with unassisted conventional
technique, led to an increase of 27%, with further enhancement to 71% and 128%, for a
0.10 Hz and a 0.25 Hz pulsed fluidized bed, respectively.

Author Contributions: Conceptualization, M.A. and E.H.A.-G.; methodology, M.A. and E.H.A.-G.;
software, M.A.; validation, M.A.; formal analysis, M.A.; investigation, E.H.A.-G.; resources, M.A.; data
curation, M.A. and E.H.A.-G.; writing—original draft preparation, M.A. and A.F.; writing—review
and editing, M.A. and A.F.; supervision, M.A.; project administration, M.A.; funding acquisition,
M.A. All authors have read and agreed to the published version of the manuscript.

Funding: Researchers Supporting Project, RSP-2021/42, King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data is available on reasonable request from the corresponding
author (M.A.).

Acknowledgments: The authors would like to thank the Researchers Supporting Project, RSP-
2021/42, King Saud University, Riyadh, Saudi Arabia, for financial support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

304



Nanomaterials 2022, 12, 2158

References

1. Geldart, D. Types of Gas Fluidization. Powder Technol. 1973, 7, 285–292. [CrossRef]
2. Raganati, F.; Chirone, R.; Ammendola, P. Gas–solid fluidization of cohesive powders. Chem. Eng. Res. Des. 2018, 133, 347–387.

[CrossRef]
3. Janssen, L.; Marring, E.; Hoogerbrugge, J.; Hoffmann, A. The mechanical behaviour of vibrated, aerated beds of glass and starch

powder. Chem. Eng. Sci. 1998, 53, 761–772. [CrossRef]
4. Lee, J.-R.; Lee, K.-S.; Park, Y.-O.; Lee, K.-Y. Fluidization characteristics of fine cohesive particles assisted by vertical vibration in a

fluidized bed reactor. Chem. Eng. J. 2020, 380, 122454. [CrossRef]
5. Lehmann, S.; Hartge, E.-U.; Jongsma, A.; Deleeuw, I.-M.; Innings, F.; Heinrich, S. Fluidization characteristics of cohesive powders

in vibrated fluidized bed drying at low vibration frequencies. Powder Technol. 2019, 357, 54–63. [CrossRef]
6. Nam, C.H.; Pfeffer, R.; Dave, R.N.; Sundaresan, S. Aerated vibrofluidization of silica nanoparticles. Aiche J. 2004, 50, 1776–1785.

[CrossRef]
7. Valverde, J.M.; Castellanos, A. Effect of vibration on agglomerate particulate fluidization. Aiche J. 2006, 52, 1705–1714. [CrossRef]
8. Barletta, D.; Poletto, M. Aggregation phenomena in fluidization of cohesive powders assisted by mechanical vibrations. Powder

Technol. 2012, 225, 93–100. [CrossRef]
9. Barletta, D.; Russo, P.; Poletto, M. Dynamic response of a vibrated fluidized bed of fine and cohesive powders. Powder Technol.

2013, 237, 276–285. [CrossRef]
10. Cruz, M.A.A.; Passos, M.L.; Ferreira, W.R. Final Drying of Whole Milk Powder in Vibrated-Fluidized Beds. Dry. Technol. 2005, 23,

2021–2037. [CrossRef]
11. Hoorijani, H.; Zarghami, R.; Nosrati, K.; Mostoufi, N. Investigating the hydrodynamics of vibro-fluidized bed of hydrophilic

titanium nanoparticles. Chem. Eng. Res. Des. 2021, 174, 486–497. [CrossRef]
12. Lee, J.-R.; Lee, K.-S.; Hasolli, N.; Ok Park, Y. Fluidization and mixing behaviors of Geldart groups A, B and C particles assisted by

vertical vibration in fluidized bed. Chem. Eng. Processing—Process Intensif. 2020, 149, 107856. [CrossRef]
13. Akhavan, A.; van Ommen, J.R.; Nijenhuis, J.; Wang, X.S.; Coppens, M.-O.; Rhodes, M.J. Improved Drying in a Pulsation-Assisted

Fluidized Bed. Ind. Eng. Chem. Res. 2009, 48, 302–309. [CrossRef]
14. Al-Ghurabi, E.H.; Shahabuddin, M.; Kumar, N.S.; Asif, M. Deagglomeration of Ultrafine Hydrophilic Nanopowder Using

Low-Frequency Pulsed Fluidization. Nanomaterials 2020, 10, 388. [CrossRef] [PubMed]
15. Ali, S.S.; Al-Ghurabi, E.H.; Ajbar, A.; Mohammed, Y.A.; Boumaza, M.; Asif, M. Effect of Frequency on Pulsed Fluidized Beds of

Ultrafine Powders. J. Nanomater. 2016, 2016, 4592501. [CrossRef]
16. Ali, S.S.; Asif, M. Fluidization of nano-powders: Effect of flow pulsation. Powder Technol. 2012, 225, 86–92. [CrossRef]
17. Asif, M.; Al-Ghurabi, E.H.; Ajbar, A.; Kumar, N.S. Hydrodynamics of Pulsed Fluidized Bed of Ultrafine Powder: Fully Collapsing

Fluidized Bed. Processes 2020, 8, 807. [CrossRef]
18. Dong, L.; Zhang, Y.; Zhao, Y.; Peng, L.; Zhou, E.; Cai, L.; Zhang, B.; Duan, C. Effect of active pulsing air flow on gas-vibro fluidized

bed for fine coal separation. Adv. Powder Technol. 2016, 27, 2257–2264. [CrossRef]
19. Dong, L.; Zhou, E.; Cai, L.; Duan, C.; Zhao, Y.; Luo, Z. Fluidization Characteristics of a Pulsing Dense-Phase Gas-Solid Fluidized

Bed for High-Density Separation of Fine Anthracite. Energy Fuels 2016, 30, 7180–7186. [CrossRef]
20. Jia, D.; Cathary, O.; Peng, J.; Bi, X.; Lim, C.J.; Sokhansanj, S.; Liu, Y.; Wang, R.; Tsutsumi, A. Fluidization and drying of biomass

particles in a vibrating fluidized bed with pulsed gas flow. Fuel Process. Technol. 2015, 138, 471–482. [CrossRef]
21. Zhou, C.; Dong, L.; Zhao, Y.; Fan, X. Studies on Bed Density in a Gas-Vibro Fluidized Bed for Coal Cleaning. ACS Omega 2019, 4,

12817–12826. [CrossRef] [PubMed]
22. Zhou, E.; Zhang, Y.; Zhao, Y.; Luo, Z.; He, J.; Duan, C. Characteristic gas velocity and fluidization quality evaluation of vibrated

dense medium fluidized bed for fine coal separation. Adv. Powder Technol. 2018, 29, 985–995. [CrossRef]
23. Ireland, E.; Pitt, K.; Smith, R. A review of pulsed flow fluidisation; the effects of intermittent gas flow on fluidised gas-solid bed

behaviour. Powder Technol. 2016, 292, 108–121. [CrossRef]
24. Ali, S.S.; Hossain, S.K.S.; Asif, M. Dynamics of partially collapsing pulsed fluidized bed. Can. J. Chem. Eng. 2021, 99, 2333–2344.

[CrossRef]
25. Al-Ghurabi, E.H.; Ali, S.S.; Alfadul, S.M.; Shahabuddin, M.; Asif, M. Experimental investigation of fluidized bed dynamics under

resonant frequency of sound waves. Adv. Powder Technol. 2019, 30, 2812–2822. [CrossRef]
26. Ammendola, P.; Chirone, R.; Raganati, F. Fluidization of binary mixtures of nanoparticles under the effect of acoustic fields. Adv.

Powder Technol. 2011, 22, 174–183. [CrossRef]
27. Si, C.; Wu, J.; Wang, Y.; Zhang, Y.; Liu, G. Effect of acoustic field on minimum fluidization velocity and drying characteristics of

lignite in a fluidized bed. Fuel Process. Technol. 2015, 135, 112–118. [CrossRef]
28. Viscusi, A.; Ammendola, P.; Astarita, A.; Raganati, F.; Scherillo, F.; Squillace, A.; Chirone, R.; Carrino, L. Aluminum foam made

via a new method based on cold gas dynamic sprayed powders mixed through sound assisted fluidization technique. J. Mater.
Process. Technol. 2016, 231, 265–276. [CrossRef]

29. Zhu, C.; Liu, G.; Yu, Q.; Pfeffer, R.; Dave, R.N.; Nam, C.H. Sound assisted fluidization of nanoparticle agglomerates. Powder
Technol. 2004, 141, 119–123. [CrossRef]

30. Ali, S.S.; Al-Ghurabi, E.H.; Ibrahim, A.A.; Asif, M. Effect of adding Geldart group A particles on the collapse of fluidized bed of
hydrophilic nanoparticles. Powder Technol. 2018, 330, 50–57. [CrossRef]

305



Nanomaterials 2022, 12, 2158

31. Ajbar, A.; Alhumazi, K.; Asif, M. Improvement of the fluidizability of cohesive powders through mixing with small proportions
of group a particles. Can. J. Chem. Eng. 2005, 83, 930–943. [CrossRef]

32. Al-Ghurabi, E.H.; Ajbar, A.; Asif, M. Enhancement of CO2 Removal Efficacy of Fluidized Bed Using Particle Mixing. Appl. Sci.
2018, 8, 1467. [CrossRef]

33. Al-Ghurabi, E.H.; Ajbar, A.; Asif, M. Improving Fluidization Hydrodynamics of Group C Particles by Mixing with Group B
Particles. Appl. Sci.-Basel 2018, 8, 1469. [CrossRef]

34. Ali, S.S.; Basu, A.; Alfadul, S.M.; Asif, M. Nanopowder Fluidization Using the Combined Assisted Fluidization Techniques of
Particle Mixing and Flow Pulsation. Appl. Sci. 2019, 9, 572. [CrossRef]

35. An, K.; Andino, J.M. Enhanced fluidization of nanosized TiO2 by a microjet and vibration assisted (MVA) method. Powder Technol.
2019, 356, 200–207. [CrossRef]

36. Zhao, Z.; Liu, D.; Ma, J.; Chen, X. Fluidization of nanoparticle agglomerates assisted by combining vibration and stirring methods.
Chem. Eng. J. 2020, 388, 124213. [CrossRef]

37. Asif, M.; Kalogerakis, N.; Behie, L.A. Hydrodynamics of liquid fluidized beds including the distributor region. Chem. Eng. Sci.
1992, 47, 4155–4166. [CrossRef]

38. Asif, M.; Kalogerakis, N.; Behie, L.A. Distributor effects in liquid fluidized beds of low-density particles. Aiche J. 1991, 37,
1825–1832. [CrossRef]

39. Market Analysis Report. NanoSilica Market Size, Share & Trends Analysis Report by Product (P Type, S Type, and Type III),
by Application (Rubber, Healthcare, Food, Coatings, Plastics, Concrete, Gypsum, Battery, Electronics, Cosmetics), and Segment
Forecasts, 2018–2025. 20 June 2022. Available online: https://www.grandviewresearch.com/industry-analysis/nanosilica-market
(accessed on 12 April 2022).

40. Marring, E.; Hoffmann, A.C.; Janssen, L. The effect of vibration on the fluidization behaviour of some cohesive powders. Powder
Technol. 1994, 79, 1–10. [CrossRef]

41. Escudero, D.; Heindel, T. Minimum fluidization velocity in a 3D fluidized bed modified with an acoustic field. Chem. Eng. J. 2013,
231, 68–75. [CrossRef]

306



Citation: Cai, H.; Wang, M.; Wu, Z.;

Liu, J.; Wang, X. Performance

Enhancement of SPR Biosensor Using

Graphene–MoS2 Hybrid Structure.

Nanomaterials 2022, 12, 2219. https://

doi.org/10.3390/nano12132219

Academic Editors: Jihoon Lee

and Ming-Yu Li

Received: 5 June 2022

Accepted: 26 June 2022

Published: 28 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Performance Enhancement of SPR Biosensor Using
Graphene–MoS2 Hybrid Structure

Haoyuan Cai 1,2,3, Mengwei Wang 1,2,3, Zhuohui Wu 1,2,3, Jing Liu 4,* and Xiaoping Wang 1,2,3,*

1 Ocean College, Zhejiang University, Zhoushan 316021, China; hycai@zju.edu.cn (H.C.);
wmw@zju.edu.cn (M.W.); zhuohui_wu@zju.edu.cn (Z.W.)

2 Key Laboratory of Ocean Observation-Imaging Testbed of Zhejiang Province, Zhejiang University,
Zhoushan 316021, China

3 The Engineering Research Center of Oceanic Sensing Technology and Equipment, Ministry of Education,
Zhoushan 316021, China

4 School of Information Engineering, Jimei University, Xiamen 361021, China
* Correspondence: jingliu@jmu.edu.cn (J.L.); xpwang@zju.edu.cn (X.W.)

Abstract: We investigate a high-sensitivity surface plasmon resonance (SPR) biosensor consisting of
a Au layer, four-layer MoS2, and monolayer graphene. The numerical simulations, by the transfer
matrix method (TMM), demonstrate the sensor has a maximum sensitivity of 282◦/RIU, which is
approximately 2 times greater than the conventional Au-based SPR sensor. The finite difference
time domain (FDTD) indicates that the presence of MoS2 film generates a strong surface electric
field and enhances the sensitivity of the proposed SPR sensor. In addition, the influence of the
number of MoS2 layers on the sensitivity of the proposed sensor is investigated by simulations and
experiments. In the experiment, MoS2 and graphene films are transferred on the Au-based substrate
by the PMMA-based wet transfer method, and the fabricated samples are characterized by Raman
spectroscopy. Furthermore, the fabricated sensors with the Kretschmann configuration are used
to detect okadaic acid (OA). The okadaic acid–bovine serum albumin bioconjugate (OA-BSA) is
immobilized on the graphene layer of the sensors to develop a competitive inhibition immunoassay.
The results show that the sensor has a very low limit of detection (LOD) of 1.18 ng/mL for OA,
which is about 22.6 times lower than that of a conventional Au biosensor. We believe that such a
high-sensitivity SPR biosensor has potential applications for clinical diagnosis and immunoassays.

Keywords: biosensor; MoS2; graphene; SPR sensor; high sensitivity

1. Introduction

Surface plasmon resonance (SPR) is one of the most powerful optical-sensing tech-
nologies due to its high sensitivity, real-time, and label-free detection [1–6]. SPR-based
biosensors have many practical applications, such as medical diagnostics, food safety, virus
detection, etc., as they can be coupled with various molecular recognition elements, either
chemical receptors (nanomaterials, molecularly imprinted polymers (MIPs), etc.) or biore-
ceptors (enzymes, nucleic acids, antibodies, etc.) [7–10]. In general, Ag and Au are widely
used as plasmonic materials for SPR sensors. Au film is preferred because of its excellent
resistance to corrosion and oxidation in different external environments [11]. However,
bioreceptors are poorly immobilized on the surface of Au film, limiting the sensitivity of
the Au-based SPR biosensor.

Many chemical methods are used to enhance the immobilization of bioreceptors.
Among them, the self-assembly monolayer (SAM) has been widely proven to be particularly
effective because of its simplicity of fabrication, reproducibility, and good temperature
stability [12–14]. Many studies have reported using SAMs to improve the sensitivity of SPR
sensors. Taylor et al. [13] report a limit of detection (LOD) of 0.3 ng/mL for Tetrodotoxin
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(TTX) by using a mixed SAM layer. Kawaguchi et al. [14] employ the PEG-based SAM
layer for detecting TNT with a LOD of 0.008 ng/mL.

In addition to these chemical methods, many biosensors, based on metallic nanoslits [15]
or nanoholes structures [16,17], are proposed to enhance the sensitivity of the SPR sensors.
However, the fabrication processes of these structures often involve complicated steps
or require expensive, time-consuming electron beam lithography. Moreover, large-area
fabrication is challenging.

To solve this problem, a large-area thin graphene layer is used to cover the Au film
surface to improve the sensitivity of the SPR sensor [18,19]. Graphene is a monoatom thin
planar sheet of sp2 carbon atoms well organized in the form of a honeycomb lattice. It
provides better support for biomolecule adsorption due to its rich π conjugation structure
and large surface area, making it a suitable dielectric layer for SPR sensing [20,21]. For
example, Verma et al. [22] exploit graphene and silicon to improve the sensitivity of
SPR biosensors. Wu et al. [23] employ 10-layer graphene to improve sensitivity, and the
performance can be nearly 25% enhanced. At a certain wavelength range, more graphene
layers result in higher sensor sensitivity. However, due to the large imaginary part of
graphene, too many graphene layers will produce excessive an amount of damping in
plasmonic waves, resulting in reduced detection accuracy.

In addition to graphene, other 2D materials, such as molybdenum disulfide (MoS2),
have gained much attention for sensing applications. Monolayer MoS2 has many unique
advantages, such as higher light absorption efficiency (5%), large direct bandgap (1.8 eV),
and larger work function (5.1 eV), so it is widely used in the field of SPR sensing [24–26].
For example, Xue et al. [27] design a high-sensitivity SPR sensor by coating seven layers
of MoS2 on the surface of a sensor. They demonstrate that the highest sensitivity is about
190◦/RIU and the LOD of Hg2+ for the sensor is 1.0 pM. In addition, the emergence of the
chemical vapor deposition (CVD) technique makes the large-area growth of MoS2 possible,
which further facilitates the development of MoS2-based SPR sensors [28].

In this work, we propose a high-sensitivity SPR biosensor based on the graphene–
MoS2 structure. MoS2 films are used to absorb more light energy and the monolayer
graphene is used as the biomolecular recognition element due to its large surface area. The-
oretical optimization, based on the transfer matrix method (TMM), shows that a maximum
sensitivity ~282◦/RIU is achieved, when the Au-based substrate is modified with four-layer
MoS2 and monolayer graphene. The mechanism of sensitivity enhancement is discussed
and explained theoretically. In the experiment, a PMMA-based wet transfer method is used
to transfer MoS2 and graphene film on the Au-based substrate and the high-refractive-index
(RI) sensitivity of the fabricated sensor is verified. In addition, the proposed biosensor
is used to detect okadaic acid (OA) by the indirect competitive inhibition method. The
experimental results demonstrate that the graphene–MoS2 hybrid structure can greatly
reduce the LOD of the SPR biosensor.

2. Numerical Simulation

Design the Proposed SPR Biosensor

In Figure 1, the designed SPR sensor is based on a prism, Cr layer, Au layer, few-layer
MoS2, and monolayer graphene. In this structure, BK7 glass is used as a coupling prism and
Au is used as a plasmonic material to excite the SPR effect. Few-layer MoS2 films are used to
absorb more light energy and the monolayer graphene is used as the biological recognition
component, which further improves sensor sensitivity. In the simulation, the thickness of
the Cr layer is 5 nm and the thickness of the Au layer is 50 nm. The wavelength of the
incident light source is 632.8 nm. At this wavelength, the RI of BK7 glass is 1.516 [29]. The RI
of Au is obtained from the Drude–Lorentz model [30]. The RI of graphene is 3 + 1.1487i [31]
and its thickness can be expressed as dG = L∗0.34 nm, where L is the number of graphene
layers. The RI of the MoS2 layer is 5.9 + 0.8i [32] and its thickness can be denoted as
dM = M∗0.65 nm, where M is the number of MoS2 layers.
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Figure 1. Schematic illustration of the designed SPR sensor.

To evaluate sensing performance, we compare the RI sensitivities of three different
structures: the conventional Au-based sensor, the MoS2-based sensor, and the graphene–
MoS2 hybrid-structure sensor. TMM is used to calculate the reflectivity curves of various
structures and the calculated results are shown in Figure 2. The sensitivity calculation
formula of the SPR sensor is S = Δθ/Δn, where Δθ is the variation in resonance angle and
Δn is the variation in the RI of the sensing medium. Figure 2a is the reflectivity curves
of the conventional Au-based sensor, and the thickness of the Au film is 50 nm. From
this figure, the resonance angle increases ∼0.71◦ when ns changes from 1.330 to 1.335.
Thus, the sensitivity of the Au-based sensor is 142◦/RIU. In Figure 2b, we use the four-
layer MoS2 to enhance the sensitivity and the sensitivity is calculated to be 256◦/RIU. The
high sensitivity is because the presence of the MoS2 layer increases the efficiency of light
absorption of the sensor. Most of the incident light energy is transferred to free electrons on
the sensor surface, so more surface plasmons are generated, which results in the higher
sensitivity [33,34]. In Figure 2c, the monolayer graphene is covered on top of the MoS2 layer
to further improve the sensitivity. The resonance angle shifts by ∼1.41◦ and the sensitivity
increases to 282◦/RIU. Obviously, the monolayer graphene does not significantly enhance
the RI sensitivity of the proposed sensor. This is due to the fact that the light absorption
efficiency of graphene is lower than that of MoS2. The primary function of the monolayer
graphene is used as a biomolecular recognition component. In biological experiments, the
graphene provides a large surface area for adsorbing biomolecules, which lowers the LOD
of the sensor [35].

Figure 2. Reflectivity curves change with incident angles for (a) conventional Au-based sensor,
(b) MoS2-based sensor, (c) graphene–MoS2 hybrid-structure sensor.

To study the influence of the number of MoS2 layers on the sensitivity of the graphene–
MoS2 hybrid-structure sensor, we calculate the reflectivity curves in a different sensing
medium, as shown in Figure 3. According to Figure 3, the SPR curves become wider and
the resonance angle obviously shifts to higher angle values with the increase in the MoS2
layers. This is due to the relatively high RI in the real parts of the MoS2 material, which
produces excessive amount of damping in the plasmonic wave [36]. Furthermore, we
can see that the sensitivity first increases and then decreases with the increase in MoS2
layers. This can be explained that as the number of MoS2 layers continuously increases,
the resonance angle will increase to 90◦, but the detection angle cannot reach 90◦, limiting
the sensitivity of the SPR sensor [37]. When the number of MoS2 layers is four (M = 4), the
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highest sensitivity of 282◦/RIU is obtained, which is significantly improved as compared
to the other reported works [22,23,27].

Figure 3. Reflectivity curves change with incident angles for graphene–MoS2 hybrid-structure sensor
in different sensing medium, where the number of MoS2 layers increases from M = 1 to M = 6.

In order to clearly demonstrate the electric field enhancement of the proposed sensor,
we compare the electric field distribution in two configurations of the conventional Au-
based sensor and the graphene–MoS2 hybrid-structure sensor with four-layer MoS2 at
resonance condition. The finite difference time domain (FDTD) method is used to simulate
the electric field distribution and the calculated results are shown in Figure 4. Compared
with the Au-based sensor, the electric field of the proposed sensor in Figure 4b can have an
evident improvement by coating the MoS2 and graphene film. On one hand, the graphene–
MoS2 hybrid structure improves the absorption of light energy. On the other hand, the
absorbed light energy is transferred to the free electrons, resulting in strong coupling on
the graphene surface, ultimately enhancing the surface electric field. The electric-field-
enhanced region has a more sensitive response to the slight variation in RI of the sensing
medium.

Figure 4. Cont.
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Figure 4. The electric field distributions for (a,c) conventional Au-based sensor and (b,d) graphene–
MoS2 hybrid-structure sensor.

3. Experiment

3.1. Materials and Reagents

NaCl, H2SO4, HCl, NaOH, H2O2, anisole, KOH, acetone, and poly (methyl methacry-
late) (PMMA, molecular weight ≥20,000) were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopro
pyl)-carbodiimide hydrochloride (EDC), ethanolamine and phosphate-buffered saline (PBS)
were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Okadaic acid
(OA) with >95% purity (HPLC-grade), the okadaic acid–bovine serum albumin bioconju-
gate (OA-BSA), and anti-OA monoclonal antibody (OA-mAb) were purchased from Anti
Biological Technology Co., Ltd. (Shenzhen, China). A 0.2 M NaOH solution was used
as the regenerant. All reagents and solvents are analytical grade and were used without
further purification. Deionized water (18.2 MΩ·cm) was used throughout the work.

3.2. Sample Fabrication
3.2.1. The Fabrication of the Conventional Au-Based Sensor

The conventional Au-based sensor and graphene–MoS2 hybrid-structure sensor with
different numbers of MoS2 layers are fabricated in this paper and the fabrication processes
are shown in Figure 5. First, a 5 nm Cr layer and 50 nm-thick Au layer were sequentially
deposited on the polished BK7 glass substrate by magnetron sputtering, where the Cr layer
was used as an adhesion layer (See Figure 5c,d). The SEM image of Au-based sensor is
shown in Figure 6. We can see that the thickness of the Au film is 49.6 nm.

Figure 5. Schematic diagram of fabrication processes of the graphene–MoS2 hybrid-structure sen-
sor. (a) MoS2 deposition using CVD, (b) PMMA spin-coating, (c) Cr deposition using magnetron
sputtering, (d) Au deposition using magnetron sputtering, (e) separation of PMMA/MoS2 from
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SiO2/Si substrate using KOH, (f) PMMA/MoS2 transferring to Au-based substrate, (g) PMMA
removal using acetone, (h) monolayer-graphene deposition using CVD, (i) PMMA spin-coating,
(j) etching the Cu foil using FeCl3, (k) PMMA/graphene transferring to MoS2-based substrate,
(l) PMMA removal using acetone.

Figure 6. The SEM images of the conventional Au-based sensor.

3.2.2. The Transfer Process of MoS2 Film

Continuous 2~6-layer MoS2 film purchased from SixCarbon Technology was grown
on SiO2/Si substrate by CVD technique. The few-layer MoS2 films were transferred onto
the Au-based substrate by a PMMA-based wet transfer method [38]. In the MoS2 transfer
process, first, MoS2 grown on SiO2/Si substrate was spin-coated with PMMA (4% in anisole)
at 3000 rpm for 1 min and baked at 120 C for 3 min. Then, samples with the PMMA coating
were then soaked in a 2 mol/L KOH solution for 2 h, in which the PMMA/MoS2 layer was
separated from the Si substrate due to etching of SiO2. Next, the PMMA/MoS2 layers were
washed in DI water, scooped using an Au-based substrate, dried under ambient conditions,
and baked at 80 ◦C for 1 h. Finally, the acetone was used to dissolve the PMMA. We can
complete the transfer of MoS2 to obtain the MoS2-based substrate (See Figure 5a–g).

3.2.3. The Transfer Process of Graphene Film

The monolayer graphene purchased from SixCarbon Technology was synthesized
on Cu foil using the CVD technique. Similar to the transfer method of the MoS2 layer,
we transferred the monolayer graphene on MoS2-based substrate to obtain the proposed
biosensor. First, a thin layer of PMMA was spin-coated onto the surface of graphene/Cu
foil at 500 rpm for 10 s, followed by 20 s at 2500 rpm. Then, the PMMA/graphene/Cu foil
was baked at 120 ◦C for 3 min; then, the Cu foil was etched in a 1 mol/L FeCl3 solution
for 1 h. After the Cu foil was dissolved, the PMMA–graphene film was repeatedly washed
with sufficient DI water. Next, the PMMA/graphene sample was carefully transferred onto
the surface of MoS2-based substrate. Then, the sample was dried at 90 ◦C for 60 min to
enable the PMMA–graphene layer to firmly adhere to the substrate. Finally, the acetone
was used to dissolve the PMMA and the fabricated samples were thoroughly washed with
DI water (See Figure 5h–l). Through the above steps, we fabricated the graphene–MoS2
hybrid-structure sensor with different numbers of MoS2 layers.

The photograph of the fabricated graphene–MoS2 hybrid-structure sensor with dif-
ferent layers of MoS2 and monolayer graphene is shown in Figure 7. We can see the
different colors correspond to the different numbers of MoS2 layers. Raman spectra of
fabricated samples are characterized by EnSpectrR532 at a laser wavelength of 532 nm and
the corresponding spectra are shown in Figure 8. In the low-frequency region, two strong
peaks E1

2g and A1g, which locate at 382.9 cm−1 and 406.5 cm−1, respectively, are shown
in Figure 8a. As the layer number increases from 2-layer to 6-layer, a slight red shift in
the E1

2g band and a slight blue shift in the A1g band are observed. These findings suggest
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that MoS2 films are successfully transferred in graphene–MoS2 hybrid structure [39]. In
the high-frequency band, the black line in Figure 8b indicates two characteristic peaks of
graphene at 1581.2 cm−1 (G-band) and 2679.1 cm−1 (2D-band). According to previous
reports, the number of graphene layers depends on the intensity ratios I2D/IG. When the
I2D/IG of this spectrum is approximately 2, it represents a typical spectrum of monolayer
graphene [40]. In addition, for the red, blue, and pink lines, both the G and 2D peaks of
graphene appear in the same location. These results indicate that monolayer graphene film
was successfully transferred in a graphene–MoS2 hybrid structure.

Figure 7. Photograph of the fabricated graphene–MoS2 hybrid-structure sensor with different layers
of MoS2 and monolayer graphene.

Figure 8. Raman spectra of monolayer graphene on SiO2 substrate and the fabricated graphene–MoS2

hybrid-structure sensor with different layers of MoS2 for (a) 300~500 cm−1; (b) 1100~3100 cm−1.

3.3. RI-Sensing Experiments

In this section, we compare the RI sensitivity of the Au-based sensor and the proposed
sensor with different layers of MoS2. The Abbe refractive index meter was used to mea-
sure the RI of the NaCl solutions at room temperature (26 ◦C). The NaCl solution with
concentration ranges of 0.1 g/L, 0.25 g/L, 0.5 g/L, 1 g/L, 2.5 g/L, 5 g/L, and 10 g/L were
prepared, and their corresponding refractive indices are 1.33152, 1.33154, 1.33158, 1.33165,
1.33189, 1.33229, and 1.33308, respectively. In the experiment, deionized water was first
injected into the sensor for a sufficient time to ensure the stability of the baseline. Then, the
NaCl solution and deionized water were sequentially injected as a cycle, and the process
was repeated to test different concentrations of NaCl solutions. Every concentration was
measured three times, and the results were recorded in computer software. Figure 9 shows
the response signal for the conventional Au-based biosensor in different RI solutions. From
the linear fitting curve of Figure 9b, the RI sensitivity is 13,951.2 pixel/RIU with linearity
of 0.98519. Similarly, NaCl solutions with different concentrations were injected into the
sensing region of proposed sensor with different layers of MoS2. The response spectra are
shown in Figures 10a, 11a and 12a. In Figures 10b, 11b and 12b, linear fittings are conducted
to obtain the corresponding sensitivities. The sensitivity values are 17,003.4, 25,819.9, and
21,783.3 pixel/RIU for the proposed sensors with 2, 4, and 6 layers of MoS2, respectively,
and all the correlation coefficients (R2) are higher than 0.98. When the number of MoS2
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layers is four, the maximum sensitivity is obtained, which is 1.85 times that of conventional
Au-based sensor. A good agreement is observed between the experimental results and the
theoretical calculation results.

Figure 9. (a) The response curves of NaCl solution with different concentrations for the conventional
Au-based biosensor. (b) The corresponding linear fitting line.

Figure 10. (a) The response curves of NaCl solution with different concentrations for the proposed
biosensor based on two layers of MoS2. (b) The corresponding linear fitting line.

Figure 11. (a) The response curves of NaCl solution with different concentrations for the proposed
biosensor based on four layers of MoS2. (b) The corresponding linear fitting line.
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Figure 12. (a) The response curves of NaCl solution with different concentrations for the proposed
biosensor based on six layers of MoS2. (b) The corresponding linear fitting line.

3.4. Okadaic Acid Detection Experiment
3.4.1. Fabrication of SPR Immunosensor

The surface of graphene has abundant functional groups, which can be covalently
bound to antigen or antibody molecules. For the pretreatment of the graphene-based
SPR-sensing chip, the chip was rinsed thoroughly with plenty of water, and dried with
nitrogen. Then, the carboxyl group of graphene was activated by NHS/EDC mixture solu-
tion (M:M = 4:1, v:v = 1:1) for 30 min, followed by washing in plenty of water. Afterwards,
the OA-BSA conjugate (1 mg/mL) was dissolved in PBS buffer and was dropped onto the
chip surface and incubated for 1 h. Finally, a 1 mol/L ethanolamine solution (pH 8.5) was
used to block the nonspecific interaction on the biosensor surface.

3.4.2. Determination of OA

The low-molecular-weight analyte OA was detected by the proposed SPR sensor with
four-layer MoS2 by an indirect competition inhibition method [41,42], and the schematic
diagram of the detection process for OA is shown in Figure 13. Figure 14a demonstrates
the specific interaction process of OA-mAb and OA-BSA immobilized on the sensor chip
surface. First, PBS buffer was injected over the sensor chip to obtain a stable baseline before
the measurement. Then, the OA-mAb solution (5 μg/mL) was injected into the reactor. The
free OA-mAb was captured by OA-BSA on the sensor chip surface and the response signal
was increased. At the end of the detection cycle, the captured antibodies were removed by
injecting NaOH (0.2 M) solution for the regeneration, and the response signal returned to
the original baseline position.

Figure 13. The schematic diagram of the detection process for OA.
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Figure 14. (a) The specific interaction process between OA-mAb (5 μg/mL) and the OA-BSA followed
by regeneration step. (b) The shift in response signal with increasing concentration of OA-mAb.
(c) The SPR response signal curves of OA solution at different concentrations for the proposed SPR
biosensor. (d) Calibration curve for the detection of OA by indirect competitive inhibition.

For the indirect competition inhibition method, the concentration of antibody is a key
parameter affecting sensitivity. To obtain the appropriate antibody concentration, a series
of concentrations of OA-mAb (1~60 μg/mL) were injected into the sensor chip. Figure 14b
shows the resonant pixel shifts with an increasing concentration of OA-mAb. The resonant
pixel shift increases rapidly before the antibody concentration reaches 15 μg/mL, followed
by a slower rate of increase. Therefore, a 15 μg/mL OA-mAb concentration was used in
subsequent OA experiments.

Firstly, the OA standard solutions were incubated with the 15 μg/mL OA-mAb so-
lution for 30 min. Subsequently, the equilibrated mixtures, containing a series of OA
concentrations (0.5~2048 ng/mL) and 15 μg/mL OA-mAb, were injected into the sensor
chip. The reproducibility of the immune reaction was assessed by analysis of each concen-
tration of OA mixture solutions three times. The obtained SPR response signal curves are
shown in Figure 14c. From Figure 14c, it can be seen that the shift in the resonant pixel
decreases with the increase in the OA concentration in the solution. This is due to the OA in
free solution inhibiting the binding interaction of OA-mAb with the OA-BSA immobilized
on the sensor chip, resulting in a decrease in the response signal. The extent of reduction is
directly proportional to the OA concentration. Figure 14d is the percentage of inhibition
with respect to the OA concentration. It can be inferred from the sigmoidal calibration
curve that the linear detection range of the proposed OA biosensor is from 4 ng/mL to
512 ng/mL. The LOD is estimated to be 1.18 ng/mL based on the LOD formula [43], which
is approximately 22.6 times lower than the conventional Au-based sensor (26.7 ng/mL).

4. Conclusions

In this work, a high-sensitivity SPR biosensor composed of MoS2 and graphene is
proposed, and its performance was investigated through a simulation and experiments.
MoS2 films with a high light absorption efficiency were utilized to promote the transfer of
electrons, which resulted in a significant enhancement of the electric field on the sensor’s
surface. Monolayer graphene was employed as the biological recognition component to
further increase the sensitivity of the sensors. The numerical results show that the maximum
sensitivity ~282◦/RIU is achieved, when the sensor is modified with four-layer MoS2 and
monolayer graphene. In the experiment, the proposed sensor was used to measure the
RI sensitivity and detect the OA concentration. The result of the RI experiments show
that the RI sensitivity of the proposed sensor is approximately 1.85 times higher than the
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conventional Au sensor. In addition, the LOD of OA for the proposed sensor is 1.18 ng/mL,
which is about 22.6 times lower than the conventional Au sensor. These results suggest that
this device has the potential for clinical diagnostics and chemical detection.
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Abstract: Today, two-dimensional materials are one of the key research topics for scientists around
the world. Interest in 2D materials is not surprising because, thanks to their remarkable mechanical,
thermal, electrical, magnetic, and optical properties, they promise to revolutionize electronics. The
unique properties of graphene-like 2D materials give them the potential to create completely new
types of devices for functional electronics, nanophotonics, and quantum technologies. This paper
considers epitaxially grown two-dimensional allotropic modifications of single elements: graphene
(C) and its analogs (transgraphenes) borophene (B), aluminene (Al), gallenene (Ga), indiene (In),
thallene (Tl), silicene (Si), germanene (Ge), stanene (Sn), plumbene (Pb), phosphorene (P), arsenene
(As), antimonene (Sb), bismuthene (Bi), selenene (Se), and tellurene (Te). The emphasis is put on
their structural parameters and technological modes in the method of molecular beam epitaxy, which
ensure the production of high-quality defect-free single-element two-dimensional structures of a
large area for promising device applications.

Keywords: 2D materials; two-dimensional allotropes; graphene analogs; molecular beam
epitaxy; borophene; aluminene; gallenene; indiene; thallene; silicene; germanene; stanene; plumbene;
phosphorene; antimonene; bismuthene; selenene; tellurene

1. Background

Today, two-dimensional materials are one of the key research topics for scientists
around the world [1–5]. Since 2004, when the first representative of a new class of materials,
a monolayer of carbon atoms, was experimentally obtained in the work by Geim and
Novoselov [6], we have seen a real boom in publications on this topic. Over the years, there
has been a quantitative and qualitative leap both in the study of graphene itself and of
other two-dimensional allotropes—transgraphenes, or X-enes (Figure 1a). As a characteristic
numerical indicator confirming the above, we can cite data on the growth in the number of
publications that include the keyword “2D material” in the international information and
analytical systems of scientific citation Scopus and Web of Science (Figure 1b). By 2022, the
number of publications crossed a milestone—more than 10,000 publications on the topic of
2D materials per year (30 articles per day or 1 article every hour).

This interest in two-dimensional materials is not surprising, since, thanks to their
remarkable mechanical, thermal, electrical, magnetic, and optical properties, they promise
to revolutionize electronics. Among the outstanding characteristics of 2D materials, the
following can be distinguished: very high mobility of charge carriers, extreme strength of
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graphene due to strong carbon–carbon bonds, the ability to control energy structure and
bandgap by changing the material composition, and a simple defect structure due only
to the presence of vacancies and impurities. In addition, under certain conditions, exotic
quantum effects can manifest in these materials: they can be topological insulators and
high-temperature superconductors. The unique properties of 2D materials make them
promising for the creation of completely new types of devices for functional electronics,
nanophotonics, and quantum technologies [7–12].

(a) (b)

Figure 1. Single-element 2D materials (a) and number of publications with the keyword “2D material”
in scientific analytical databases Scopus and Web of Science (b). In the excerption from the periodic
table, synthesized single-element two-dimensional materials are highlighted: group IIIA—red, group
IVA—green, group VA—violet, group VIA—blue.

Nowadays, the following existing two-dimensional allotropic modifications can be
distinguished: graphene (C) and its analogs (transgraphenes or X-enes) borophene (B),
aluminene (Al), gallenene (Ga), indiene (In), thallene (Tl), silicene (Si), germanene (Ge),
stanene (Sn), plumbene (Pb), phosphorene (P), arsenene (As), antimonene (Sb), bismuthene
(Bi), selenene (Se), and tellurene (Te) (Figure 1a).

They are very closely related to graphene and transgraphene derivatives function-
alized by hydrogen ions (graphane (CH)n, silicane (SiH)n, germanane (GeH)n, and other
transgraphanes (or X-anes) with the general formula (GH)n, where G is one of the elements
that form the initial two-dimensional material: C, Si, Sn, Pb, B, P, etc.) or other ligands
(for example, metal cations, hydroxyl groups, organic radicals, with the general formula
(GR)n) [13].

Among the methods for creating two-dimensional materials, it is necessary to distin-
guish simple exfoliation techniques, chemical deposition methods, and molecular beam
epitaxy. It is the latter method that makes it possible to obtain structures of the best quality:
with low roughness, controlled thickness, and a high degree of uniformity over the sub-
strate area. To achieve the desired quality, special attention must be paid to the selection of
a suitable substrate and careful control of the deposition conditions, such as temperature
and growth rate.

In this work, two-dimensional allotropes of various elements are considered. A review
of the latest advances in growing single-element 2D materials by epitaxial methods is given.
At the same time, the emphasis is put on their structural parameters and technological
modes in the method of molecular beam epitaxy, which ensures the production of high-
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quality defect-free single-element two-dimensional structures of a large area, which are
necessary for promising device applications.

2. Structural Characteristics of Single-Element 2D Materials

The concept of a two-dimensional allotropic modification of silicon was proposed
in 1994 [14]. Subsequently, the new material was actively studied by theorists and was
named “silicene” by analogy with graphene [15]. All graphene-like materials of elements
of group IVA are characterized by mixed sp2–sp3 hybridization [16]. Unlike graphene
(Figure 2a), the lattice of silicene, germanene, stanene, and plumbene is not absolutely flat,
but curved. Their structure can be represented as two sublattices displaced relative to each
other in the vertical direction (Figure 2b). Such curved honeycomb structure and ordered
buckling of the surface lead to exceptional stability and increased flexibility compared
with graphene. This geometry defines the wide spectrum of their potential applications in
electronics [17–19]. Such a buckled hexagonal structure was also observed in all further
works on the synthesis of transgraphenes of group IVA [20–58].

(a) (b) 

Figure 2. Honeycomb lattice of graphene (a) and graphene-like structure of two-dimensional mate-
rials of group IVA (b) (on this and following figures colored balls represent atoms and black lines
represent interatomic bonds).

The data on the lattice parameters of group IVA graphene-like 2D materials (silicene,
germanene, stanene, and plumbene) such as the distance l between nearest atoms in the
honeycomb structure, the lattice constant a, and the displacement parameter between the
upper and lower atoms δ are reviewed in Table 1.

Borophene, aluminene, gallenene, indiene, and thallene—representatives of group
IIIA transgraphenes—can have various modifications of the crystal lattice [59–73].

Borophene has a flat or curved structure, consisting of many equilateral triangles,
forming a two-dimensional network (Figure 3). In this case, its structure can be considered
as a solid solution of the composition B1−vVv, where v is the concentration of vacancies
V of boron atoms. When there are no vacancies of boron atoms, borophene has a curved
lattice with the parameter δ≈ 0.08 nm (Figure 3a), and in the presence of vacancies with the
concentration v = 1/6, its structure becomes flat (Figure 3b). Borophene structures with a
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different v are also possible. The distance between boron atoms in the borophene structure
is about 0.17 nm [2,59].

Table 1. Structural parameters of the buckled honeycomb lattice of graphene and group IVA transgraphenes.

Material Distance l between Atoms Lattice Constant a Buckling Parameter δ References

nm nm nm

Graphene 0.14 0.25 0 [3–5]
Silicene 0.23 0.39 0.08 [20–31]

Germanene 0.25 0.40 0.09 [32–37]
Stanene 0.28 0.47 0.10 [38–44]

Plumbene 0.30 0.49 0.10 [45–47]

(a) (b)

Figure 3. Variants of the structure of the crystal lattice of borophene for (a) v = 0 and (b) v = 1/6.

Gallenene has a flat honeycomb structure similar to graphene (Figure 2a), or a slightly
curved configuration such as group IVA transgraphenes (Figure 2b). The crystal lattice
parameters of gallenene have the following values: the distance between the gallium
atoms is l = 0.25 nm, the lattice constant a is about 0.39 nm, and the buckling parameter
δ = 0–0.08 nm [63,64].

Aluminene has not yet been synthesized experimentally, but theoretical calculations
using the density functional theory predict the possibility of its existence with a crystal
lattice such as graphene, borophene, or even phosphorene (Figure 4). Thus, aluminene
can have a flat, buckled, or puckered structure [67,68]. For the graphene-like modification
of the aluminene crystal lattice, the distance between aluminum atoms is predicted to be
l ≈ 0.26 nm [65].

The two-dimensional allotropic modification of indium (indiene) is also predicted
only theoretically so far. Presumably, it can have three variants of the crystal structure: flat
(like in graphene) (Figure 2a), buckled (like in transgraphenes of group IVA) (Figure 2b), or
puckered (like in phosphorene) (Figure 4a). For all modifications of indiene, the calculated
distance between indium atoms is l ≈ 0.29 nm, and the lattice constant is a ≈ 0.5 nm for the
flat geometry and a ≈ 0.425 nm for the buckled one at δ ≈ 0.15 nm [65,70–72].

The last representative of group IIIA transgraphenes, thallene, was synthesized in
2020 on the NiSi2/Si(111) surface [73] in the form of a flat honeycomb structure similar to
graphene (Figure 2a), with parameter l ≈ 0.38 nm. Density functional theory calculations
predict for a free-standing thallene l = 0.3 nm (Table 2).
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(a) (b)

Figure 4. Two variants of the crystal structure of phosphorene: (a) puckered (α-phase) and
(b) buckled (β-phase).

Table 2. Parameters of the honeycomb lattice of group IIIA transgraphenes (materials predicted only
theoretically and not obtained experimentally are marked with * sign).

Material Distance l between Atoms Lattice Constant a Buckling Parameter δ References

nm nm nm

Borophene 0.17 0.29 0–0.08 [2,59]
Aluminene * 0.26 0.45 - [65]

Gallenene 0.25 0.39 0–0.08 [63,64]
Indiene * 0.29 0.43–0.50 0–0.15 [65,70–72]
Thallene 0.30–0.38 0.50–0.65 0 [73]

The first representative of transgraphenes of group VA, phosphorene can be in two
modifications: puckered (or α-phase) (Figure 4a) and buckled (or β-phase) (Figure 4b).
The lattice parameters of phosphorene have the following values: the distance between
phosphorus atoms is l = 0.23 nm, the lattice constant a is about 0.33 nm, and the buckling
parameter δ = 0.12 nm [72,74].

For the two-dimensional modification of arsenic (arsenene), theoretical calculations
predict the following lattice parameters: the distance between arsenic atoms is l = 0.25 nm,
the lattice constant a is about 0.36 nm, and the buckling parameter δ = 0.14 nm [75,76].

Experimental studies of the synthesis of two-dimensional antimony (antimonene)
turned out to be quite successful, and today this material has already been fabricated on
a large number of substrates [77–82]. The distance between antimony atoms ranges from
0.29 nm and more, depending on the substrate; the lattice constant is slightly more than
0.4 nm and δ ≈ 0.17 nm [75,78].

For bismuthene, a two-dimensional allotropic modification of bismuth, the lattice con-
stant of a curved graphene-like structure was calculated to be a = 0.434 nm [72]. However,
its actual value may increase depending on the substrate [83] (Table 3).
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Table 3. Parameters of the honeycomb lattice of group VA transgraphenes.

Material Distance l between Atoms Lattice Constant a Buckling Parameter δ References

nm Nm nm

Phosphorene 0.23 0.33 0.12 [72,74]
Arsenene 0.25 0.36 0.14 [75,76]

Antimonene 0.29 0.40 0.17 [75,78]
Bismuthene 0.30 0.43 0.17 [72,83]

Finally, let us take a look at the structural properties of single-element 2D materials
from the group VIA. The stable states of the two-dimensional modification of selenium
(selenene) were first calculated within the framework of the density functional theory in
2017 [84]. Then, their electrical, thermoelectric, and thermal properties were theoretically
investigated [85–88]. Two modifications of the crystal lattice are predicted for selenene and
tellurene (Figure 5).

(a) (b)

Figure 5. Two variants of the crystal structure of selenene and tellurene: (a) α-phase and (b) β-phase.

According to the theoretical calculations, the distance between atoms in selenene
should be l ≈ 0.27 nm [88]. The two-dimensional tellurium layer (tellurene) has the same
crystal structure modifications as selenene (Figure 5), and its lattice parameter l is about
0.3 nm [88–90] (Table 4).

Table 4. Parameters of the honeycomb lattice of group VIA transgraphenes.

Material Distance l between Atoms Lattice Constant a Buckling Parameter δ References

nm nm nm

Selenene 0.27 0.37 0.18 [88]
Tellurene 0.30 0.42 0.22 [88–90]
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Thus, numerous experimental studies confirmed the curved structure of transgraphenes
and also showed that such a structure is more flexible than that of graphene, which makes
it possible to control the energy spectra by adjusting the synthesis conditions.

3. Epitaxial Fabrication of Single-Element 2D Materials

3.1. Group IIIA Single-Element 2D Materials

We will begin our consideration of two-dimensional allotropic modifications with
elements of the main subgroup of the third group of the periodic table of chemical elements.
Borophene, the first representative of 2D materials of group IIIA, was first synthesized
experimentally on Ag(111) substrate in 2015 [59,60]. Earlier attempts at heteroepitaxial
fabrication of borophene were complicated by a low barrier of the formation of three-
dimensional boron islands [91]. Therefore, it was necessary to carefully select a suitable
substrate in order to overcome this unwanted 3D island formation. A low threshold for
nucleation of two-dimensional clusters was found on a number of metal substrates, which
facilitated the formation of extended layers of large-area single-crystal borophene. Among
them are Al(111) [92], Au(111) [93], Cu(111) [94], and Ir(111) [95] (Figure 6). In this case
the nearest-neighbor distance of the potential substrate for the fabrication of 2D material
should match with the lattice parameter a of the honeycomb lattice. In addition to metal
substrates, the possibility of obtaining layers of two-dimensional boron modification on
surfaces such as transition metal diborides [96,97] with the (0001) orientation is predicted.

Figure 6. Model of borophene layer on a metal substrate.

After the first successful experimental works [59,60], borophene was successfully
fabricated on the Al(111) surface in 2018 [92]. Aluminum belongs to the same group IIIA of
the periodic table and has minimal lattice mismatch with borophene, which ensured its
successful production on this substrate. Borophene was deposited on the Al(111) surface
held at 230 ◦C. The obtained borophene had a honeycomb lattice with a ≈ 0.3 nm. In another
recent study [95], borophene was synthesized on the surface of Ir(111) upon deposition of
boron at 550 ◦C. All experimental studies confirm the possibility of coexistence of several
borophene phases depending on the growth conditions and the substrate [91,98,99].

The monatomic layer of two-dimensional gallium was first obtained in 2018 by the
exfoliation method in [63]. Like borophene, gallenene was obtained by molecular beam
epitaxy on surfaces such as GaN(0001) (two monolayers thick) [100] and Si(111) (one
monolayer) [64]. A characteristic feature of gallenene is the covalent bond between adjacent
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two-dimensional layers, in contrast to other 2D materials, such as, for example, graphite or
transition metal dichalcogenides, in which the layers are linked together by weak van der
Waals forces. Due to this, the gallium layers demonstrate significantly higher temperature
stability [101,102].

In the work [100], two monolayer gallium film with honeycomb lattice was heteroepi-
taxially grown on GaN(0001) layer with the thickness about 3 μm, which was deposited
by metal organic chemical vapor deposition on Al2O3(0001) substrates using AlN buffer
layer. The substrates were chemically cleaned before loading into epitaxy equipment.
Several cycles of argon ion sputtering with the energy 700 eV and subsequent annealing
were performed to prepare the surface. Two monolayers of gallium were then epitaxially
grown at 650 ◦C from a high-purity gallium (99.995%) source with the deposition rate of
0.4 ML/min (monolayers per minute) at ultra-high vacuum conditions (the base pressure
was lower than 2·10−10 Torr). This led to formation of 2 ML thick gallenene layer with the
lattice constant 0.32 nm [100]. The authors also suggested using silver as capping protective
layer for subsequent ex situ characterization of gallenene samples.

In the work [64], base pressure maintained at 1·10−10 Torr. Gallium atoms were
thermally evaporated on clean Si(111) (7 × 7) surface from a quartz crucible. Reconstructed
gallium surface was prepared by depositing 1/3 ML of gallium atoms on the silicon surface
at room temperature and annealing at 550 ◦C for 30 min. The gallium films then were
epitaxially grown on the Ga/Si(111) surface at the temperature of 50 ◦C with the deposition
rate of 0.2 ML/min. The gallium layer grown on Si(111) (7 × 7) was used as the substrate
for the growth of gallenene. Ga/Si(111) surface is better for obtaining high-ordered gallium
monolayer than Si(111) (7 × 7) because gallium atoms passivate the dangling bonds on
silicon surface, which is beneficial to the diffusion of the deposited atoms. Depositing Ga
atoms on Ga/Si(111) surface, an ordered Ga monolayer can be obtained. At low coverage,
the Ga atoms formed two-dimensional domains with random distribution. With the gallium
coverage increasing, the size of domains increased. In the area where the gallium atoms
were absence, the gallium superstructure was still clearly visible. When the coverage
reached 1.4 ML, the Ga/Si(111) reconstructed structure was completely covered, and the
growth of the gallium monolayer was completed [64].

Finally, quite recently, there was a report on the heteroepitaxial growth of the last
single-element 2D-material of group IIIA, thallene [73]. As far as we know, as of early 2022,
this work is the only article dedicated to thallene. The experiment was carried out under
ultra-high vacuum conditions. The reconstructed Si(111) (7 × 7) surface was formed by
long-term annealing of Si(111) wafers at 600 ◦C followed by short-term annealing at 1280 ◦C.
One monolayer of thallium was deposited on the prepared surface at room temperature,
which was then annealed at the temperature of 300 ◦C. For thallium evaporation a tantalum
crucible was used. The next step was room temperature deposition of one monolayer
of nickel, followed by annealing at 300 ◦C. Under these conditions, nickel atoms diffuse
through the thallium layer, forming one monolayer with the composition NiSi2 under
the thallium layer. The last stage was the annealing of the system at the temperature of
375 ◦C for 5 min in order to leave 2/3 ML of thallium on the NiSi2 surface. As a result, a
Tl/NiSi2/Si(111) sample with a thallene monolayer was obtained [73].

As far as we know, the rest of the group IIIA transgraphenes (aluminene and indiene)
have not been experimentally realized yet.

3.2. Group IVA Single-Element 2D Materials

Unlike graphene, a monolayer of carbon atoms with sp2-hybridization, which can
be fabricated by simple exfoliation of single layers from graphite due to weak interlayer
interaction, atom-thick layers of silicon, germanium, tin, or lead are not so readily exfo-
liated from the corresponding bulk materials because they have sp3-hybridization with
strong covalent bonds. Consequently, the current task is to find methods of synthesis of
transgraphenes other than exfoliation technique. Moreover, one of the basic methods of
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fabrication of silicene, germanene, stanene, and plumbene today is the heteroepitaxy on
the surfaces matched by the lattice parameter [24].

For the first time, silicene was experimentally obtained by epitaxial methods in 2012 on
Ag (111) substrate [20,21]. In this work, Ag(111) plates were cleaned by Ar+ sputtering with
the energy 1.5 keV. Then, the substrates were annealed at the 500–600 ◦C to obtain atomically
smooth silver surface. Silicon was deposited with the rate of 0.01–0.03 ML/min on the
silver surface heated to 200–300 ◦C [20,21]. Later on, research on the growth of silicene
on Ag(111) surface at various temperatures was carried out, and the important role of the
substrate temperature in the formation of transgraphene structures was established [25]. It
was shown that the number of defects in a honeycomb lattice increases with temperature,
and silicene does not form at the temperatures of 330 ◦C or higher.

After that, silicene was synthesized on Ir(111) [24], Pb(111) [48], ZrB2(0001) [26],
MoS2 [27], ZrC [28], Ru [29], and graphite [30] surfaces. For some substrates, to obtain
uniform monolayer with honeycomb lattice, post-growth annealing of the synthesized
structures was implemented. As in the previous case of single-element 2D materials of
group IIIA, to serve a perfect surface for the group IVA buckled allotropes formation, the
substrate should have lattice constant close to that of the desired 2D material, so that
three of six atoms in the honeycomb mesh coincide with the nearest three atoms of the
substrate (Figure 7).

Figure 7. Model of buckled silicene layer on a metal substrate (two colors are used for silicon atoms
at different height positions).

Unlike silicene, researchers failed to fabricate germanene on Ag(111) surface because
germanium and silver atoms form solid solution on the surface. However, thanks to the
efforts of experimenters, germanene was finally synthesized on the Au(111) substrate
in 2014 [35]. The atomically clean Au(111) surface was prepared by Ar+ ion sputtering
and annealing. The honeycomb germanene structure was obtained by 1 ML germanium
deposition at a temperature of 200 ◦C. At the same period, germanene was grown on the
Pt(111) surface [36]. However, in this case, post-deposition annealing was conducted at the
temperatures of 300–500 ◦C for half an hour.

Then, germanene was heteroepitaxially fabricated on Al(111) substrate [32]. As well
as the previously used Au(111) and Pt(111), the Al(111) surface has a honeycomb structure
with the lattice parameter a = 0.405 nm, which is close to germanene. The germanium
deposition at very low growth rate of about 0.005 nm/min was used in this study while
keeping the substrate at the temperature of 87 ◦C.
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Later, the growth of germanene was carried out on other surfaces: Sb(111) [49],
highly oriented pyrolytic graphite [50,51], MoS2 [33], hexagonal AlN [37], Cu(111) [52],
Ge2Pt [53,54], and germanium [55].

The next representative of group IVA transgraphenes, stanene, was first synthesized
on Bi2Te3(111) surface in 2015 [41]. Bi2Te3(111) films with thicknesses of up to 40 nm were
heteroepitaxially grown on Si(111) substrate. Tin atoms were deposited from effusion cell
with the rate of 0.4 ML/min at room temperature on obtained Bi2Te3(111) surface.

After that, a whole series of works on fabrication of stanene on various surfaces
appeared. For example, single-layer stanene was fabricated on Sb(111) and InSb(111)
substrates cleaned by Ar+ ion sputtering followed by annealing at the 400 ◦C [42,43].
Tin atoms were deposited with 0.3 ML/min growth rate at ambient or slightly elevated
temperatures, forming strained layers of stanene.

Then, layers of large-area stanene with small lattice buckling parameter were obtained
on Ag(111) substrate using Ag2Sn as an intermediate layer [44]. In one of the latest
works [12], high-quality multilayer stanene with a thickness of one to five monolayers
was successfully fabricated on PbTe(111) surface. In addition, stanene was fabricated on
Cu(111) [56], MoS2 [57], and Au(111) [58] surfaces.

Finally, in 2019 the epitaxial fabrication of the last graphene-like material of group
IVA, plumbene, was realized [45–47]. As far as we know, plumbene has been successfully
synthesized on just two surfaces before 2022.

In the research by Yuhara et al. [45], large-area plumbene sheet was fabricated on
Pd(111) substrate, cleaned by Ar+ ion sputtering with the energy of 2 keV, followed by
annealing at 850 ◦C. Lead deposition rate was maintained at 0.4 ML/min. At the first stage
of growth Pd1−xPbx(111) solid solution formed, and then lead atoms segregated onto the
surface, forming plumbene structure.

In the latest experimental work [47], plumbene was grown on the surface of Fe
monolayer on Ir(111) substrate. To prevent intermixing of iron and lead atoms, the synthesis
was performed at rather low temperature of 140 K. The distinctive feature of this method is
that an almost flat plumbene monolayer with low buckling parameter forms.

3.3. Group VA Single-Element 2D Materials

Phosphorene was first produced by an exfoliation technique [103] and later fabricated
in the method of molecular beam epitaxy on Au(111) substrate [104]. In work [104], clean
Au(111) substrate was prepared by repeated Ar+ bombardment with ion energy of 1.5 keV
at the pressure of about 1·10−5 Torr and subsequent annealing at 500 ◦C. Phosphorus was
deposited by evaporation from a crucible containing bulk black phosphorus at 260 ◦C.
During the deposition process, the substrate temperature was below 260 ◦C, so the initial
growth stage involved the condensation of P4 molecules from the gas phase onto Au(111)
surface. Then, the system was annealed at 250 ◦C for 60 min until well-defined monolayer
phosphorus with a hexagonal structure appeared [104]. This was achieved due to the close
lattice parameters of phosphorene and the substrate (Figure 8).

Later, this result was confirmed in the work [105], along with the observation of
formation of one-dimensional chain structures of phosphorus on Au(111) surface. Au(111)
substrate was cleaned by Ar+ ion sputtering with the energy of 1.0 keV, followed by
annealing at a temperature of about 600 ◦C. Phosphorus flux was generated by thermal
decomposition of InP in a Knudsen cell at 470 ◦C. The substrate temperature was kept at
210–230 ◦C. As a result, graphene-like structure of phosphorus atoms arranged in a buckled
honeycomb lattice was obtained [105].

The electronic structure of this two-dimensional modification of phosphorus was
revealed in the further work by Golias et al. [106]. They also prepared clean Au(111) surface
by repeated cycles of Ar+ bombardment with ion energy 1 keV followed by annealing at
620 ◦C for 5 min and subsequently at 420 ◦C for 20 min. Black phosphorus crystal heated
to 300 ◦C was used as a source. Two variants of growth process were tested: one with the
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Au(111) substrate held at 230 ◦C during deposition and another where phosphorus was
deposited at room temperature, and then the sample was annealed at 250 ◦C for 15 min.

Figure 8. Model of phosphorene layer on a metal substrate (two colors are used for phosphorus
atoms at different height positions).

In the later work by Zhang et al. [107] two distinct superstructures of heteroepitaxial
phosphorene on Au(111) were determined with (5 × 5) periodicity (Figure 8). They also
used the substrate temperature near the 250 ◦C, which is line with the authors of previous
works. In the very recent work [108], phosphorene was also synthesized on copper oxide
surface on Cu(111) substrate using on-surface reaction and segregation approaches.

The first monolayer antimonene samples were obtained by exfoliation techniques [109–112]. It
was shown that free-standing antimonene demonstrates exceptional air stability, but for the
creation of defect-free large-area antimonene sheets the epitaxial methods were necessary.
Moreover, further experimental attempts were quite successful and now antimonene have
been synthesized by the method of molecular beam epitaxy on rather large numbers of
substrates, such as Ge(111) [77], PdTe2 [78], Ag(111) [79], Pb(111) [80], Bi2Te3 [81], Cu(111)
and Cu(110) [82], and Sb2Te3 [113]. Furthermore, van der Waals epitaxy was used to form
antimonene sheets on mica substrates [114] and single-crystalline graphene [115].

In the work [77], the authors studied the growth of antimonene on Ge(111) surface.
Use of Ge(111) surface is prospective for electronics. In these experiments, high-purity
Sb crystals were evaporated using a Knudsen cell. The substrate temperature was varied
from room temperature to 330 ◦C, and the deposition rate was changed between 0.2
and 70 nm/min. Ge(111) substrates were prepared firstly by chemical treatment, then
by annealing at the temperature of 600–700 ◦C for more than 1 h. For some samples, an
additional Ar+ sputtering step with ion energy 2 keV was used before annealing. Sputtering
and annealing were repeated until a sharp c(2 × 8) diffraction pattern was observed. After
varying growth parameters in wide intervals, it was revealed that 2D antimony sheets
were formed in narrow range of temperatures from 200 to 300 ◦C. For the growth rates it
was established that better-quality layers are fabricated using two-step growth with the
nucleation of antimony clusters at high rates (about 20 nm/min) and subsequent growth
of islands at much lower rates. It was also shown that the lattice constant of antimonene
depends on the thickness and changes from 0.41 nm for one layer to 0.43 nm for five
layers [77].
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Authors of the work [78] noted that they selected PdTe2 substrate for the synthesis
of antimonene. This selection was made because PdTe2 substrate has hexagonal lattice
with the constant of 0.41 nm (close to the calculated one for antimonene), along with the
chemical stability of PdTe2 surface and absence of formation of an alloy with antimony.
High-purity antimony was evaporated from Knudsen cell and deposited onto the freshly
cleaved from the single crystal PdTe2 substrate. The substrate temperature was held at
130 ◦C during growth. This deposition resulted in formation of highly ordered buckled
honeycomb antimonene structure [78].

Despite the fact that antimony tends to form alloys with metals, some groups reported
the fabrication of antimonene on silver [79,116] and copper [82] substrates. In all cases, the
first atoms of antimony formed an alloy with the substrate, and subsequent deposition led
to the formation of buckled honeycomb antimonene structure. However, all the prospective
properties of antimonene are still not realized due to insufficient quality of the fabricated
antimonene, especially in the areas of edges of 2D sheets.

As far as the arsenene is concerned, there are numerous theoretical works devoted
to the prediction of properties of this novel 2D material [75]. However, there is only one
experimental report on the fabrication of arsenene by liquid-phase exfoliation method [76].

The same is true for bismuthene, and there are just a couple of experimental evidences
of its fabrication [83,117]. In the breakthrough work [83], bismuthene was fabricated on
SiC(0001) surface. Moreover, in the very latest work [117], two-dimensional hexagonal
bismuth structures were obtained on the surface of 2 ML thick HfTe2 surface deposited on
InAs(111)/Si(111) substrate. Furthermore, the attempts to obtain bismuthene on other sur-
faces (such as Si(111), graphite, graphene, Au(111), and other noble metals) are constantly
being made.

3.4. Group VIA Single-Element 2D Materials

To date, selenene was synthesized only by physical vapor deposition on Si(111) sub-
strate in the work [118].

Tellurene was first obtained on flexible mica substrates by van der Waals epitaxy in
2014 in [119]. Thereafter, tellurium was successfully grown heteroepitaxially on highly
oriented pyrolytic graphite [89] and graphene [120] (Figure 9).

Figure 9. Model of tellurene layer on a substrate (three colors are used for tellurium atoms at different
height positions).

330



Nanomaterials 2022, 12, 2221

In the work [120], different phases of two-dimensional tellurene were obtained in
monolayer and few-layer films using van der Waals epitaxy of tellurium films on the surface
of graphene, grown by molecular beam epitaxy on 6H-SiC(0001) substrate. High-purity
tellurium (99.999%) was evaporated from a Knudsen cell at 227 ◦C onto the graphene/SiC
substrate kept at room temperature.

In [89], tellurium atoms were deposited on a carefully annealed substrate of highly
oriented pyrolytic graphite under the conditions of a molecular beam epitaxy setup at
the base pressure of order of 1.5 10–10 Torr. The flux of tellurium was generated from a
standard Knudsen cell operated at 270 ◦C. The substrate temperature was held constant at
130 ◦C during deposition. Reflection high-energy electron diffraction operated at 15 keV
was employed to monitor the sample surface during the growth process, and the streaky
diffraction pattern showed an atomically smooth surface of the grown tellurium film, which
was confirmed by STM measurements [89].

Thus, a proper substrate and growth conditions play a key role in providing an
opportunity to form large-size high-quality single-element two-dimensional materials
beyond graphene.

4. Brief Outlook into the Perspectives of Single-Element 2D Materials

At present, two-dimensional materials are considered as one of the most promising
materials for next-generation nanoelectronics and nanophotonics [121,122]. The family of
two-dimensional crystals includes dielectrics (for example, hexagonal boron nitride and
transition metal oxides), topological insulators (bismuthene telluride), semiconductors
(molybdenum and tungsten disulfides), semimetals (graphene), metals (titanium disulfide),
and superconductors (niobium diselenide) [3,4]. Among the single-element transgraphenes
considered in this review, the type of conductivity changes from metal (for group IIIA
elements), passes through semimetal (for group IVA elements), and ends with groups VA
and VIA semiconductor materials (Table 5). This fact determines the enormous spectrum
of possible device applications of single-element 2D materials.

For example, a high-speed field-effect transistor based on silicene operating at room
temperature has already been implemented [8], as well as a field-effect transistor based
on tellurene [123]. Among other things, tellurene also possesses unique thermoelectric
properties [124] and anomalously low thermal conductivity [125–127]. In 2D materials
such as stanene and bismuthene, due to their large atomic number, nontrivial topological
properties are expected, the appearance of highly conductive channels, and the absence
of certain types of carrier scattering near the boundaries. In this regard, they can be
considered contenders for the creation of effective interconnections [9,128]. Aluminene and
antimonene are proposed as materials for creating nanocapacitors due to their high ability
to accumulate the charge [129]. In addition, superconducting states are also predicted
for aluminene and gallenene [130,131]. Possible spheres of single-element 2D materials
applications are summarized in Table 5.

Active research continues, aimed at finding new and investigating the discovered me-
chanical, electrical, magnetic, and optical properties of single-element 2D materials [132–139].
Fascinating novel physical phenomena are also theoretically predicted for materials of this
family that are still waiting to be experimentally discovered and investigated. Among them
are various plasmonic effects and quantum Hall effect in 2D boron [91], high-temperature
quantum spin Hall effect in bismuthene [83], strain-induced magnetism in aluminene [140],
massless Dirac fermions, and superconductivity in gallenene [131].

Most of the papers reviewed in this work are aimed at developing methods for the
creation of high-quality layers of single-element 2D materials, which make it possible
to study all of their unique physical properties and potential applications in emerging
nanodevices of functional electronics. Undoubtedly, the fabrication of 2D materials of the
required quality dictates a proper selection of the surface for synthesis (according to the
crystal structure and lattice constant of the growing material). The next stage is rigorous
preparation of the growth substrate using multiple ion sputtering and high-temperature
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annealing to obtain an atomically smooth layer without impurities and defects. The final
step is precise control of the growth conditions, such as deposition temperature (usually
less than 500 ◦C) and extremely low growth rates (on the order of 0.1 mL/min). The
coverages of the deposited materials should be mostly chosen to equal the whole number
of monolayers and no more than about 5 mL because the growth mechanism tends to
transform to the island one at higher effective thicknesses.

Table 5. Physical properties and application fields of transgraphenes (materials predicted only
theoretically and not obtained experimentally are marked with * sign).

Material Band Gap, eV Type of Conductivity Possible Fields of Application

Borophene 0 Metal bio-imaging tools, microelectronics devices,
composites, interconnections, energy storage

Aluminene * 0 Metal nanocapacitor, superconductor,
gas sensor, energy storage

Gallenene 0 Metal superconductor, electrical contacts, sensors,
plasmonics, photonics nanostructures

Indiene * (planar)
Indiene * (buckled)

0
1

Metal
Semiconductor

memory device, LED, solar cell,
light filter, optoelectronics applications

Thallene 0.14 Semimetal 2D topological insulator

Graphene 0 Semimetal
field-effect transistor, phototransistor,

superconductor, optical modulator, plasmonics,
photovoltaics applications

Silicene 0.01 Semimetal field-effect transistor, biosensor, spintronics,
plasmonics, quantum information applications

Germanene 0.02 Semimetal field-effect transistor, nanomedicine,
topological quantum field-effect transistor

Stanene 0.07 Semimetal 2D topological insulator, superconductor, field-effect
transistor, interconnections

Plumbene 0.42 Semiconductor 2D topological insulator, superconductor, field-effect
transistor, energy storage

Phosphorene (puckered)
Phosphorene (buckled)

1.67
1.98 Semiconductor field-effect transistor, phototransistor, biosensor,

bio-imaging tools

Arsenene (puckered)
Arsenene (buckled)

0.90
1.96 Semiconductor field-effect transistor, biosensor

Antimonene (puckered)
Antimonene (buckled)

0.28
0.76 Semiconductor field-effect transistor, nanocapacitor, photodetector,

sensor, bio-imaging tools

Bismuthene 0.32 Semiconductor 2D topological insulator, field-effect transistor,
biosensor, bio-imaging tools, interconnections

Selenene 0.75 Semiconductor field-effect transistor, phototransistor

Tellurene 1.13 Semiconductor field-effect transistor, optical modulator,
thermoelectric material, piezoelectric material

Extensive amount of research is underway to improve the technology for growing
high quality 2D crystals [141–145]. Physical and mathematical models of growth of 2D
materials by various growth mechanisms, taking into account formation of 2D and 3D
islands, as well as ways to prevent possible nucleation of unwilling three-dimensional
islands, are proposed [146–149]. There are also theoretical and experimental works devoted
to various derivatives of transgraphenes, including chemical functionalization with various
ligands [150–152].

Completely new, unexpected fields of application of transgraphenes and their deriva-
tives are being proposed [153–158]. For instance, a material such as borophene is predicted
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to serve as an effective energy storage and also may form nanotubes analogous to those of
graphene, which may have even higher electrical conductivity that suggests the possibility
of their use as contacts and interconnections in nanodevices [91]. Multi-layer gallenene
structures are expected to have significantly higher temperature stability than bulk mate-
rial [102]. Strained layers of stanene have potential as possible room-temperature device
applications due to a very wide bandgap induced by elastic strains [42,43]. Plumbene is
calculated to have controllable sign reversal Seebeck coefficient and the large tunability
of thermal conductivity [159]. An opportunity to manage band gap in wide ranges was
experimentally established for antimonene [112].

In order to realize all the promising properties of single-element 2D allotropes, one
needs to understand how to create defect-free large-area single-crystal structures and
multilayer 2D materials. Many of the prospective properties of these materials are still not
realized due to insufficient quality of the fabricated sheets. Therefore, careful preparation of
the substrate and the creation of special conditions in the epitaxy chamber are required for
the preferred formation of islands by the two-dimensional mechanism at the initial stages of
epitaxial growth. In this regard, molecular beam epitaxy has a major advantage compared
to other fabrication techniques. Epitaxial methods usually yield large-scale 2D sheets
with the area limited mainly by the width of atomic terraces on the substrate. Moreover,
thorough pre-epitaxial preparation of the substrate ensures uniform two-dimensional
wetting of the atomically flat surface by depositing atoms with limited nucleation of
unwilling volumetric clusters [128]. Nevertheless, the problem of co-existence of differently
rotated 2D grains with various phases in such large-area structures is still not solved. Hence,
it is necessary to comprehensively develop the technology of epitaxial synthesis of 2D
materials. Thus, the successful fabrication of graphene-like materials is possible only with
the correct choice of the growth surface, its careful preparation, and precise control of the
growth conditions [160,161].

Besides molecular beam epitaxy, there are some other methods of producing single-
element 2D materials. The basic technologies among them are exfoliation techniques
(including mechanical [109], liquid-phase [162], and molten salt exfoliation [163]), chemical
vapor deposition [164], and physical vapor deposition [118]. Moreover, some less-used
methods can be mentioned, such as pulsed laser deposition [165] and atomic layer deposi-
tion [166]. The important challenge for the research groups among the world is to develop
all these methods simultaneously in order to produce 2D nanostructures of better quality.

After the synthesis of transgraphene, researchers are faced with the huge (and mostly
unsolved) problem of separation of 2D sheets or transferring of this 2D material from
metallic to other device-ready substrates. Moreover, single-element two-dimensional trans-
graphenes are dramatically unstable when exposed to the air, resulting in their rapid
oxidation. This issue demands a decision of questions connected with encapsulation of fab-
ricated layers to prevent them from chemical destruction. Along with the task of controlled
fabrication of large-scale high-quality samples, these are the three pivotal limitations that
hinder further characterization and device applications of single-element transgraphenes.

Fabrication of remaining transgraphenes (aluminene, indiene, and possible two-
dimensional allotropes of heavier elements) is also strongly anticipated to complete the
puzzle of synthesized single-element 2D materials in the periodic table.

The star of single-element two-dimensional materials lit up very recently, and it has
strong potential that could really shine in the very near future.
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Abstract: Nano hydroxyapatite (Ca10(PO4)6(OH)2, HAp) has aroused widespread attention as a green
and environmentally friendly adsorbent due to its outstanding ability in removing heavy metal ions,
radio nuclides, organic pollutants and fluoride ions for wastewater treatment. The hexagonal crystal
structure of HAp supports the adsorption mechanisms including ionic exchange reaction, surface
complexation, the co-precipitation of new partially soluble phases and physical adsorption such as
electrostatic interaction and hydrogen bonding. However, nano HAp has some drawbacks such as
agglomeration and a significant pressure drop during filtration when used in powder form. Therefore,
instead of using nano HAp alone, researchers have worked on modificationsand composites of nano
HAp to overcome these issues and enhance the adsorption capacity. The modification of cationic
doping and organic molecule grafting for nano HAp can promote the immobilization of ions and then
increase adsorption capacity. Developing nano HAp composite with biopolymers such as gelatin,
chitosan and chitin has proven to obtain a synergetic effect for improving the adsorption capacity of
composites, in which nano HAp fixed and dispersed in polymers can playmuch more of a role for
adsorption. This review summarizes the adsorption properties and adsorbent applications of nano
HAp as well as the methods to enhance the adsorption capacity of nano HAp.

Keywords: nanohydroxyapatite; adsorption; heavy metal; radionuclide; organic pollutants;
fluoride ions

1. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is a major constituent of mammalian hard
tissues [1] and exists in natural phosphate mineral rocks [2]. Hydroxyapatite has attracted the
scientific community due to its characteristics such as biocompatibility, hydrophilicity, surface
functional groups, acidity, basicity, porosity, etc. Hydroxyapatite (HAp) synthetic particles
have a wide range of applications in medical, environmental remediation and industry fields.
They are used in biomedical devices [3], dental implants [4], biodegradable scaffolds [5] as
coatings on bone implants [6] and other types of orthopedic implants [7] (Shokri et al., 2021).
HAp is also used in the development of drug delivery systems for targeted treatment [8–10].
It also serves as a chromatographic adsorbent and a catalyst [11–15].

The HAp crystal possesses a hexagonal structure with a six fold c-axis perpendicular to
three equivalent a-axes at angles of 120◦ to each other. In HAp, the OH− ions are aligned in
columns parallel to the c-axis, along with Ca2+ and PO4

3− ions [16]. All these ions/groups
and their special properties such as flexible substitutability in HAp support the adsorption
mechanisms in different methods. Many investigators have reported that the sorption by
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HAp is taking place by ionic exchange reaction, surface complexation, the co-precipitation
of new partially soluble phases and physical adsorption such as electrostatic interaction
and hydrogen bonding (Figure 1).

 
Figure 1. Adsorption mechanism of hydroxyapatite and its application.

The pathway of ionic exchange is related to the HAp properties. Ions that existed in the
crystal lattice (Ca2+, OH−) can be replaced by foreign ions. Ca2+ in HAp can be substituted
by divalent cations such as Pb2+, Cu2+, Cd2+ and Sr2+ [17]. For example, strontiapatite
(Sr10(PO4)6(OH)2), formed by a substitution of calcium by strontium, is almost 107 times
less soluble than hydroxyapatite [18]. Strontium substitution in natural apatites is as high as
11% [19]. The group of OH- in HAp can take place by F−, so it can also remove halogen ions.
Similarly, radio nuclides intend to be absorbed by HAp via the mechanism of ions exchange.
The dynamic process of HAp dissolution–precipitation can provide PO4

3- ions and OH-

ions for removing foreign ions, metal ions and radionuclide and halogen ions, which is
considered an important mechanism. The surface complexation mechanism, which takes
an important place in the adsorption process, is dominated by the phosphate, calcium and
hydroxyl groups [20]. Due to the unique surface effects of nanoparticles, there is anactive
adsorption site in the HAp surface. Calcium ions exposed to the surface exhibit positively
charged, easy sorption and negatively charged groups such as carboxylic acid or phosphate.
The carboxyl in HAp surface possesses negative charges, forming the adsorption of cation
adsorption sites. Therefore, by means of complexation the absorption of heavy metal, radial
ions and organic pollutants can be achieved. In addition, substances opposite to the charge
of the adsorption site can be adsorbed by HAp via electrostatic interaction belonging to
physical adsorption. Hydrogen bonds play an important role in the adsorption of specific
substances. The OH- is located at the corners of the hydroxyapatite cell. When exposed to
the crystal surface, it possibly forms a hydrogen bond with the ion to be adsorbed, which
can be used in removing halogen ions and organic pollutants [21]. Compared with the
larger scales such asmicro and centi, nano HAp exhibits excellent efficiency as an absorbent
material due to its specific properties, such as a small size, a highly specific surface area
and a more active site. The highly specific surface area takes a high surface energy, which
means the process of ionic exchange surface and co-precipitation are promoted. Meanwhile,
a more active site means atoms are exposed on the surface. It can form bonding with
foreign substances when it is in contact with the external environment. The application
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of nano HAp as an adsorbent has been studied by many researchers recently. This paper
reviews the up-to-date status of the applications of nano HAp as adsorbents for heavy
metal ions, radionuclides, organic pollutants and fluoride ions in aqueous solutions.

2. Adsorption of Heavy Metals from Aqueous Solutions

With the rapid development of industries, wastewater containing heavy metals is
increasingly discharged into the environment. As a consequence, heavy metal pollution has
become one of the most serious environmental problems today [22]. This kind of pollution
is concealed, persistent and permanent [23]. Additionally, it degrades the quality of the
water and threatens the health and safety of animals and human beings by means of the
food chain [23]. Therefore, it is important to improve and instigate innovative technologies
for treating wastewater containing heavy metal. At present, the adsorption method is
recognized as an economical and effective method for treating heavy metal wastewater. It
has the following advantages: (1) The operation and design of the adsorption process are
flexible, and it is suitable for efficient adsorption in most cases. (2) Adsorption materials
can be reused through desorption. Many studies have recommended nano HAp as a
suitable adsorbent for removing heavy metal ions such as Cd2+ [24–29], Co2+ [30,31]
(Cr6+ [32,33], Cu2+ [34–37], Fe3+ [38]), Hg2+ [39], Ni2+ [40–42], Pb2+ [43–45], Zn2+ [46–48]
(and As5+ [49] from aqueous solutions. The heavy metal ions adsorption by nano HAp
is reported to be dependent on factors such as temperature, pH values. A comparison of
the adsorption capacities of different adsorbents for the removal of heavy metal ions from
aqueous solutions is presented in Table 1. NanoHAp and its composites display better
adsorption capacities on Cd2+, Pb2+ and Zn2+ compared with other materials.

Table 1. Comparison of the adsorption capacities of nano HAp and its composites with other
absorbents on heavy metal ions.

Adsorbates Adsorbents
Adsorption Capacity

(mg/g)
Refs.

Cd(II)

Synthetic nano crystallite hydroxyapatite 142.857 [27]
Nanohydroxyapatite/chitosan composite 243.90 [28]

Hydroxyapatite-magnetite-bentonite
composite 310.36 [29]

Unmodified nanodiamond (ND) 40.9 [50]
Oxidized nanodiamond (Ox-ND-1.5) 52.9 [50]
Oxidized nanodiamond (Ox-ND-3) 67.9 [50]

Co(II)
Hydroxyapatite/chitosan composite 10.63 [31]

Calcined Umbonium vestiariums nail shell
(CUVS) 93.46 [51]

Cr(VI)

Nano Hydroxyapatite 2.18 [32]
Fe3O4@n-HApGel composite (In-situ) 18.45 [33]
Fe3O4@n-HApGel composite (Hydro) 27.06 [33]

Unmodified nanodiamond (ND) 33.6 [50]
Oxidized nanodiamond (Ox-ND-1.5) 44.1 [32]
Oxidized nanodiamond (Ox-ND-3) 55.9 [50]

Cu(II)

n-HAp 4.7 [36]
n-HAp/chitin composite 5.4 [36]

n-HAp/chitosan composite 6.2 [36]
Unmodified nanodiamond (ND) 25.2 [50]

Oxidized nanodiamond (Ox-ND-1.5) 30.5 [50]
Oxidized nanodiamond (Ox-ND-3) 44.5 [50]

Neem bark nanoporous adsorbent (nANB) 21.23 [52]
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Table 1. Cont.

Adsorbates Adsorbents
Adsorption Capacity

(mg/g)
Refs.

Fe(III)

n-HAp 4.238 [38]
n-HAp/chitin composite 5.800 [38]

n-HAp/chitosan composite 6.753 [38]
Unmodified nanodiamond (ND) 26.8 [50]

Oxidized nanodiamond (Ox-ND-1.5) 31.3 [50]
Oxidized nanodiamond (Ox-ND-3) 45.7 [50]

Hg(II)
Chitosan/nanohydroxyapatite composite 111.6 [39]

Magnetic mesoporous silica/chitosan
(MMS/CS) 478.47 [53]

Exfoliated graphene oxide–L-cystine 79.36 [54]

Ni(II)
Hydroxyapatite/chitosan composite 8.54 [31]

Nanocrystalline calcium hydroxyapatite 46.17 [41]
Activated carbon (AC) prepared from waste

Parthenium 54.35 [55]

Pb(II)

Hydroxyapatite/chitosan composite 12.04 [31]
Nano hydroxyapatite 357.14 [44]

Nanohydroxyapatite–alginate composite
adsorbents 270.3 [45]

Mg2Al-LS-LDH composite ∼123 [56]

Zn(II)
Nano hydroxyapatite 57.504 [46]

Neem bark nanoporous adsorbent (nANB) 11.904 [52]

2.1. Adsorption Affinity of Different Heavy Metal Ions on Nano Hydroxyapatite

Nano HAp exhibits different removal efficiencies for different heavy metal ions. Gupta
et al. reported the order of heavy metal removal efficiencies as (Pb > Co > Ni) [31]. Zou
et al. discussed the adsorption and desorption process of divalent ions by HAp and found
that the order of adsorption capacities was Hg2+> Pb2+> Zn2+> Ni2+> Cu2+> Co2+> Cd2+

ions [57]. The desorption results showed that Hg2+was more easily desorbed than other
ions; this can be attributed to the physical adsorption [57]. The studies of Chen et al. show
the order of heavy metal ions removed from aqueous solutions as Pb2+> Cu2+> Cd2+ and
suggest that this is inversely proportional to the hydrated ionic radii as Pb2+ (4.01 Å) >
Cu2+ (4.19 Å) > Cd2+ (4.26 Å) [24]. Mobasherpour et al. observed a heavy metal affinity
to the nano HAp in a sequence of Pb2+>Cd2+> Ni2+ and proposed that the preference of
nano HAp for a metal may be clarified by the electro negativity of the metal ions and their
cation/anion state [26]. The different adsorbent efficiencies of HAp for various ions can be
attributed to the different ionic radii and electronegativity of each ion.

2.2. Adsorption Mechanisms of Heavy Metal Ions on Nano Hydroxyapatite

The adsorption mechanisms of heavy metal ions on HAp are identified to be through
dissolution–precipitation, ionic exchange reaction and surface complexation with calcium,
phosphate and hydroxyl groups (Figure 2). After the kinetic model fitting of the adsorption
process of heavy metal ions (Pt2+, Cu2+ . . . ) by HAp, it was found that the Lagergren
pseudo-second order kinetic equation better describes the process [58,59].

Dissolution–precipitation is the main adsorption mechanism that has obtained the
attention of researchers recently. As nano HAp has a greater solubility than HAp, it is
dissolved easily in the aqueous solution, forming H2PO4

− groups which can react with
heavy metal ions and form a precipitate [60].
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Figure 2. Adsorption mechanism of HAp for heavy metal ions or radionuclide.

The following reactions (Equations (1) and (2)) present the dissolution–precipitation
mechanism (considering a divalent heavy metal ion M2+)

Dissolution:

Ca10(PO4)6(OH)2 (aq) + 14H+
(aq)→10Ca2+

(aq)+ 6H2PO4
−

(aq) + 2H2O(l) (1)

10M2+
(aq) + 6H2PO4

−
(aq) + 2H2O(l)→14H+

(aq) + M10(PO4)6(OH)2 (S) (2)

Precipitation:
In the ion exchange mechanism, the heavy metal ions from the aqueous solution

replace the Ca2+ ions of the nano HAp lattice partially, resulting in more stable heavy metal
apatites [60].

The reaction below (Equation (3)) presents the ion exchange mechanism (considering
a divalent heavy metal ion M2+)

Ca10(PO4)6(OH)2 + xM2+ → xCa2+ + Ca(10-x)Mx(PO4)6(OH)2 (3)

Other than the two main mechanisms above, metal complexation on the nano HAp
surface also takes place as a secondary mechanism (Equations (4) and(5)). The phosphate
and hydroxyl groups on the HAp crystal surface facilitate the complexation mechanism [60].

Meanwhile, which mechanism plays a dominant role in the adsorption process de-
pends on the nature of the adsorbed ions. For example, the adsorption process of Cd2+ is
divided into two stages. The first stage is the complexation of ions on the HAp surface,
followed by the replacement reaction between heavy metal ions and Ca ions in the HAp
crystal, achieving the purpose of removing heavy metals [61]. On the other hand, the
adsorption of Pb2+ ions is realized through the process of dissolution and precipitation [62].
Zhu et al. used layered HAp to carry out the adsorption experiment in the system of
complex heavy metal ions [63]. The results showed that, in the solution of Cd2+, Pb2+, Ni2+,
Cu2+ and Zn2+ with the same concentration, Pb is easier to be adsorbed due to it having a
higher Kd value. Pb10(PO4)6(OH)2 is more easily formed by the reaction with phosphate
dissolved from HAp [63].

A number of studies have found that the sorption of adsorbate on the synthesized
apatites reduces the final pH to values around 6 [25,64,65]. They also found the total
quantities of the displaced H+ are comparable to the initial metal ion concentrations in the
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solution. This result elucidates that heavy metal sorption affects the proton discharge from
the HAp surface ≡POH sites into the aqueous solution [25].

Considering a divalent heavy metal ion M2+,

HAp-OH(aq) + M 2+
(aq)↔HAp-O-M+

(aq) + H+
(aq) (4)

2HAp-OH(aq) + M 2+
(aq)↔(HAp-O)2 M(aq) + 2H+

(aq) (5)

2.3. Factors Affecting the Adsorption of Heavy Metal Ions on Nano hydroxyapatite
2.3.1. Effect of pH

The pH level of the solution has a great influence on the surface charge of the adsorbent,
the ion exchange processes and the solution chemistry of the metal ions. Previous studies
have demonstrated that the adsorption capacity of HAp on heavy metal ions increases
with an increase in pH in an acidic medium. Proton-competitive sorption reactions can
explain this phenomenon. At lower pH values (2~6), H+ ions compete with metal ions for
surface binding sites of nano HAp, resulting in a lower adsorption rate than at higher pH
values. At higher initial pH values (6~11), the presence of the H+ ion in the solution is
decreased, and the surface of the adsorbent is also deprotonated, increasing the metal ions
adsorption [27,31,36,38,45]. However, a slight decline in sorption capacity was observed at
an alkaline medium. This decline in sorption capacity in an alkaline medium was attributed
to the precipitation of heavy metal hydroxides [27,31,36,38,45].

2.3.2. Effect of Adsorbent Dosage

Several studies have reported the importance of sorbent dosage because it determines
the sorbent capacity for a certain initial solute concentration. Elkady et al. observed a rapid
increase in Cd2+ removal efficiency while increasing the HAp amount from 0.1 to 0.5 g,
with a slight increase above 0.5 g [25]. This could be explained by the increase in sorption
sites with increasing HAp amounts. Elkady et al. also observed a decrease in the amount
of cadmium removed, per gram of HAP [25]. With the increase in the HAp amount from
0.1 to 1.5 g, they further clarified it with the unreacted adsorbent sites on HAp that existed
during the sorption process. In the experiment of Cu2+ adsorption using the composite of
HAp/biochar nanocomposite, Jung et al. observed an increment in the percentage removal
of Cu(II) from 26.87% to 96.02% as the adsorbent dosage increased from 0.01 to 0.04 g, then
reaching a constant of 100% with further increases in the dosage [66]. This was explained
by the greater availability of binding sites. However, they observed the lowest adsorption
capacity of 33.33 mg/g with an adsorbent dosage of 0.06 g which may be attributed to the
reduction of adsorption sites caused by material agglomeration. In addition, for the low
concentration of metal ions, the adsorption sites could not reach the over-saturation point
due to the excessive concentration of adsorbents, so it is critical to select the appropriate
amount of adsorbent [66].

2.3.3. Effect of the Initial Heavy Metal Ion Concentration

Many researchers have examined the effect of the initial heavy metal ion concentration
on the adsorption capacity. Elkady et al. observed an immediate reduction of adsorption
with a fixed amount of HAp and suggested it was due to the deficiency of the available
active sites of HAp required for the reaction [25]. They also observed an increase in the
sorption capacities of nano HAp with an increasing cadmium concentration. This was
possibly due to the increase in mass transfer driving force, which increases the rate of
cadmium ions passing from the solution to the nano HAp particle surface [25]. (Elkady
et al., 2011).

2.3.4. Effect of Contact Time

Evidence from the study by Elkady et al. suggests that the cadmium sorption process
is rapid at the beginning (in the first 60 min) and then becomes slow [25]. This effect was
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explained by Elkady et al. using the larger surface area of the sorbent available for the Cd2+

sorption at the beginning, resulting in a rapid process [25]. Later, the process becomes slow
as a result of the sudden exhaustion of the sorption sites by cadmium ions. Mortada et al.
also proposed a similar conclusion: the adsorption rate of hydroxyapatite nanorods on
heavy metals gradually slowed down with the extension of time and reached the platform
in 30 min, indicating that this nanorod material has a good adsorption performance [67].

2.3.5. Effect of Solution Temperature

The solution temperature affects both the rate and extent of heavy metal sorption.
The temperature dependency of the sorption process also offers evidence of potential
sorbate–sorbent interaction. Elkady et al. examined the percentage of cadmium sorption
by nano HAp with increasing temperatures [25]. Their results showed an increasing trend
of sorption percentage with increasing temperatures. Elkady et al. proposed that the Cd2+

adsorption is stimulated by the temperature and also by the diffusion of Cd2+ through
HAp particles [25].

2.3.6. Effect of Agitation Speed

The agitation affects the distribution of the solute in the solution as well as the formation
of the external boundary film. Elkady et al. observed a relationship between the agitation
speed and the percentage of cadmium removal for values between 0 and 500 rpm [25].
Their results elucidated the effect of external diffusion on the sorption kinetic mechanism.
An increase in the agitation speed reduces the resistance of the boundary layer to mass
transfer in the solution and increases the kinetic energy of hydrated ions. However, above
500 rpm, the cadmium removal percentage decreased, possibly as a result of an increase in
the desorption tendency of adsorbate ions or the similar speed of adsorbent particles and
adsorbate ions [25].

2.3.7. Effect of Foreign Ion

In practical applications, foreign ions are often involved in most conditions, and the
interaction of these ions with the HAp surface affects the adsorption process of heavy
metals in the solution. Jung et al. tested the adsorption capacity of HAp in the presence of
Na+, NO3

−, ClO4
− and Cl− in the solution and found that foreign ions had no obvious

effect on the adsorption process at pH=5.8.When it is taken to pH=4.0, with the increase in
ionic strength, the adsorption capacity of copper ions is improved, especially NaCl [66].
A possible reason for this is that the anion acts as a bridge to form HAp≡Cl-Cu, which
further shows good adsorption performance at high ion concentrations [66].

2.4. Multiple Metal Solute System

The metal ion adsorption of an aqueous solution is intensely influenced by the com-
petition between the metal ions to occupy the limited sites. Consequently, the removal
efficiency of the adsorbent for the interested metals will decrease. Hence, understanding
the overall heavy metal adsorption capacity of nano HAp, particularly in multiple metal
solute systems, is important.

Chen et al. investigated the efficiency of nano hydroxyapatite on adsorbing aqueous
Cd, Pb and Cu [24]. The results indicated a higher potential of nano HAp to adsorb
aqueous Pb than other metals. Chen et al. developed a selectivity coefficient measurement
and an isotherm equation, which were used to evaluate the competitive adsorption of
the metals on nano HAp in multiple metal systems [24]. The results also revealed that
the adsorption capability of nano HAp for individual metal ions was reduced by the
competitive adsorption of multiple metals on nano HAp. Chen et al. suggested that
the level of decrease was influenced by the adsorption affinity of nano HAp to the other
metal ions existing in a single-metal system (i.e., Pb2+ > Cu2+ > Cd2+) [24]. Although the
adsorption of aqueous metal ions depends on many factors, this study found that the ratios
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of metal ions displaced by other competitive metal ions were moderately consistent over a
wide concentration range in multiple metal systems.

The OH− and PO4
3− groups in HAp are hard Lewis bases, whereas Pb2+ is a hard

Lewis acid. Cd2+ and Ni2+ are considered soft Lewis acids. The greater affinity of Pb
compared to Cd and Ni towards HAp could be a result of that. As the electronegativity
of Pb is greater than Cd and Ni, it results in a greater affinity in the electrostatic and
inner-sphere surface complexation reactions. Compared to cations with larger ionic radii,
the cations with ionic radii smaller than Ca2+ (0.099 nm) have a lesser opportunity to
incorporate into a HAp structure [68]. Hence, the precipitation of larger cations such as
Pb2+ (0.118 nm) and Cd2+ (0.097 nm) is favorable over the precipitation of smaller cations
such asNi2+ (0.072 nm) and Ca2+ [26]

2.5. Enhancing the Heavy Metal Ion Adsorption Capacity of Nano Hydroxyapatite

Nanohydroxyapatite (HAp) can be used as an environmentally friendly adsorbent of
heavy metal ions. However, the agglomeration and precipitation of nano HAp will result in
the loss of adsorption capacity to heavy metal ions. Guo et al. suggested an alternative to
inhibit the agglomeration of nano HAp and to easily separate the material from the aqueous
solution after the adsorption of heavy metal ions by dispersing and fixing nano HAp in a
polymer [60]. Guo et al. proposed sodium alginate as a suitable candidate polymer that
can easily exchange its Na+ ion with heavy metal ions to form gels [60]. They expected
to fix HAp particles with sodium alginate and predicted the HAp-alginate composite to
increase the adsorption capacity and removal efficiency with the integrated function of
both components. Guo et al. suggested that nano HAp can be used as an adsorbent for
heavy metal ions with alginate fixation to separate from the aqueous solution [60].

Although HAp has a good adsorption capacity, it creates a pressure drop during
the field applications due to its powder form. To overcome this, Gopalakannan et al.
suggested embedding HAp in a polymeric matrix, producing a hybrid composite [33].
Gopalakannan et al. investigated the Cr(VI) adsorption capacity of magnetic particles
reinforced nanohydroxyapatite/gelatin composite, and they expected the HAp/ polymer
hybrid composite to show excellent mechanical strength, a high sorption capacity and a
higher specific surface area [33]. Their results indicated that the synthesized magnetic
biocomposites exhibited a higher chromium adsorption capacity compared to nano HAp
alone. As the amine group of gelatin and Lewis acid metal ions (Fe3+ and Ca2+) of the
adsorbent easily protonate, creating a positive surface, negatively charged chromate anions
are attracted by electrostatic attraction with surface complexation. Gopalakannan et al. also
investigated the sorption capacity of insitu and hydrothermal synthesized adsorbents and
observed that the adsorbents synthesized in the hydrothermal method possess a greater
adsorption capacity than those in the insitu method, as the former have a high surface area,
pore width and pore volume [33].

Gandhi et al. synthesized a chitin/chitosan nano HAp composite for copper (II)
removal [36]. They expected that the high metal ion adsorption potential of chitin and chi-
tosan combined with the adsorption ability will result in a higher adsorption capacity [36].
The results indicated the sorption capacities of the adsorbents in a sequence of nano HAp
< nano HAp/chitin composite < nano HAp/chitosan composite [36]. Kousalya et al. ex-
amined the adsorption capacity of nano HAp/chitin and nano HAp/chitosan composites,
which could possess higher mechanical strength, biocompatibility and biodegradability
than the components alone [38]. The sorption mechanism of Fe(III) by nano HAp and the
two composites was dominated by adsorption and ion exchange [38]. Fe(III) sorption by
chelation was also observed in nano HAp/chitin and nano HAp/chitosan composites as a
result of the lone pair of electrons from nitrogen, which has also taken place as a result of
amino and hydroxyl groups in the composites [38]. Therefore, Kousalya et al. observed
a high increase in the sorption capacity in nano HAp/chitin and nano HAp/chitosan
composites compared to nano HAp alone due to the overall effect of chitin with nano HAp
and chitosan with nano HAp [38].
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Gupta et al. investigated the adsorption capacity of HAp/chitosan composite on
the removal of Pb2+, Co2+ and Ni2+ from an aqueous solution [31]. They identified that
chitosan binds HAp and forms aggregates to prevent the dispersion of HAp in an aqueous
solution, which results in the convenience of recovering HAp. Similarly to pure HAp,
HAp/chitosan composite also showed the order of removal efficiency as Pb > Co > Ni [31].

Salah et al. found that the sorption capacity of nano hydroxyapatite/chitosan compos-
ite (122 mg/g) to Cd2+ was greater than nano HAp alone(92 mg/g) [28]. They suggested the
sorption capacity could be increased by increasing the initial Cd2+ concentration and also
the nano HAp/Cd2+ mass ratio. Moreover, they identified that the regeneration capacity of
the sorbent was satisfactory [28].

In addition to compounding HAp with other materials, the surface modification of
HAp can be also an effective method to remove heavy metals. Oulguidoum et al. grafted 1,
3-benzenedisulfonate on a HAp surface and then carried out adsorption experiments on
Pb2+, Zn2+ and Cd2+ ions [69]. The results indicated that, compared with the blank control
group, the adsorption ability of the materials on these ions had increased significantly,
which was attributed to the enhancement of the metal immobilization by the grafted
groups [69]. Moreover, the grafted material still showed good adsorption performance
after three cycles of adsorption–desorption, indicating the reversibility of adsorption at the
solid surface sites [69].

3. Adsorption of Radionuclides from Aqueous Solutions

Radioactive metals are considered hazardous contaminants in the environment due to
their radioactivity, toxicity and potential to be carcinogenic to humans. Hence, it is very
important to select an appropriate and effective method to remove radioactive metals from
water. The present methods for radioactive metal (i.e., U, Sr, Co, etc.) removal from nuclear
wastewaters include precipitation, reverse osmosis, ion exchange, adsorption and ultrafil-
tration [70]. Most of these methods are expensive and involve high maintenance. As the
adsorption process is a simple and low-cost process, many researchers have investigated
the use of adsorbents. Hydroxyapatite [71–81], aluminum oxide [82], silicon dioxide [83],
hematite [84], akageneite [85,86] zeolite [87], activated carbon [88] and titanium [89] are
some of the adsorbents previously studied. HAp has been widely studied for its application
as an efficient radioactive ion adsorbent. It has been recommended for the adsorption of
radionuclides such as UO2

2+ [73,74,77], Sr2+ [71,80] and Co2+ [90] by many researchers. A
comparison of the adsorption capacities of several adsorbents for the removal of radionu-
clides from aqueous solutions is presented in Table 2. Compared with other absorbents,
nano HAp has a good absorption capacity in U.

Table 2. Comparison of the adsorption capacities of nano HAp and its composites with other
absorbents on Radionuclide.

Adsorbates Adsorbents (mg/g) Refs.

Sr (II)
Nanocrystalline bio-hydroxyapatite 5.35 [71]

Commercial-hydroxyapatite 0.76 [71]
[MeNH3]5.5[Me2NH2]0.5In10S18·7H2O 151.2 [91]

U (VI)

In situ-grown nanohydroxyapatite on magnetic Ca
Al-layered double hydroxides 261.1 [73]

Hydroxyapatite from bones combustion 20 [74]
Bio-hydroxyapatite (Bio-HAP600) 384.6 [92]

γ-Fe2O3 87.35 [93]

3.1. Adsorption Mechanisms of Radionuclides on Nano Hydroxyapatite

Two promising reaction mechanisms have been suggested for the reaction of HAp with
uranium. They are the dissolution of HAp followed by the precipitation of chernikovite and
autunite [73,94] by surface adsorption or complexation [95]. According to previous studies,
the precipitation of chernikovite and autunite can scarcely occur with a low uranium
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concentration (4700 ppm) in the removal process. Therefore, surface complexation is
recognized as the main uranium removal method in low concentrations of uranium [74] (Li
et al., 2012) (Figure 2).

Handley-Sidhu et al. suggested the following equations (Equations (6)–(8)) on the
mechanisms of Sr2+ adsorption on nano HAp [71].

Surface adsorption:
OH + M2+→≡O−M2+ + H+ (6)

O3P−OH+ + M2+→≡O3P−O−M2+ + H+ (7)

Ion exchange:
Ca2+ + M2+ →≡M2+ + Ca2+ (8)

Further, it has proven that the Lagergren pseudo-second order kinetic equation can
better match the process of radionuclide adsorption on HAp [96].

3.2. Factors Affecting the Adsorption of Radionuclide Ions on Nano Hydroxyapatite
Effect of the pH Variation

Bulk precipitation is the main mechanism of Uranium(VI) removal by HAp, and the
formed precipitates intensely relate to the pH of the solution. In a solution where pH is
between the mildly acidic and the moderate alkaline region, uranium is precipitated as
its phosphate salts, such as (UO2)3(PO4)2 or Ca(UO2)2(PO4)2. Uranium may precipitate
as calcium dioxouranium(VI) carbonate (CaUO2(CO3)2) or as calcium uranate (CaUO4
and/or Ca3UO6) in strongly alkaline regions [73]. According to Krestou et al., in the neutral
pH region, the form of uranium removed from the solution was very stable but it was
unstable in the high alkaline region, in which a considerable amount of uranium (VI) was
redissolved in the aqueous media [73] (Krestou et al., 2004). Therefore, many studies have
suggested that HAp has a strong affinity to efficiently remove U(VI) around pH 5 to 6, but
U sorption is partly reversible in the high alkaline region, facilitating the remobilization of
the contaminant [73,97].

4. Adsorption of Organic Pollutants from Aqueous Solutions

Researchers have examined different adsorbent materials such as activated carbon [98],
biochar [99,100], natural clay [101], carbon aerogels [102], HAp, etc. for organic pollutant
removal from an aqueous solution. Hydroxyapatite is a biomaterial widely used in water
pollution control as a result of its excellent adsorption affinity, inexpensive nature, acces-
sibility and environment ally friendly nature. The use of nano-sized hydroxyapatite is
advantageous over normal-sized hydroxyapatite due to the high surface area and reactivity
as well as the ability to disperse throughout an aqueous solution (Table 3). A comparison
of the adsorption capacities of different adsorbents for the removal of organic pollutants
from aqueous solutions is presented in Table 3. For all organic pollutants, nano HAp shows
an excellent adsorption capacity compared to other absorbents.

Table 3. Comparison of the adsorption capacities of nano HAp and its composites with other
absorbents on organic pollutants.

Adsorbates Adsorbents Q (mg/g) Conditions Refs.

Phenol
Hydroxyapatite nanopowders 10.33 333 K, pH 6.4 [103]

Natural clay 15 298 K, pH 5 [101]

349



Nanomaterials 2022, 12, 2324

Table 3. Cont.

Adsorbates Adsorbents Q (mg/g) Conditions Refs.

Nitrobenzene

Hydroxyapatite–gelatin
nanocomposite 42.373 [104]

Nanocrystalline hydroxyapatite 8.993 298 K [105]
Hydrophobic cotton fibers adsorbent 16.85 293 K [106]

Reactive Blue
19 dye

Uncalcined nanohydroxyapatite 90.09 293 K, pH 3 [107]
Calcined nanohydroxyapatite 74.97 293 K, pH 3 [107]

Chitosan coated magnetic
hydroxyapatite 26.4 pH 5 [108]

Reactive red
198 dye

HA 21.5 [109]
Yttrium substituted HA 25.3 [109]

Native pretreated dried Potamogeton
crispus 14.3 [110]

Acid pretreated dried Potamogeton
crispus 26.8 [110]

Alkali pretreated dried Potamogeton
crispus 44.2 [110]

Methylene blue
dye

Microwave-HAp 33.3 [111]

MnO2-loaded biochar 248.96 [112]

Congo red dye HAp-CS 769 pH 2–10 [113]
Zinc peroxide (ZnO2) nanomaterial 208 [114]

Tetracycline Zinc (II)-modified hydroxyapatites 168.5 298 K, pH 5 [102]
Mn-N-doped carbon aerogels (MCA) 917.2 pH 4 [115]

4.1. Adsorption Mechanisms of Organic Pollutants on Nano HAp

There are threemain adsorption mechanisms of HAp that affect organic pollutants:
electrostatic attraction, surface adsorption and hydroxyl bond(Figure 3). The process of
adsorption conformsmore to theLagergren pseudo-second order kinetic equation.

Figure 3. Adsorption mechanism of HAp for organic pollutants.

In the dissociation of phenolic compounds, their oxygen gains the greatest effective
charge, acting as adsorption centers in the adsorption onto HAp. Molecules containing
hydroxyl-groups contest with water molecules in the solution for the surface calcium
ions of HAp. They are adsorbed onto HAp in an ionic form by forming [–Ca(RO−)]
complexes [103].

The reactive blue 19 dye adsorption on HAp in acidic pH may be explained by the
electrostatic attraction between the positively charged ≡CaOH+ groups on the HAp surface
and the negatively charged sulfonyl (–OSO3−) and sulfonic (–SO3−) groups of the reactive
blue 19 dye [107]
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The adsorption of reactive red 198 dye on HAp can be explained as follows. The dye
molecules are adsorbed through the electrostatic attractions between the ionized sulphonyl
groups of the dye molecule and the positively charged Ca2+ of the HAp surface. The
dipole–dipole hydrogen bonding interaction occurs between the azoic group of the dye
molecule and the hydroxyl groups of HAp, as well as the electrostatic interactions which
may occur between the cationic groups of a dye such as Na+ with anionic groups of HAp
such as OH− and PO4

3− [109].
The mechanism of the HAp adsorption of methylene blue can be explained as follows:

under alkaline conditions, the negative charge on the surface of hydroxyapatite and the key
group of methylene blue play a dominant role. Under acidic conditions, the electrostatic
effect does not exist because the surface of hydroxyapatite is positively charged, and
the adsorption is achieved by the (P-OH) group of HAp-particles and the (N) of the
methylene blue molecule. Therefore, the adsorption mechanism is related to the external
condition [111].

4.2. Factors Affecting the Adsorption of Organic Pollutants on Nano Hydroxyapatite
4.2.1. Effect of pH

The pH of the adsorption medium is considered the most critical parameter in the
phenol adsorption process by nano HAp, because the charge of both the adsorbate and the
adsorbent depends on the pH of the solution. Lin et al. studied the effect of the initial pH
of the solution on the phenol adsorption onto nano HAp and found that the adsorption
capacity is decreased with increasing pH up to 8.2, and then the adsorption capacity is
increased by further increasing the pH to the alkaline value [103]. The maximal adsorption
capacity was observed at pH 2 [103].

In the nitrobenzene adsorption process, the pH of the adsorption medium is the most
vital parameter. Wei et al. found that the adsorption capacity of nanocrystalline HAp
decreases sharply when the pH is higher than 6.0, and the maximum adsorption capacity
of nanocrystalline HAp on nitrobenzene was at pH 2.0 [105].

Vasugi et al. studied the reactive red 198 dye adsorption capacity of nano HAp under
different pH values and learned that nano HAp showed a better dye removal capacity in
acidic pH and that the maximum dye removal capacity was observed at pH 6 [109].

Ciobanu et al. examined the removal rate of reactive blue 19 dye by nano HAp
under different pH values [107]. Ciobanu et al. found that nano HAp exhibited a higher
adsorption capacity in acidic pH and a lower adsorption capacity in basic pH, while the
maximum adsorption was seen at pH 3 [107].

Allam et al. (2016) proposed that when the pH value in the solution is higher or lower
than the HAp isoelectric point, the charge on the surface of the nanoparticles will change
because the HAp isoelectric point is between 6 and 7.2, which will affect the mechanism of
organic matter adsorption [111].

4.2.2. Effect of Contact Time

Lin et al. studied the effect of contact time on the phenol adsorption by HAp nanopow-
ders [103]. They found that the adsorption equilibrium of phenol was achieved after 2 h
and observed no remarkable changes for longer contact times [103].

Wei et al., examined the effect of contact time on the adsorption of the nitrobenzene on
nanocrystalline HAp for initial nitrobenzene concentrations of 5, 10 and 50 mg/L [105]. For
the three concentrations above, the adsorption equilibrium of nitrobenzene was obtained
within 1 min [105]. They observed no further changes in prolonging contact times. The
equilibrium time of different initial nitrobenzene concentrations exhibited that initial
nitrobenzene concentrations had little effect on the adsorption equilibrium time [105].

Vasugi et al. investigated the effect of contact time on the reactive red 198 dye removal
percentage by HA [109]. They observed an increase in the dye removal percentage with time
and found that, above 360 min, it approaches equilibrium [109] Ciobanu et al. examined the
effect of contact time on the reactive blue 19 dye removal by nano HAp at an initial pH of 3
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with a nano HAp dose of 2 g/L and an initial reactive blue 19 dye concentration of 65 mg/L
under 20 ◦C temperature [107]. They observed a rapid increase in the amounts of the dye
adsorbed onto nano HAp within the first 30 min, changing slightly in the subsequent 3 h
when the maximum adsorption was reached [107]. Thereafter, no further adsorption occurs
with a longer contact time, indicating the reaching of equilibrium [107].

4.2.3. Effect of Adsorbent Dosage

Lin et al. investigated the effect of the nano HAp adsorbent dose on the percentage of
phenol removal [103]. They identified an obvious increase in the phenol adsorption percent
with increasing HAp dosages [103]. The phenol adsorption percent increased rapidly from
32.5 to 35.5% with the increase in HAp dosage from 2 to 4 g/L [103] This was attributed
to the increase in the number of adsorption sites with the increase in the HAp adsorbent
dosage [103]. As the HAp dosage was further increased to 12 g/L, the phenol adsorption
percent increased slightly to 37.0% [103]. The results also revealed the possibility to remove
phenol completely with sufficient HAp in the solution [103].

Wei et al. examined the effect of the adsorbent dose on the nitrobenzene removal
by nano HAp over the 2.0–10 g/L range of the adsorbent, keeping all other parameters
constant [105]. They observed an increase in the percent removal for nitrobenzene with the
increasing adsorbent dosage [105]. A rapid increase in the nitrobenzene removal efficiency
from 66.2 to 70.9% was observed with the increase in nano crystalline HAp dosage from 2
to 5 g/L [105]. This increase in the nitrobenzene removal efficiency was attributed to an
increase in the adsorbent concentration, which increased the available surface area and
adsorption sites [105] When the nanocrystalline HAp dosage was further increased to
10 g/L, the nitrobenzene removal efficiency increased slightly to 72.6% [105].

Vasugi et al. evaluated the effect of nano HAp adsorbent dosage on the percentage
of reactive red 198 dye removal [109]. At a pH of 6 and under a constant adsorbate
concentration of 50 mg/L, they observed an increase in the dye removal percentage with
the increasing adsorbent dosage as a result of the increase in the surface area available for
adsorption [109]. A maximum of 89% was attained for dye removal by nano HAp [109].

Ciobanu et al. studied the effect of nano HAp adsorbent dose on the reactive blue
19 dye removal [107]. The dye adsorption percent was studied with different adsorbent
concentrations (1–20 g/L) under constant conditions, including an adsorbate concentration
of 65 mg/L, an initial pH of 3, a contact time of 3 h and a temperature at 20 ◦C [107]. Ciobanu
et al. found an obvious increase in the dye adsorption percent with the increasing adsorbent
dosage. The maximum adsorption capacity was observed at a nano HAp adsorbent dose
of 2 g/L [107].

4.3. Enhancing the Organic Pollutant Adsorption Capacity of Nano Hydroxyapatite

Even though the adsorption by nano HAp is recognized as a promising method for
nitrobenzene removal from wastewater, there are some drawbacks of nano HAp, such as
poor strength, low stability and a significant pressure drop during filtration when used
in powder form [116]. To prevail over these limitations and to enhance the adsorption
capacity of nano HAp, several scientists have attempted to composite nano HAp with
biopolymers [104,113,117]. (Wei et al. examined the possibility of using hydroxyapatite–
gelatin nanocomposite for the nitrobenzene removal from an aqueous solution [104]. The
study by Wei et al. revealed that the adsorption process of the hydroxyapatite–gelatin
nanocomposite was fast, and it takes only 1 min to reach a steady state [104]. Wei et al.
estimated the maximum adsorption capacity to be 42.373 mg/g, which was higher than
many previously reported adsorbents for nitrobenzene removal [104].

Vasugi et al. investigated the reactive red 198 dye adsorption by nano HAp and a
trivalent cation (yttrium) substituted HAp (Y-HAp) [109]. The study revealed that Y-HAp
showed enhanced adsorption affinity compared to the pristine HAp due to the presence of
additional adsorption sites owing to the difference in the oxidation state of the substituent
and its related charge balance [109].
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Hou et al. prepared the composite of HAp and chitosan, which was used to adsorb
Congo red dye [113]. Compared with the adsorption capacity of pure HAp (305 mg/g), the
adsorption capacity of composite material increased by more than two times (769 g/mg) [113].
The characterization results show that the adsorption process not only includes electrostatic
adsorption but also involves complexation, ion exchange and hydrogen bonding [113].

Guan et al. prepared polyalcohol modified HAp nanoparticles with a core-shell struc-
ture using D-Fructose-1, 6-phosphate trisodium salt octahydrate (C6H11Na3O12P2·8H2O,
DFP) as a phosphorus source [118]. The material has a large surface area of 203.18 m2/g, so
it shows good adsorption performance for organic excitements such as methyl orange and
Congo red [118].

5. Adsorption of Fluoride Ions from Aqueous Solutions

The consumption of drinking water with higher levels of fluoride leads to serious
health effects on human beings, including fluorosis. According to the World Health Organi-
zation, the maximum acceptable fluoride concentration in drinking water is 1.5 mg/L [119].
To remove excess fluoride from water, different defluoridation methods have been adopted.
These methods include ion exchange [120], adsorption [121], precipitation [122] electroly-
sis [123], nanofiltration [124] and reverse osmosis [125].

Among the mentioned methods, adsorption is considered effective because it is an
easy, versatile and cost-effective method. Researchers have investigated various adsorbent
materials for fluoride removal from an aqueous solution. Calcite [126], limestone [127],
nanohydroxyapatite [128–134], montmorillonite [135], mixed metal oxides [136], activated
carbon [137], activated alumina [138], layered double hydroxides [139], clays [140] and rare
earths-loaded chitosan beads [141] are some of them. Among these adsorbents, nano HAp
has attracted researchers’ interest due to its chemical composition, crystal structure, excel-
lent defluoridation capacity, low cost and availability. Several attempts have been made to
composite nano HAp with polymers and also to use surface modification techniques to
enhance the fluoride removal capacity of nano HAp. A comparison of the defluoridation
capacities of different adsorbents including HAp for the fluoride removal from aqueous
solutions is presented in Table 4. Nano HAp is a promising material for removing F-

compared to other materials.

Table 4. Comparison of the adsorption capacities of nano HAp and its composites with other
absorbents on fluoride ions.

Adsorbate Adsorbents
Defluoridation

Capacity(mg F− kg−1)
Conditions Refs.

Nanohydroxyapatite 1296 T 303 K [129]
Nanohydroxyapatite/chitin

composite 2840 T 303 K [129]

Nanohydroxyapatite 1845 T 303 K,
pH 3 [130]

Alginate bioencapsulated
nanohydroxyapatite composite 3870 T 303 K [131]

Nanohydroxyapatite in gelatin
polymatrix 4157 T 303 K,

pH 5 [132]

Marble apatite (synthesized
using ultrasonication method) 1826 T 303 K,

pH 7 [142]

Marble apatite (synthesized
using conventional method) 960 T 303 K,

pH 7 [142]

Imidazolium ionic liquid
modified chitosan 8.068 [143]

Alginate beads modified with
functionalized silica particles 51.02 [144]
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5.1. Adsorption Mechanisms of Fluoride Ions on Nano Hydroxyapatite

The mechanism of fluoride removal by nano HAp is controlled by both adsorption
and ion exchange mechanisms [130,145]. In an aqueous fluoride solution, fluoride ions are
adsorbed by nano HAp according to the reaction below. In addition to this, the OH− ions
of the n-HAp lattice are replaced by the F− ions by ion exchange. (Figure 4) Based on the
data of the experiment, the Lagergren pseudo-second order kinetic equation better fits its
adsorption process for F−.

Figure 4. Adsorption mechanism of HAp for fluoride ions.

The adsorption of F− ions on n-HAp could be expressed by the following reaction
(Equation (9)):

Ca10(PO4)6(OH)2+nF−→Ca10(PO4)6(OH)2—Fn
− (Hydrogen bonding) (9)

The fluoride removal of the n-HAp by ion exchange could be expressed by the follow-
ing reactions (Equations (10)and(11)) [146]:

Ca10(PO4)6(OH)2+ F−→Ca10(PO4)6FOH + OH− (10)

Ca10(PO4)6(OH)2+2F−→Ca10(PO4)6F2 + 2OH− (11)

In acidic media, the nano HAp surface gains a positive charge due to the higher H+

concentration of the medium. Therefore, nano HAp attracts more fluoride ions in an acidic
medium by electrostatic attractions, resulting in a higher defluoridation capacity at lower
pH values. In alkaline pH, the nano HAp surface gains a negative charge and repels
negatively charged fluoride ions, preventing the electrostatic attractions.

The fluoride removal of n-HAp in an acidic medium could be expressed by the
following reaction (Equation (12)):

Ca10(PO4)6(OH)2+nF−→Ca10(PO4)6(OH+)2—Fn
− (Hydrogen bonding

andelectrostaticattractions)
(12)

5.2. Factors Affecting the Adsorption of Fluoride Ions on NanoHydroxyapatite

Several factors such as the solution pH, contact time, adsorbent dose and other anions
in the medium affect the adsorption of fluoride ions on nano HAp.

5.2.1. Effect of pH

Among the factors mentioned above, the pH value plays an important role in the
adsorption of fluoride ions at the water adsorbent interface. Sundaram et al. studied
the fluoride adsorption on nano HAp under different pH values from 3 to 11 at room
temperature with an initial fluoride concentration of 10 mg/L [130]. The removal of fluoride
ions reached a maximum value of 1845 mgF− kg−1 at pH 3. At pH 11, the defluoridation
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was only 570 mgF− kg−1. Accordingly, the defluoridation capacity increases with the
decreasing pH [130]. This phenomenon is associated with the change of the adsorbent’s
surface charge. In an acidic medium, the surface of the adsorbent is highly protonated,
and as a result, the attractive forces between the positively charged nano HAp adsorbent
surface and the negatively charged fluoride surface gradually increase with decreasing pH
values, resulting in an increase in the fluoride removal capacity by nano HAp. A lower
defluoridation capacity by nano HAp in an alkaline medium is attributed to the nano HAp
surface gaining a negative charge in the alkaline pH, resulting in repulsion between the
negatively charged nano HAp surface and fluoride.

5.2.2. Effect of Contact Time

The adsorption of aqueous fluoride ions is also strongly influenced by contact time.
Sundaram et al. examined the fluoride adsorption on nano HAp, varying the contact
time in the range of 10–60 min with an initial fluoride concentration of 10 mg/L at room
temperature [130]. (They observed that it took 30 min to reach the saturation and suggested
that both ion exchange and adsorption control the fluoride sorption on nano HAp [130].
This is because, if the sorption process was only governed by the ion exchange mechanism,
the saturation must have been reached very soon. As nano HAp reached saturation after
30 min, they proposed that adsorption, which is a slow process compared to ion exchange,
also plays a key role in the sorption process [130].

5.2.3. Effect of Adsorbent Dose

Sundaram et al. studied the effect of nano HAp dose on percent fluoride removal by
using different dosages of nano HAp ranging from 0.1 g to 1.0 g with an initial fluoride
concentration of 10 mg/L [130]. They observed an increase in the percent fluoride removal
with increasing adsorbent dosages. This was attributed to the added active sites resulting
from the increase in the adsorbent dosage.

Jiménez-Reyes and Solache-Ríos conducted experiments using hydroxyapatite to
adsorb 5 mg/L fluoride ions [147]. It has no obvious proportional relationship between
the sorbent and sorbent dosage, and the following equation is used to fit the experiment
data:qe =−3.3(±0.2)×(ln X)−2.2(±0.2); R2 = 0.996, where qe is the adsorption capacity of
Hap [147].

5.2.4. Effect of Other Anions in the Medium

Co-existing anions in the aqueous solution may compete with fluoride ions for ad-
sorption sites during defluoridation and cause a negative effect on the defluoridation
capacity. Sundaram et al. investigated the effect of the co-anions including Cl−, NO3

−
and SO4

2− HCO3
− on the defluoridation capacity of nano HAp by keeping the initial

concentrations of these ions ranging from 100–500 mg/L and 10 mg/L as initial fluoride
concentration at 303 K [130]. Sundaram et al, observed no significant difference in the
defluoridation capacity of nano HAp in the presence of Cl−, NO3

− and SO4
2− ions [130].

In presence of HCO3
− ions, the defluoridation capacity considerably decreased. Sundaram

et al. concluded that the decrease in the defluoridation capacity is due to the competition of
HCO3

− ions with the fluoride ions [130]. In another study, the interference of bicarbonate
ions was explained by the increase in the solution pH due to the release of OH− ions from
the NaHCO3 hydrolysis and their competition with fluoride ions for active sites on nano
HAp [148].

5.3. Enhancing the Fluoride Ion Adsorption Capacity of NanoHydroxyapatite

Although nanohydroxyapatite has been identified as a promising defluoridating
material, its use is limited. The reasons are its brittleness and the difficulty for it to be
used directly in fixed bed columns because of the significant pressure drop it causes in
field applications. To overcome such technological barriers and to enhance the fluoride
adsorption capacity of nanohydroxyapatite, different techniques have been used.
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The collective effect of biopolymer and inorganic material has the ability to increase the
mechanical properties of the composite [131]. Sundaram et al. employed nano HAp/chitin
composite as adsorbents for the uptake of fluoride ions and found that it possesses a
higher defluoridation capacity (DC) of 2840 mgF− kg−1 than nano HAp alone, which has
a DC of 1296 mgF−kg−1 [129]. Sairam Sundaram et al. proposed that the enhancement
in DC may be a result of adsorption by physical forces, biosorption by chitin and the
fluoride ions trapped in fibrillar capillaries and voids of the polysaccharide complex of the
chitin portion of the composite [129]. Sairam Sundaram et al. suggested nanoHAp/chitin
composite as a promising candidate for defluoridation [129]. Pandi and Viswanathan
found that the nanoHAp/Alginate composite has an enhanced DC of 3870 mg F−/kg
in comparison to nano HAp, which possessesa DC of 1296 mg F−/kg [131]. Pandi and
Viswanathan synthesized nano HAp-incorporated gelatin biocomposite (n-HAp@Gel) by
the in situ coprecipitation method and investigated the removal of fluoride from an aqueous
solution [132]. They observed an enhanced DC in the n-HAp@Gel biocomposite, which
is 4157 mgF−/kg compared to that of nano Hap [132]. Pandi and Viswanathan reported
that in the fluoride removal mechanism, the fluoride ions are attracted by the Ca2+ in
the gelatin polymatrix via electrostatic attraction [132]. In addition, the OH− ions of the
n-HAp lattice are replaced by F− ions by means of ion exchange [132]. However, in the n-
HAp@Gel composite, the neutralization of Ca2+ does not occur and, consecutively, permits
the entrapping of fluoride ions from the solution as a result of the electrostatic adsorption as
well as the strong Lewis acid–base interaction [132]. Pandi and Viswanathan revealed that
the n-HAp@Gel composite can be successfully utilized for the adsorption of fluoride [132].

The excepted compound with organic compounds, adding inorganic substances to
improve the adsorption capacity, is also a potential method. Pandi and Viswanathan pre-
pared Fe3O4 /HAp /Chitosan as adsorbents to remove fluoride ions from the solution [134].
Compared with pure hydroxyapatite, the composite can reach adsorption saturation in a
shorter time (20 min). Pandi and Viswanathan believed that, in addition to the ion exchange
of F− and OH− and the electrostatic adsorption of Ca2+ and F−, the adsorption mechanism
also involved the complexation of Fe3+ and F− [134]. Moreover, due to the magnetism of
materials, it can offer the possibility of easier separation, washing and reuse [134].

Cationic doping can change the microstructure and properties of the crystal. This
method is considered to improve the defluorination ability of hydroxyapatite [149,150].
Chen et al. prepared HAp doped with Al3+, Mg2+ and La3+ to adsorb fluoride ions [149].
The results show that the doped ions can enhance the hydroxyl content of the crystal, thus
providing more active sites for ion exchange, further improving the performance of fluoride
ion adsorption [149]. Because the trivalent cations of Al3+ and La3+ are greater than the
two valence cations of Mg2+, the surface part has a more positive charge, which makes
its adsorption ability stronger [149]. The doping ion radius does not have an effect on the
adsorption performance [149]. At the same time, Chen et al. proposed that the mechanism
of fluoride ion adsorption can be divided into two stages: first, fluoride ions reach the
surface of the crystal through the physical adsorption; secondly, they exchange with OH-

in the hydroxyapatite crystal [149].
Surface modification technology has been verified to be efficient and effective in

enhancing the adsorption capacities of adsorbents. Muthu Prabhu and Meenakshi in-
vestigated the fluoride adsorption capacity of nano HAp surface-modified by cationic
surfactants, namely, cetyltrimethyl ammonium bromide (CTAB), hexadecylpyridinium
chloride (HDPC) and dodecyltrimethyl ammonium bromide (DTAB) [148]. The amine salt
and quaternary ammonium saltcan offer more positive sites to the adsorbents to which they
are added. Even though nano HAp has a few positively charged functional groups on the
surface, the cationic surfactants CTA+, DTA+ and HDP+ added more positive adsorption
sites to it. When a positively charged surface such as HAp is modified with a cationic
surfactant, the hydrophilic groups orient away from the similarly charged substrate and
towards the solution. By these means, the hydrophilic character of the adsorbent is in-
creased, and, thus, more fluoride ions are attracted. The fluoride adsorption capacities of
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the three adsorbents followed the order: CTAB-HAp > DTAB-HAp > HDPC-HAp [148].
The low adsorption capacity of HDPC-HAp is a result of its pyridinium cationic head
groups, which are bulkier compared to CTAB and DTAB [148] The access of fluoride to
the tertiary cationic part in HDPC was blocked by the electron-rich pyridinium group,
reducing the fluoride adsorption capacity compared to CTAB-HAp and DTAB-HAp [148].
Muthu Prabhu and Meenakshi, concluded that the cationic surfactant-coated HAp exhibits
an excellent fluoride removal capacity over bare HAp because of the introduction of a more
positive charge, especially CTAB-modified HAp compared to DTAB-HAp, HDPC-HAp
powder [148]. They suggested that CTAB-HAp powder can be an auspicious defluoridating
agent [148].

6. Conclusions and Future Work

The review presents the adsorption applications of nano HAp and its composites
in the removal of heavy metal ions, radionuclides, organic pollutants and fluoride ions
from wastewater. Nano HAp adsorbent shows a high and constant removing ability in
an alkaline medium(pH 7–10)for metal ions and radionuclides. A higher alkaline region
is not beneficial for the adsorbent of nano HAp; however, the acidic condition facilitates
the removing of organic pollutants and fluoride ions. Usually, the sorbent capacity of
nano HAp increases with a rising adsorbent dosage, but too of a high dosage cannot lead
to an improvement in capacity due to the agglomeration of nano HAp. Nano HAp has
the advantage of removing low concentrations, especially trace pollutants. Nano HAp
shows a quick adsorption, and the adsorption rate gradually declines with the extension of
contact time and reaches the platform in 30–60 min for ions; it takes more time (2–6 h) to
reach the adsorption equilibrium for the majority of organic pollutants. In the future, nano
HAp and its composites may be advantageous as adsorbents due to their high adsorption
capacities compared to other adsorbents. Furthermore, many researchers are branching
out with the modification of nano HAp, using techniques such as surface modification.
However, the brittleness of HAp limits its applications. Moreover, nano HAp powder
causes excessive pressure drops in field applications and therefore cannot be directly used
in fixed bed columns. To overcome these technological problems, the use of composites
or modification for HAp has been extensively studied. Nano-sized hydroxyapatite has its
disadvantage in that the small particle size (nano-scale) makes it very difficult to separate
from an aqueous solution. However magnetic adsorbents can avoid this problem, as they
can be separated easily from the solution by using an external magnetic field. Hence,
combining both nanotechnology and the magnetic separation technique in developing
nano HAp based adsorbents would overcome the above drawback. On the other hand,
the separation of nanoparticles from aqueous solutions limits the application of HAp with
magnetic materials such that it only can be used in pollution removing at small volumes,
such as a bottle. For its application in rivers and lakes, HAp manufactured in a layer or
block is necessary. Sintering is a common forming method which can efficiently process
large-scale production. However, it is difficult to preserve the excellent properties of
nanoparticles. So, composites of HAp and polymers are considered as a promising method
for forming. The high dispersion of nano HAp in composites should be focused on. It
can be concluded that HAp is a promising material as an adsorbent for heavy metal ions,
radionuclides, organic pollutants and fluoride ions in wastewater treatment. More research
efforts on the practical applications development of these fascinating materials are highly
recommended for the future.
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Abstract: A simple electrochemical sensor for nicotine (NIC) detection was performed. The sen-
sor based on a glassy carbon electrode (GCE) was modified by (1,2-naphthoquinone-4-sulphonic
acid)(Nq) decorated by graphene oxide (GO) nanocomposite. The synthesized (GO) nanosheets
were characterized using X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscope
(SEM), transmission electron microscope (TEM), FT-IR, and UV-Visible Spectroscopy. The insertion of
Nq with GO nanosheets on the surface of GCE displayed high electrocatalytic activity towards NIC
compared to the bare GCE. NIC determination was performed under the optimum conditions using
0.10 M of Na2SO4 as a supporting electrolyte with pH 8.0 at a scan rate of 100 mV/s using both cyclic
voltammetry (CV) and differential pulse voltammetry (DPV). This electrochemical sensor showed an
excellent result for NIC detection. The oxidation peak current increased linearly with a 6.5–245 μM
of NIC with R2 = 0.9999. The limit of detection was 12.7 nM. The fabricated electrode provided
satisfactory stability, reproducibility, and selectivity for NIC oxidation. The reliable GO/Nq/GCE
sensor was successfully applied for detecting NIC in the tobacco product and a urine sample.

Keywords: adapted glassy carbon sensor; cigarette; differential pulse voltammetry; graphene oxide
nanosheets synthesis; nicotine

1. Introduction

Nicotine(S)3-(1-methylpyrrolidin-2-yl) pyridine (NIC) is one of the fatal toxicities of
purine alkaloids which represents about 2–8% of the tobacco plants (Nicotiana genus such
as N. Tabacum, N. Rustica, and N. Glauca) [1–5]. It is an oily, hygroscopic, colorless pale
yellow liquid that quickly dissolves in water at room temperature [6]. Additionally, NIC is
rapidly absorbed in humans and directly attacks the nervous system. The frequent intake
of NIC creates many potentially harmful diseases and effects on human health, such as
increased blood pressure and heartbeat, reduced healing rates, and vascular disease [7–9].
Moreover, it might lead to lung, nose, kidney, stomach, bladder, and colon cancer [10,11].
However, it can treat Alzheimer’s and Parkinson’s diseases [12,13].

Hence, great attention has been paid to the determination of NIC, especially in
medicine, toxicology, and the tobacco industry. To date, several analytical techniques have
been reported for the measurement of NIC, including high-performance liquid chromatog-
raphy [14], gas chromatography [15], spectrophotometry [16], spectrofluorimetry [17],

Nanomaterials 2022, 12, 2354. https://doi.org/10.3390/nano12142354 https://www.mdpi.com/journal/nanomaterials364



Nanomaterials 2022, 12, 2354

radioimmunoassay [18], amperometric assay [19], and capillary electrophoresis [4]. Unfor-
tunately, most of these methods possess numerous disadvantages, such as being expensive
and time-consuming and requiring several chemical treatment steps and many organic
solvents [9,20,21]. Moreover, limited biosensors have been used to analyze NIC due to the
high cost of enzymes [22,23].

On the other hand, electrochemical techniques are more convenient for detecting
NIC due to their practical advantages, such as low-cost instruments, high sensitivity,
good selectivity, simple operation, and rapid measurement time [8,24]. The voltammetric
determination of NIC at bare electrodes is hindered by slow electrode kinetics. This is
not only the electro-oxidation or reduction reaction of NIC occurring at highly positive
or negative redox potentials leading to poorly reproducible results. Chemically modified
electrodes are the key to enhance the electrocatalytic ability toward NIC determination due
to their higher sensitivity and selectivity than typical electrodes [25].

(1,2-naphthoquinone-4-sulphonic acid) is an organic layer on the surface of the elec-
trode in a rich active group, where there are higher chances of adsorption with the analyte.
This leads to enhance the conductivity and increasing the effective surface area of the glassy
carbon electrode (GCE).

Additionally, graphene oxide (GO) nanosheets have attracted much attention and are
considered an excellent candidate for electrode surface modification, high specific surface
area, remarkable electrical conductivity, enhanced electrocatalytic, and high mechanical
properties [26–28]. The unique conjugation between a film of Nq with GO nanosheets on
the surface of the GCE can improve the detecting efficiency, stability, reproducibility, and
electrocatalytic properties of electrodes [29–31].

Our work aims to benefit from the conjugation between Nq layer with GO nanosheets
on the surface of a glassy carbon electrode to determine the NIC for the first time. As far as
we know, there are no papers of study of the electrochemical behaviors of nicotine at the
GO/Nq/GCE. The mixed modification facilitates enhancing the quality of the glassy carbon
electrode. This method was applied to determine Nicotine(S)3-(1-methylpyrrolidin-2-yl)
pyridine, NIC. In sequence, actual samples of tobacco products were studied in an aqueous
media, and satisfying results were obtained with the proposed sensor.

2. Experimental

2.1. Materials and Reagents

Graphene powder (<20 μm) and 1,2-naphthoquinone-4-sulphonic acid were purchased
from Sigma Aldrich. Aldrich’s stock solution of 6.2 mM NIC (C10H14N2, 98%) was freshly
prepared using deionized water and kept in the dark at 4 ◦C. Before use in the experiments,
the stock solution was diluted using sodium sulphate (Na2SO4, 0.10 M) purchased from
Sigma Aldrich as a supporting electrolyte. All other chemical reagents were of analytical
grade and used as received without any further purification.

2.2. Apparatus

The voltammetric experimental conditions have been described in detail in previous
literature [32]. Briefly, EG&G Princeton applied research potentiostat/galvanostat model
263 (USA) linked with a PC using 352 corrosion software [32,33]. A conventional three-
electrode cell consisted of a GO/Nq/GCE as the working electrode, a saturated Ag/AgCl
reference electrode, and an auxiliary electrode made of a bright platinum wire. A pH
meter (Euteoh-India) was employed for the pH measurements. The synthesized GO
was characterized by powder X-ray diffraction (XRD, X’Pert3 Powder, PA Analytical,
Netherlands), Raman spectroscopy, a field-emission scanning electron microscope (SEM,
QUANTA FEG250, Tokyo, Japan), transmission electron microscope (TEM, JEOL 2100
HRTEM 200V, Tokyo, Japan), FT-IR and UV-Visible spectroscopy (Perkin Elmer, Waltham,
WA, USA). In this study, all measurements were carried out at room temperature.
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2.3. Synthesis of GO

Synthesis of GO nanosheets were prepared according to the modified Hummers’
method [34–36]. Specifically, in an ice-water bath, 1.0 g of natural graphene powder was
mixed with the concentrated H2SO4(30 mL) and NaNO3(3g). Then, 3.0 g of KMnO4 was
slowly added to keep the oxidation reaction temperature between 10 and 25 ◦C (Scheme 1).
Subsequently, 100 mL of deionized water and 60 mL of 35% H2O2 were carefully added
to reduce residual KMnO4 and MnO2. Afterward, the mixture was stirred for 30 min and
then centrifuged. Finally, the product was filtered and dried in the oven at 50 ◦C overnight.
According to the literature, GO nanosheets were synthesized from the resulting graphene
oxide by magnetic stirring and heating [37,38]. Briefly, 0.50 g of dried graphene oxide
nanocomposite powder was stirred with 50 mL of deionized water at 70 ◦C using magnetic
stirring at 400 r.p.m for 12 h [38–40].

Scheme 1. Synthesis of GO using modified Hummers’ method.

2.4. GO/Nq/GCE Fabrication

Before modification, a GCE (1 mm diameter) was sequentially polished with alumina
powder (3 μm) to a mirror finish surface and ultrasonically cleaned with water: ethanol for
2 min and rinsed with deionized water. The modification of GCE by a layer of Nq can be ob-
tained by electrodeposition on the cleaned surface of GCE. This was performed by dipping
GCE in 0.10 M PBS containing 3.33 mM of Nq monomer and was conditioned by cyclic
sweeping from −1.25 to 1.3 V vs. Ag/AgCl for 15 cycles (Section 3.2) [41]. The Nq/GCE
was carefully cleaned with deionized water and dried in the air. On the other hand, the
Nq/GCE was decorated by prepared GO nanosheets by dissolving the GO nanosheets in
deionized water to form a suspended solution subjected to an ultrasonic device for 30 min
to form a homogenous suspended solution. Then, 5.0 μL of the homogenous suspended
solution (2.0 mg/mL) was cast on the surface of Nq/GCE to form GO/Nq/GCE. Finally,
the GO/Nq/GCE was carefully cleaned with deionized water and dried in air. To calcu-
late the activate surface of the different electrodes, the cyclic voltammetry of 5.0 mM of
K3Fe(CN)6as the redox at the surface of bare GCE, Nq/GCE, andGO/Nq/GCE at different
scan rates (from 50 to 300 mV/s) were recorded. There is a direct correlation between peak
current and scan rate. By increasing the scan rate, the peak current increased for each
electrode. By deriving the relationship between Ip and the square root of scan rate for
different electrodes. Straight lines were obtained. Moreover, by compensation of the slope
in the following Randles–Sevcik equation used [41].

Ip = 0.446 nFAC(nFDν/RT)1/2 (1)

where R is the universal gas constant (J/mol.K), n is the number of electrons, C is the
concentration of the electroactive species (mM), F is the Faraday constant (C/mol), ν is the
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scan rate (mV/s), T is the temperature in Kelvin, Ip is the peak current, D isthe diffusion
coefficient (cm2/s) and A(cm2) is the electroactive surface area of the different types of
electrodes. The accurate value of D is 5.6 × 10−6 cm2/s [42].So the values of active surface
area(A cm 2) were estimated for bare GCE, Nq/GCE, andGO/Nq/GCE as 0.0126 cm2,
0.033 cm2,and0.0425 cm2, respectively. So GO/Nq/GCE provides superior conductivity to
other electrodes according to the active surface area data.

2.5. Sample Preparation

For the cigarette samples analysis, leaves were boiled for 5 min in 50 mL of deionized
water. The mixture was later cooled and filtered to remove suspended impurities, followed
by centrifugation. Decanting the supernatant centrifuged solution resulted in a clean dark
brown colored solution. A human urine sample was provided by a project team member
and diluted 100 times with 0.10 M Na2SO4 at pH 8.0.

3. Results and Discussion

3.1. Characterization of the Synthesized GO

Figure 1A displays the XRD patterns of the GO, which demonstrates that GO was
successfully synthesized. Thus, the GO exhibits a broad diffraction peak at 2θ of 11.58◦
due to the interlayer distance of the GO [34]. The Raman spectrum of the synthesized GO
has been shown in Figure 1B to confirm the structural properties of GO. Two peaks were
observed at 1345 cm−1 (D band) and 1581 cm−1 a (G band). The D (related to structural
defects and amorphous carbon) to G (associated with the stretching of in-plane sp2carbons)
intensity ratio (ID/IG) was 1.05. The Raman spectrum of the GO is consistent with previous
reports [42,43].

Figure 1. (A) XRD and (B) Raman spectra of the synthesized GO.

On the other hand, the SEM image of the GO is depicted in Figure 2A to examine
its structural morphology. As expected, a typical wrinkled, thin sheet-like morphology is
shown for the surface of GO. For further support, the features of morphology and structure
of the GO can be observed by high-resolution TEM. Figure 2B clearly shows the single-layer
sheets containing flake-like wrinkles and rough surfaces. This microstructure gives the
stability of GO nanosheets and prevents the collapse back into graphene structure, which
provides a high surface area [44].
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Figure 2. (A) SEM and (B) TEM images of the synthesized GO nanosheets.

Figure 3 shows the UV–Visible absorption spectrum of the aqueous solution of GO
nanosheets. The observed characteristic peak (230 nm) and shoulder (301 nm) are assigned
to π→π* transition of aromatic C=C matrix of GO and n→π* transition of the oxygen lone
pair of electron of the carbonyl group (C=O) in GO, respectively [38,40].

Figure 3. UV-Visible spectrum curve of the aqueous solution of GO nanosheets (0.0023g GO in 4.5 mL
distilled H2O).

FT-IR spectroscopy is vital for describing functional moieties involved on GO’s surface.
Figure 4 shows the site of absorption bands of functional groups in GO. The existence of
broad stretching peaks at 3409 cm−1, 2925 cm−1, and 2857 cm−1 are stretching asymmetric
and symmetric a hydroxyl (O–H) and C–H groups of GO matrix [38–40,45], respectively.
Moreover, the C=O stretching peak of the carboxylic (COOH) group at 1724 cm−1, stretch-
ing band at 1626 cm−1 of aromatic C=C matrix of GO, and phenolic C–O deformation,
stretching, and epoxy C–O–C stretching were recognized at 1387, 1224 and 1050 cm−1,
respectively [38–40,46,47].
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μ

Figure 4. FT-IR spectrum curve of GO in KBr disc.

3.2. Electrochemical Behaviorof Nq

Figure 5 depicts the cyclic voltammograms (CVs) of 3.33 mM of Nq in 0.10 M PBS
(pH 7.0) on the surface of GCE at a scan rate of 100 mV/s. The results illustrated the
reproducible reaction with both anodic and cathodic peaks, observed at potentials 0.25
and −0.11 V. Additionally, by increasing the number of cycles, the continuous growth of
Nq film was obtained. The peak separation potential ΔEp = (Epa − Epc) was calculated to
be 0.36 V (was higher than 0.059 V) as expected for a quasi-reversible system [48]. Then,
the Nq/GCE behavior in 0.10 M PBS (pH 7.0) was examined under various scan rates
ranging from 25 to 500 mV/s, as displayed in Figure 6. As can be observed, both anodic
and cathodic peak currents gradually increased with a raised scan rate. Furthermore, the
oxidative and reductive peak potentials shifted to more positive and negative values. This
behavior indicated a surface-controlled process of the electrode reactions process for the
organic film of Nq formation [41,49].

μ

Figure 5. CVs of 3.33 mM of Nq in 0.10 M of PBS (pH 7.0) at the GCE with a scan rate of 100 mV/s.
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μ

Figure 6. CVs of the Nq/GCE in 0.10 M of PBS (pH 7.0) at various scan rates (a to i: 25, 50, 100, 150,
200, 250, 300, 400, and 500 mV/s).

3.3. Voltammetric Determination of NIC

Figure 7 describes the CVs of 3.5 mM of NIC in 0.10 M Na2SO4 (pH 8.0) containing a
bare GCE (a), the Nq/GCE (b), the GO/Nq/GCE (c), and the GO/GCE (d) at a scan rate of
100 mV/s. The results showed that the bare GCE (Figure 7, curve a) gave a poorly broad
oxidation peak near 0.77 V (vs. Ag/AgCl) is ascribed to NIC oxidation. Meanwhile, in
the case of Nq/GCE, GO/GCE, and GO/Nq/GCE, the peak potential of NIC oxidation
appeared to be 0.85. 084 and 0.83 V, respectively, as exhibited in Figure 7 (curves b and c).
The interpretation of the negative shift in the peak potential is due to the presence of both
GO nanosheets and Nq films, which acted as electrocatalysts toward NIC oxidation, which
accelerated the electron transfer rate. On the other hand, the usage of GO/Nq/GCE led to
the enhancement and increase in the oxidation peak current of NIC by four-fold, compared
to that which appeared at bar GCE. This is because the unique conjugation between the
Nq film and nanosheets of GO increased the electroactive surface area that catalyzed NIC
oxidation [26–28]. The absence of voltammetric response (peak) in the cathodic scan is
attributed to the irreversibility of NIC oxidation as supported by the literature [24,50].

3.4. Effect of pH

The pH of the supporting electrolyte is considered an essential factor for the peak
current (Ip). By examining the change of pH values from (2.0 to 9.0), it was observed that
there are no current responses of NIC at a pH lower than 6.0. However, by increasing
the pH value, the anodic peak of NIC increased until a maximum value was observed at
pH 8.0, and then it decreased, as shown in Figure 8. This agrees with previous papers
that prove that a neutral or slightly alkaline media were appropriate in the voltammetric
determination of NIC [5,24]. On the other hand, the potential shifted towards less positive
values by increasing the pH values, demonstrating proton participation in the oxidation
process [51]. A plot of the oxidation peak potential vs. pH has three almost linear segments,
and one is linear over the pH, ranging from 8.0 to 9.0 (inset Figure 8) and expressed by the
following equation:

Ep(V) = 1.34 − 0.06 Ph (R2 = 0.999) (2)
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μ

Figure 7. CVs of 3.5 mM of NIC in 0.10 M Na2SO4(pH 8.0) at (a) a bare GCE, (b) the Nq/GCE, and
(d) the GO/GCE (c) the GO/Nq/GCE at a scan rate of 100 mV/s.

 

Figure 8. CVs of 3.5 mM of NIC in 0.1 M of Na2SO4 of various pH values: (6.0, 7.0, 7.5, 8.0, 8.5, and
9.0) at the GO/Nq/GCE with a scan rate of 100 mV/s. (inset Figure 8) A relation between pH versus
both oxidation peak potential and oxidation peak current of NIC.

The calculated slope of 60 mV is very close to the theoretical value (59 mV) of the
Nernst equation. Therefore, the oxidation process of NIC on the surface of GO/Nq/GCE
involves the same number of protons and electrons [52–54]. This segment of the curves
(∼pH 8.0–9.0) is close to the pKa1 due to changes in protonation of the acid–base functions
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in the pyrrolidine moiety. As you know, NIC has pKa1 = 8.02, corresponding to the
protonation of pyrrolidine nitrogen, and pKa2 = 3.12 of pyridine nitrogen [55]. The NIC
oxidation process is pH-dependent, and subsequent measurements were carried out in a
buffer with pH 8.0.

3.5. Effect of Scan Rate

To achieve the optimum conditions, the influence of scan rate on the peak current
of 3.5 mM of NIC in 0.10 M Na2SO4 (pH 8.0)on the surface of the GO/Nq/GCE was
investigated. The results demonstrated a linear increase in the peak current of NIC with the
increase in scan rate from 5.0 to 100 mV/s, as illustrated in Figure 9. It can be observed that
the potential peak shifts toward more positive values with increasing scan rate. Of course,
this behavior was characteristic of an irreversible reaction [5,24]. To assess the oxidation
process of NIC at the GO/Nq/GCE, a plot of the anodic peak current of NIC vs. square root
of the scan rate was recorded (inset Figure 9). A straight linear relationship was obtained,
indicating the oxidation reaction of NIC under a diffusion-controlled process and can be
expressed as:

Ip(μA) = 6.117υ0.5 − 2.456 (R2 = 0.9984) (3)

μ

Figure 9. CVs of 3.5 mM of NIC in 0.1 M of Na2SO4 (pH 8.0) at the GO/Nq/GCE with various scan
rates (a to g: 5, 10, 20, 40, 60, 80, and 100 mV/s).

For more support, a linear relationship with a slope of 0.54 was obtained when plotting
the log peak current versus log scan rate (inset Figure 9) and can be expressed by:

log Ip = 0.54 log υ + 0.681 (R2 = 0.996) (4)

The slope of the above relation (α = 0.54) is close to the theoretical value calculated,
0.5, as expected for a diffusion-controlled process [56–58].

On the other hand, the relation between Ip versus scan rate was studied, a linear
relationship was found with correlation co efficient R2 = 0.996

Ip = 2.0 υ − 23.3 (R2 = 0.996) (5)
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Moreover, Ep and Log scan rate was determined to inform the number of electron
that contributed in the oxidation process of NIC on the surface ofGO/Nq/GCE as seen in
Figure 10a,b.

 
(a) (b) 

Figure 10. (a) The relation between oxidation peak potential of 3.5 mM of NIC in 0.1 M of Na2SO4

(pH 8.0) at the GO/Nq/GCE versus Log scan rate. (b) The relation between peak current of 3.5 mM
of NIC in 0.1 M of Na2SO4 (pH 8.0) at the GO/Nq/GCE versus scan rate.

According to the following equation, a linear relation was obtained with correlation
co-efficient R2 = 99.6.

Ep = 0.00127 + 0.414log υ (R2 = 0.997) (6)

The number of electrons involved was calculated from the Laviron equation:

ΔE vs. Δlog(v) = 59/nα (7)

where α is (the electron transfer coefficient) and n (refers to number of electrons). The
calculated number of electrons were found to be (2.1). That is mean two electron was
participated in the oxidation process of NIC. So the expected mechanism (Scheme 2) for
the oxidation of NIC at the GO/Nq/GCE in alkaline media which involves substitution of
CH3 group by OH at the nitrogen of pyrrolidine ring with formation of methanol by two
protons and two electrons transfer [5,59].

Scheme 2. Probable electrochemical oxidation mechanism of NIC.

3.6. Effect of Concentration and Calibration Curve

The DPV technique is the most appropriate technique used to examine the correlation
between the peak current and the standard adding of NIC concentration, characterized
by accurate electrochemical determination with a low detection limit and background
current [59]. The parameters of DPV were optimized, and the influence of various NIC
concentrations at the GO/Nq/GCE in 0.1 M Na2SO4 (pH = 8.0) was examined. Figure 11
represents the increase in the peak current of NIC by successive standard additions of NIC
concentration over the wide range from 6.5 to 245 μM. An excellent linear dependence of
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the peak current of NIC on its concentration in the same range is shown in Figure 11. The
following regression line equation can represent the obtained calibration curve:

Ip(μA) = 0.016 (μM) + 0.573 (R2 = 0.9999) (8)

The limit of detection (LOD) and quantification of NIC at the GO/Nq/GCE can be
determined according to LOD = 3SD/b and LOQ = 10SD/b, respectively, where b is the
slope of the calibration curve. SD is the standard deviation of Ip of NIC, estimated from the
following equation [60].

SD = 1/(n − 2)Σ(Iexp − Ical)
2 (9)

where Iexp is the experimental value of Ip, and Ical is the corresponding calculated value at
the same concentration. The calculated LOD and LOQ of NIC at the proposed sensor were
12.7 and 42.4 nM, respectively.

μ

Figure 11. DPVs of 0.1 M of Na2SO4 (pH 8.0) containing different concentrations of NIC: (a to l: 6.5,
15, 25, 33.5, 56.5, 80, 100, 128, 138.5, 172.5, 210, and 245 μM) at the GO/Nq/GCE. Inset shows the
corresponding calibration curve.

Under the optimum conditions, the sensitivity of our modified sensor was tested. The
comparison of the LOD and linearity range obtained in this work with previous reports
with different modified electrodes was recorded. The comparison results are epitomized in
Table 1. The lower LOD and good linearity range were achieved from the presented data,
reflecting the efficiency and sensitivity our modified electrode toward lower concentration
of NIC.
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Table 1. Comparison between our detection limit with the same techniques using different work-
ing electrodes.

Technique Working Electrode
LOD
(M)

Linear Range
(μM)

Ref.

DPV SPCE 0.6 × 10−6 1–375 [24]
Amp CuWO4/rGO/Nf/GCE 3.5 × 10−8 0.1–0.9 [61]
CV MWCNTs/CuNPs 6.0 × 10−9 1–1000 [62]

DPV Poly(ARS)-GR/SPCE 4.6 × 10−6 30–1000 [63]
DPV RGO/DPA/PGE 7.60 × 10−6 31–1900 [64]
CV MWCNT-BPPG 1.50 × 10−6 10–1000 [65]

SWV p-AHNSA/GCE 0.90 × 10−6 1–200 [66]
SWV EA/GCE 0.70 × 10−6 1–200 [67]
SWV CNC/SPCE 2.00 × 10−6 10–1000 [59]
Amp PDA-RGO/Au/GCE 1.50 × 10−8 0.05–500 [68]
DPV GO/Nq/GCE 1.27 × 10−8 6.5–245 This work

3.7. Chronoamperometric Measurements

The diffusion coefficient of NIC at the GO/Nq/GCE can be determined using the
chronoamperometry method. Chronoamperograms were applied by setting the working
electrode potential at 0.6 V with various concentrations of NIC (14–44 μM) in 0.10 M
Na2SO4 (pH = 8.0) as represented in Figure 12. Plotting of I for various NIC concentrations
against t−1 is depicted in Figure 12A. Then, the slopes of the resulting straight lines were
plotted versus the different concentrations of NIC that were constructed inset Figure 12B.
Using the obtained slope and applying the Cottrell equation [69],

I = nFAD1/2Cbπ
−1/2t−1/2 (10)

where Cb (mol cm−3) is the bulk concentration, and D (cm2 s−1) is the diffusion coefficient,
the other symbols have their usual meaning. The D value of NIC at the GO/Nq/GCE was
determined to be 4.02 × 10−7 cm2/s is considered a satisfactory result.

μ

μ

μ

 μ

Figure 12. Chronoamperograms were obtained at the GO/Nq/GCE in 0.1 M of Na2SO4(pH 8.0) for
different concentrations of NIC (a to d: 14, 22, 33, and 44 μM). Insets: (A) a plot of I vs. t−1/2, the
(B) plot of the slope of straight lines vs. NIC concentration.
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3.8. Stability and Reproducibility

The viability of the GO/Nq/GCE could be evaluated by their stability and repro-
ducibility towards the NIC determination. Therefore, Figure 13A shows the CVs of 3.5 mM
NIC in 0.10 M Na2SO4 (pH 8.0) for 14 days, while the modified electrode was kept at
25 ◦C. The results indicate no significant change in the peak potential, and the peak current
remains at 97.71% of its initial current response. Additionally, Figure 13B shows the re-
producibility of the GO/Nq/GCE, taking five repetitive CVs’ measurements via the same
optimized protocol. It was concluded that the relative standard deviation of RSD = 0.80%
in peak current. The results indicated that the fabricated electrode exhibited good stability
and high reproducibility.

Figure 13. CVs of 3.5 mM of NIC in 0.1 M Na2SO4 (pH 8.0) at the GO/Nq/GCE with a scan rate of
100 mV/s for 14 days (A) and five repetitive CVs measurements (B).

3.9. Interference Study

An important parameter for a developed electrode is its selectivity towards the target
analyte. The influence of some possible interferences on the determination of 3.5 mM NIC
in 0.1 M Na2SO4 (pH 8.0) at the GO/Nq/GCE was examined. The tolerance limit was
calculated as less than 5% of the relative error in this study. Figure 14 represents the results
investigated from the current changes comparing the peak current of NIC only and the
signal of NIC with the interfering substances. It is clear that 1000-fold concentration ratios
of Na+, K+, Fe2+, Cl−, NO3

−, and SO4
2−, 100-fold concentration ratios of glucose and

L-cysteine, and 5-fold concentration ratios of pyridine, dopamine, ascorbic acid, and uric
acid did not interfere with the measurement of NIC. Additionally, there is no significant
variation in the current response after adding 50-fold concentration ratios of urea, caffeine,
and cotinine, a primary metabolite of NIC. These results prove the excellent selectivity
of the developed sensor for the electrochemical determination of NIC in presences of
other interferences.

3.10. Real Sample Analysis

Next, the content of NIC in a tobacco product and a urine sample was estimated using
the GO/Nq/GCE under optimized DPV. Figure 15 depicts DPVs recorded for different
concentrations of NIC standard solution, which was added to actual samples in 0.10 M
Na2SO4. At the same time, the final NIC concentrations of 100, 110, 130, and 150 μM and
the obtained results are shown in Table 2. As observed, good recoveries were obtained in
the range of 99.44–100.33%. Therefore, the proposed sensor is capable of detecting NIC in
actual and real samples.
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Figure 14. Measurements of 3.5 mM of NIC in 0.10 M Na2SO4 (pH 8.0) at the GO/Nq/GCE in the
presence of the tolerance limit of foreign species.

μ

Figure 15. DPVs were recorded at the GO/Nq/GCE upon the addition of known concentrations of
NIC (a to d: 100, 110, 130, and 150 μM) in 0.1 M of Na2SO4 (pH 8.0) with a scan rate of 100 mV/s.
Inset shows the corresponding calibration curve.
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Table 2. Detection of NIC in practical samples at the GO/Nq/GCE.

Sample
Added
(μM)

Founded
(μM)

Recovery
(%)

Cigarette
0.0 21.13 –
50 70.73 99.44

100 121.53 100.33

Urine
50 50.07 100.14

100 99.63 99.63
200 199.4 99.7

4. Conclusions

In this work, we provide an electrochemical sensor used for the first time for NIC
determination. The behavior of NIC was studied under optimum conditions. Using differ-
ent voltammetric techniques such as Cyclic voltammetry. Differential pulse voltammetry
and chronoamperometry. The sensor was built on GCE, modified by a layer film of Nq
decorated by GO nanosheets. The GO nanosheets were prepared by the Hummers’ method
and characterized by different techniques. The fabricated electrode provided a remarkable
electrochemical activity toward the oxidation of NIC compared with either bar GCE and
GCE modified by Nq. The unique conjugation between Nq and nanosheets of GO has
significantly increased the electroactive surface area of the electrode toward NIC.

Additionally, the GO/Nq/GCE showed high stability, reproducibility, a lower detec-
tion limit of 12.7 nM, and a linear response range from 6.5 to 450 μM with R2 = 0.9999. The
oxidation process of NIC is described as control diffusion. The reliable GO/Nq/GCE sensor
was successfully applied for detecting NIC in the tobacco product and a urine sample.
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Markevičiūtė, H. Ag–Se/Nylon

Nanocomposites Grown by

Template-Engaged Reaction:

Microstructures, Composition, and

Optical Properties. Nanomaterials

2022, 12, 2584. https://doi.org/

10.3390/nano12152584

Academic Editors: Jihoon Lee and

Ming-Yu Li

Received: 22 June 2022

Accepted: 25 July 2022

Published: 27 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Ag–Se/Nylon Nanocomposites Grown by Template-Engaged
Reaction: Microstructures, Composition, and Optical Properties
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Abstract: Ag–Se nanostructure films were deposited on a–Se/nylon templates by a template-engaged
reaction. Firstly, amorphous selenium (a–Se) was deposited on nylon by employing the chemical
bath deposition method while using H2SeO3 and Na2SO3 solutions with an increasing selenium
deposition time. Then, these a–Se/nylon templates were exposed into AgNO3 solution at ambient
temperature and pressure. The Ag–Se/nylon nanocomposites surface morphology, elemental and
phase composition, and optical properties were monitored depending on the selenium deposition
time on nylon. Scanning electron microscopy (SEM) analysis confirmed the development of a very
complex surface composed of pyramidal-like sub-micron structures, agglomerates, and grid-like
structures. Energy dispersive spectroscopy (EDS) proved the presence of carbon, oxygen, nitrogen,
selenium, and silver. SEM/EDS cross-sectional analysis confirmed the multilayer character with
different individual elemental composition in each film layer. X-ray diffraction analysis revealed a
polycrystalline Ag2Se phase with or without metallic Ag. The RMS value obtained from atomic force
microscopy varies from 25.82 nm to 57.04 nm. From the UV-Vis spectrophotometry, the direct optical
band gaps were found to be 1.68–1.86 eV. Ag–Se/nylon composites exhibit high refractive indices in
the near infrared region.

Keywords: Ag2Se; nylon 6; flexible inorganic-organic composite; ProX-SEM-EDS; optical properties

1. Introduction

Currently, a lot of attention is devoted to the flexible photovoltaic membranes, as
they can maintain the required durability and fulfil the aesthetic, building-physics require-
ment(s) [1]. Therefore, the demand for a sustainable and semi-permanent energy-harvesting
system, which converts solar energy to electricity, has been continuously increasing. Photo-
voltaic devices also need to be mechanically flexible to be employed as an energy supplier
for a curved electronic device. Hybrid organic–inorganic composites are considered as
very attractive and promising materials due to the diverse properties and additional func-
tionalities as compared with those of individual components [2]. Thin films of solar light
absorbers such as metal chalcogenides are of extraordinary interest for the production of so-
lar selective coatings, large area arrays, and photovoltaic cells. The modification of flexible
polymers with metal chalcogenides not only allows control an architecture of resultant solar
absorbers, but also enables the creation of flexible materials with the unique microstructures
and optical properties. Printing and coating methods are two main techniques to deposit
thin films onto the flexible polymer surface [1]. Recently, surface modification of organic
polymers with metal chalcogenides thin films via different coating techniques have been
reported [3].

Owning to its high mechanical strength and high chemical and thermal stability, nylon
6 (polyamide 6) is a promising candidate for high-performance flexible energy-harvesting
systems. Among a variety of metal chalcogenides, silver selenide displays many interesting
properties. Ag2Se exists in two polymorphs at atmospheric pressure: a low-temperature
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orthorhombic phase (α-Ag2Se), and a high-temperature cubic phase (β-Ag2Se) [4]. β-Ag2Se
is distinguished for its Seebeck coefficient (−150 μ VK−1 at 300 K [5]), large magnetoresis-
tance [6], and excellent thermoelectric properties [7]. The Ag2Se nanowires phase nature
greatly influences electrical conductivity [8]. Authors [9] stated a super-ionic α-Ag2Se con-
ductor was employed in photo chargeable batteries. Environmentally friendly, an n-type
nanocrystalline, Ag2Se thin film exhibits the direct bandgap of 1.8 eV [10].

From the broad list of available literature, only a few articles have reported that
a facile strategy has been developed to prepare flexible Ag2Se films and Ag2Se-based
composite films on nylon [7,11,12]. These multiscale Ag2Se nanoparticles with or without
Ag nanoparticles on nylon exhibit a high power factor and excellent flexibility [7,12].
Through literature analysis, we did not succeed in finding any publication devoted to
optical properties of Ag2Se/nylon composites. Considering the rapid application of hybrid
materials in opto-electronic modules, such study remains relevant, significant, and timely.

Template-assisted synthesis represents a straightforward, adaptable, and successful
nanomaterial synthesis approach. In this approach, the templates may serve as physical scaf-
folds, against which other materials are assembled, or templates are engaged in synthesis as
one of the reactants (template-engaged reactions). Recently, several teams have described
the synthesis of Ag2Se nanotubes [13,14], nanowires [5,15], and Se/Ag2Se/core/shell
nanocables [14] by this technique. The authors emphasised that the resulting Ag2Se have
retained the both shape and morphology of trigonal Se template with good precision.

In this study, compact Ag–Se/nylon semiconductor nanocomposites were formed via
a template-engaged reaction, which could convert the amorphous selenium (a–Se) layer
on nylon into an Ag–Se film. The sequential deposition method was explored. The type
of the template, as well as its amount, exerts a strong influence on the structure and the
properties of the resulting composites. Firstly, a–Se was deposited on nylon 6 while using
the chemical bath deposition (CBD) method by mixing solutions of H2SeO3 and Na2SO3
and changing the time of selenium deposition. These a–Se/nylon templates were then
exposed to the AgNO3 solution. The Ag–Se/nylon nanocomposites surface morphology,
elemental and phase composition, and optical properties were monitored depending on the
selenium deposition time on nylon. The results were interpreted, discussed, and compared
with some of the currently available state-of-the-art reports.

2. Materials and Methods

2.1. Polymer

The thermoplastic matrix which we used was semi crystalline nylon 6 Tecamid 6,
(hereinafter referred as ‘nylon’) produced by Ensinger GmbH (Germany). The 500 μm-
thick nylon film was opaque. The density was 1.13 g/cm3, moisture absorption 3%, water
absorption to equilibrium 9.5%. The experiments were performed on strips of 2′ 6 cm2 in
size. Prior to the experiments, nylon film cuts were washed with Na2CO3, and afterward
treated in distilled water at 100 ◦C for 2 h. The criterion for the quality treatment of the
nylon substrate surface was its uniform wetting with distilled water. After treatment, the
substrates were stored in a desiccator.

2.2. Chemicals

The distilled water and as received analytical grade reagents were used to prepare
freshly solutions for each experiment. Selenous acid (H2SeO3, 99.0%) and sodium sul-
phite heptahydrate (Na2SO3·7H2O, 99.0%) were obtained from Reachim, Russia. Sul-
phur acid (H2SO4, 96.0%), silver nitrate (AgNO3, 99.0%), and sodium carbonate hydrate
(Na2CO3·10H2O, ≥99.0% (calc. based on dry substance)) were purchased from Aldrich
Chemical Co.

2.3. Sample Preparation and Theoretical Background

The first step involved the formation of a selenium film via the CBD method. The
concentrations of H2SeO3 and Na2SO3 solutions and temperature that yielded a superior
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a–Se/nylon template, with respect to continuity, smoothness, and the adherence of the
selenium film to the substrate, were chosen for further experiments. For Se film deposition,
nylon strips were exposed in 0.1 M H2SeO3 and 0.15 M Na2SO3 solution (pH 2 adjusted
with H2SO4) for 6, 12, 24, and 30 h at 20 ± 1 ◦C. The red amorphous selenium (a–Se)
isolated according to the following equation [16,17]:

H2SeO3(aq) + 2Na2SO3(aq) → Se(s) + 2Na2SO4(aq) + H2O. (1)

The half reactions for the reduction and oxidation of selenous acid and the sulphite
ion, respectively, are the following Equations (2) and (3):

H2SeO3(aq) + 4H+
(aq) + 4e− → Se(s) + 3H2O, (2)

SO3
2−

(aq) + H2O − 2e− → SO4
2−

(aq) + 2H+
(aq). (3)

The reduction potentials (E0
red) are 0.74 V for Equation (2) and 0.17 V for Equation (3),

respectively. Therefore, sodium sulphite reduces selenite readily, and the redox reaction is
spontaneous [16].

For Equation (1), an acidic environment and the stoichiometry of the initial reacting ma-
terials are essential in order to prevent the formation of polythionates. Monoselenotrithionic
acid forms with an excess of H2SO3 solution are added to the solution of H2SeO3 with ratio
3:1 [17]:

H2SeO3(aq) + 3H2SO3(aq) → H2SeS2O6(aq) + H2SO4(aq) + 2H2O. (4)

Diselenotetrathionic acid forms when H2SO3 solution is added to an excess of H2SeO3 [17]:

2H2SeO3(aq) + 5H2SO3(aq) → H2Se2S2O6(aq) + 3H2SO4(aq) + 3H2O. (5)

In an acidic solution, polythionic acids decompose with the release of elemental sele-
nium. Selenotritithionic acid H2SeS2O6 is more stable than diselenothionic acid H2Se2SO6,
which decomposes with the release of elemental selenium at room temperature [17].

Afterward the selenium deposition, the a–Se/nylon samples were cleaned with
C2H5OH to remove a poorly adhering film. Then a–Se/nylon samples were thoroughly
washed with hot distilled water, and, between the subsequent processing steps, were stored
in a desiccator. During the second stage, these a–Se/nylon templates were treated for 2 h
with 0.1 M solution of AgNO3 (pH 6.35) at 20 ± 1 ◦C temperature in a thermostatic vessel.

The solid phase formation at the template/solution interface is a dynamic non-
equilibrium process requiring careful consideration of the physicochemical pathways
by which they proceed. The solubility of the starting material is the determining indicator
for the thermodynamic reaction feasibility in thin films deposition. The change in system
Gibbs free energy is also determinant in the solid-state reaction pathway [18,19]. Addition-
ally, the ion-exchange reactions can precede through simple mutual diffusion [20]. The
highly reactive elemental Se is an excellent template for the synthesis of various metal
selenides even at ambient temperature [5]. If wet films of silver and selenium are stocked
together, the reaction–diffusion process starts to yield the silver selenide [21,22]. The for-
mation of Ag2Se phases in the Ag–Se/nylon nanocomposite could be explained through
complex mechanism reactions. When refluxed in an aqueous medium containing Ag+

cations, amorphous selenium disproportionates into Se2− and SeO3
2− anions:

3Se(s) + 3H2O → 2Se2−
(ad) + H2SeO3(ad) + 4H+

(aq). (6)

Ag+ ions react with adsorbed chalcogenides particles (Se2−, SeO3
2−) to generate

insoluble nanoparticles, which are in situ deposited on the a–Se/nylon template to produce
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Ag–Se/nylon nanocomposites. The major reaction describing Ag2Se formation can be
written as follows [5]:

3Se(s) + 6AgNO3(aq) + 3H2O → 2Ag2Se(s) + Ag2SeO3(s) + 6HNO3(aq). (7)

As the hydrophilic nylon is treated in the acidified selenium precursor solution, SO3
2–,

SO4
2–, and SeO3

2– ions can diffuse into the sub-surface space of nylon, and potentially bind
to the charged sites of nylon, such as the ionised functional groups −CONH and –NH [23].
Ag+ cations could diffuse into the a–Se/nylon template, and the formation of a sub-product
within the template matrix—such as Ag2SO4, Ag2SO3, and Ag2SeO3—is probable.

The formed Ag–Se/nylon nanocomposites were thoroughly rinsed with hot distilled
water, dried and stored in the desiccator over CaCl2. Throughout the text, the obtained
nanocomposites were labelled as Ag–Se-6/nylon, Ag–Se-12/nylon, Ag–Se-24/nylon and
Ag–Se-30/nylon, where the added number refers to the selenium deposition time.

2.4. Testing Procedures

The solution pH was measured by using a pH-meter WTW330 (Xylem Analytics
Germany Sales GmbH & Co. KG WTW, Weilheim, Germany). An optical microscope CX31
equipped with a C-5050 photo camera (Olympus Corporation, Tokyo, Japan) was used
to take the images of uncoated nylon and the obtained Ag–Se/nylon composites. The
X-ray diffraction (XRD) analysis was performed on a Bruker Advance D8 diffractometer
with Bruker LynxEye counting detector. The operating parameters were the tube voltage
of 40 kV, and the tube (emission) current of 40 mA. A Ni 0.02 mm filter selected CuKα

(λ = 0.154178 nm) radiation. XRD patterns collected 2θ = 30–70◦ at a scanning rate of 1◦
min-1 by using the coupled two theta/theta scan type. Scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (EDS/SEM) analyses were conducted
using a Phenom ProX desktop scanning electron microscope (LOT-QuantumDesign) with a
high sensitivity multi-mode backscatter electron (BSE) detector. Resolution was ≤8 nm.
Primary-beam energy was 0.15 kV EHT. Atomic force a NanoWizard®3 NanoScience mi-
croscope (JPK Instruments, Bruker Nano GmbH, Berlin, Germany) with pyramidal-shaped
i-type silicon cantilever (0.01–0.025 ohm/cm, spring constant of 2 N/m) operated in the
contact mode. The AFM images scanning area was 30 × 30 μm2. Topographical parameters
were evaluated using JPKSPM Data Processing software (Version spm-4.3.13). The diffuse
reflectance spectra of the composites were recorded by using a UV-Vis spectrophotometer
Lambda 35 within the range 380–1100 nm. The reflectance data were analysed applying the
Kubelka Munk model [24–26].

3. Results

3.1. Optical Microscopy and ProX-SEM-EDS Analysis

The optical images of the uncoated nylon and corresponding Ag–Se/nylon nanocom-
posites are shown in Figure 1. The obtained Ag–Se/nylon nanocomposites were homoge-
neous, spectacularly reflecting with good adherence.

The SEM analysis (Figure 2) indicated that the progression of surface morphology
changes is significantly dependent on the selenium deposition time.

As it can be seen, uncoated nylon showed fine dispersion and compact surface mor-
phology. Different small pinholes, bumps, as well as some traces of cracking were visible
on the top surface. The surface area of Ag–Se/nylon nanocomposites became larger due to
the unevenness and multiple roughnesses, which can be considered as a major source of
energy absorption. The surface morphology of Ag–Se-6/nylon sample contained various
roads (average size 1.5–4 μm) and irregularly shaped pyramidal-like sub-micron structures
(average size 0.5–1 μm). It must also be noted that these units were stacked on top of each
other, indicating different stages of growth.
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Figure 1. An image of uncoated nylon and obtained Ag–Se/nylon nanocomposites. Magnification 100×.

Figure 2. SEM microphotographs of uncoated nylon and Ag–Se/nylon samples with the marked
area where the elemental composition was determined by Phenom ProX-SEM-EDS.

The elemental composition from SEM-EDS analysis of a large area (10 × 11.5 μm2)
of an Ag–Se-6/nylon sample confirmed the presence of carbon (C), oxygen (O), nitrogen
(N), selenium (Se), sulphur (S), and silver (Ag) (Table 1). The ratio of the Ag/Se atomic
concentrations f was 1.24, and it confirmed the overall deficiency of the silver. By increasing
the selenium deposition time up to 12 h, we observed an orderly array of tightly packed
spherical-like structures. The average diameter of these spherical-like structures was about
3–4 μm. Detailed analysis of the micrograph shows that these spherical-like structures in
fact were clumped in various sized clusters. The dark spots are due to the pits in the surface.
A similar surface morphology was also visible in the case of the Ag–Se-24/nylon sample.
The different clusters of various spherical particles were formed. In addition, the more
heterogeneous surface morphology is evident when compared with the Ag–Se-12/nylon
sample. There were deeper (darker) areas, and, above them, there were brighter areas
consisting of small >0.5 μm derivatives. As expected, Phenom ProX-SEM-EDS spectra from
the Ag–Se-12/nylon and Ag–Se-24/nylon samples (Table 1) confirmed that silver, selenium,
and sulphur were present in higher concentrations compared with the values of the Ag–Se-
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6/nylon sample (Table 1). The ratios of f were 1.81 and 1.34 for the Ag–Se-12/nylon and
Ag–Se-24/nylon samples, respectively. With a further increase in the selenium deposition
time up to 30 h, significant changes in the Ag–Se-30/nylon sample surface morphology
could be discerned. The varying size grains, which created different small granular islands,
are visible. Various grid-like structures of irregular shapes in the size of 1–15 μm were
randomly arranged on the top-surface of these granules. Granular morphology exhibited
f = 2.03 (Table 1, Ag–Se-30/nylon sample area 1), while, for the grid-like structures, f was
2.29 (Table 1, Ag–Se-30/nylon sample area 2). The ProX-SEM-EDS spectra analysis pointed
out that not only Ag2Se nanoparticles, but also Ag was clearly concentrated on the grid-like
structures. Metallic silver is the most likely impurity in the chemical deposition of Ag2Se
films [5]:

Se(s) + 4AgNO3(aq) + 3H2O → 4Ag(s) + H2SeO3(aq) + 4HNO3(aq). (8)

As discussed in ref. [27], excess of Ag may be incorporated in various ways: as
point defects, as adsorbed metal chains, or as three-dimensional nano- or microscale in-
homogeneities. The silver-rich Ag2Se films exhibit the both negative and linear positive
magnetoresistance effects [7,28], and no saturating magnetoresistance [7], which predestines
them for various applications.

Table 1. Elemental composition of the Ag–Se/nylon nanocomposites obtained by EDS acquired from
the surface area marked in Figure 2.

Sample
Atomic Concentrations, %

C O N S Se Ag Ag/Se Concentration Ratio

Uncoated nylon 28.68 44.96 26.36 - - - -

Ag–Se-6/nylon 27.62 52.53 17.31 0.32 0.99 1.23 1.24

Ag–Se-12/nylon 25.14 52.70 17.22 0.90 1.44 2.60 1.81

Ag–Se-24/nylon 29.32 50.05 15.65 1.03 1.69 2.26 1.34

Ag–Se-30/nylon
area 1
area 2

27.76
31.51

49.42
44.50

17.40
18.34

0.93
0.81

1.48
1.47

3.01
3.37

2.03
2.29

Extraneous elements C and N came from the nylon matrix since it is the largest part
of the Ag–Se/nylon samples (Table 1). The higher content of oxygen observed in all the
obtained samples as compared with that of the uncoated nylon sample distinctly supports
the penetration of oxygen-containing ions, such as SeO3

2–, SO3
2–, or SO4

2–. Although
SEM/EDS is useful for the identification of the elemental distribution in micro-domains,
however, it must still be appreciated that the elemental information obtained from the
micron region is naturally of a heterogeneous nature when compared with bulk analyses.

As discussed above, hydrophilic nylon absorbs various ions from aqueous electrolyte
solutions. To collect the relevant information, the cross-sectional analysis was performed,
and the representative results are shown in Figure 3.

Three different layers with varying fractional thickness (Table 2) can be clearly identi-
fied from the cross-sectional micrographs of Ag–Se/nylon samples. The boundary between
each layer is well defined: a highly dense component depicting a homogeneous diffusion
layer (grey), an intermediate layer (white), which seems to be composed of coalescence
particles, and, finally, the topmost (dark) layer.

The fractional thickness of the topmost layer increased with the selenium deposition
time (Table 2), while the fractional thickness of the intermediate layer decreased. The
fractional thickness of the diffusion layer showed a non-monotonic character. The total
thickness increased with an increase of the selenium deposition time (Table 2). As an
example, it was in the range of 22.83–32.33 and 27.1–39.91 μm for Ag–Se-6/nylon and
Ag–Se-30/nylon, respectively. EDS analysis was performed to investigate the chemical
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composition from each fractional layer of the nanocomposite, and the resulting data (spot
1, spot 2 and spot 3, as marked in Figure 3) are presented in Tables 3–6, respectively.

Figure 3. Cross-sectional micrographs of Ag–Se/nylon samples with marked points where the
elemental composition was determined by Phenom ProX-SEM-EDS.

Table 2. Fractional thickness of Ag–Se film layers on nylon.

Layer
Fractional Thickness of the Layers, μm

Ag–Se-6/nylon Ag–Se-12/nylon Ag–Se-24/nylon Ag–Se-30/nylon

Topmost (dark) 7.61–9.51 8.67–15.17 8.51–13.70 14.09–19.51

Intermediate (white) 7.61–13.31 8.67–10.14 5.15–7.87 4.34–9.76

Diffusion (grey) 7.61–9.51 8.67–13.00 8.52–11.61 8.67–10.64

Total 22.83–32.33 26.01–38.31 22.18–33.18 27.1–39.91

Table 3. Chemical composition from each fractional layer (spot 1, spot 2, and spot 3, as marked in
Figure 3) of the Ag–Se-6/nylon nanocomposite obtained by EDS.

Spot
Atomic Concentrations, %

C O N S Se Ag Ag/Se Concentration Ratio

1 28.69 44.96 26.35 - - - -

2 34.19 40.10 24.98 0.19 0.54 - -

3 36.70 37.70 23.30 0.23 0.95 1.12 1.18
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Table 4. Chemical composition from each fractional layer (spot 1, spot 2, and spot 3, as marked in
Figure 3) of the Ag–Se-12/nylon nanocomposite obtained by EDS.

Spot
Atomic Concentrations, %

C O N S Se Ag Ag/Se Concentration Ratio

1 20.99 55.98 22.22 0.39 0.42 - -

2 41.94 37.58 18.68 0.50 0.99 0.31 0.31

3 40.04 36.30 17.80 0.95 3.32 1.59 0.48

Table 5. Chemical composition from each fractional layer (spot 1, spot 2, and spot 3, as marked in
Figure 3) of the Ag–Se-24/nylon nanocomposite obtained by EDS.

Spot
Atomic Concentrations, %

C O N S Se Ag Ag/Se Concentration Ratio

1 27.12 47.98 24.03 0.34 0.53 - -

2 26.60 45.78 24.47 0.23 0.95 1.97 2.07

3 25.14 52.70 17.22 0.93 1.41 2.60 1.84

Table 6. Chemical composition from each fractional layer (spot 1, spot 2, and spot 3, as marked in
Figure 3) of the Ag–Se-30/nylon nanocomposite obtained by EDS.

Spot
Atomic Concentrations, %

C O N S Se Ag Ag/Se Concentration Ratio

1 30.93 50.91 17.14 0.35 0.67 - -

2 29.58 45.42 19.06 0.78 1.46 3.70 2.53

3 30.34 46.63 16.53 1.44 1.65 3.41 2.07

The results indicate that the silver, selenium, and sulphur atomic concentration of these
fractional layers greatly depends on the selenium deposition time. From the depth profile
EDS spectra data (Tables 3–6), it is clear that sulphur is present in all the three layers, thereby
indicating that diffusion occurred during the a–Se/nylon template preparation. Likewise,
in the first synthesis step, SeO3

2–, SO3
2–, or SO4

2– ions as well as selenium nanoparticles
penetrate into the polymer matrix until the concentration reaches an equilibrium value.
The EDS spectra from the topmost (spot 3), intermediate (spot 2), and diffusion (spot 3)
layers indicate non-homogeneous distribution of silver, selenium, and sulphur atomic
concentration throughout its thickness. We note that, in all composites, silver was not
detected in the diffusion layer (Tables 3–6). The calculated ratio f of the topmost layer
was 1.17, 2.02, 1.84, and 2.06 for Ag–Se-6/nylon, Ag–Se-12/nylon, Ag–Se-24/nylon, and
Ag–Se-30/nylon, respectively (Tables 3–6).

3.2. XRD Analysis

The crystallographic structure of the Ag–Se/nylon nanocomposites was studied by
XRD analysis. Our previous XRD studies of the nylon matrix showed that the diffraction
pattern features two dominant peaks at 2θ 20.1◦ and 23.5◦, and the peak at 9.4◦ of lower
intensity [29]. As the intensities of nylon XRD peaks sharply exceeded the XRD patterns of
the obtained composites, the diffractograms are given in the 30–65◦ 2θ angular interval.
The experimental data were interpreted by using the standard JCPDS cards and the data
available in the literature [5,30]. Analysis results are presented in Figure 4.

389



Nanomaterials 2022, 12, 2584

 

 

0
200
400
600
800

1000
1200
1400
1600

30 35 40 45 50 55 60 65

In
te

ns
ity

 (c
ps

)

Difraction angle 2θ (°)

*

** *
** ** * *

Ag-Se-6/nylon
* Ag2Se

0
200
400
600
800

1000
1200
1400
1600

30 35 40 45 50 55 60 65

In
te

ns
ity

 (c
ps

)

Difraction angle 2θ (°)

* *

Ag-Se-24/nylon
* Ag2Se, • Ag

* ***
*

**

* * * *• ** * *

0
200
400
600
800

1000
1200
1400
1600

30 35 40 45 50 55 60 65

In
te

ns
ity

 (c
ps

)

Difraction angle 2θ (°)

Ag-Se-12/nylon

*
*

** * *
**

*

* Ag2Se 

*

**

* * *

0
200
400
600
800

1000
1200
1400
1600

30 35 40 45 50 55 60 65

In
te

ns
ity

 (c
ps

)

Difraction angle 2θ (°)

*

*

*

** Ag-Se-30/nylon

*

*

*

*** ***
*

* * * *

*
*
*

*

* Ag2Se, • Ag 

Figure 4. XRD patterns of Ag–Se films on the nylon surface. The black lines are the experimental
patterns, and the pink and blue lines label the peaks from Ag (04-003-1472 (Calc., Intensity: 36.0%))
and Ag2Se (01-071-2410 (Calc., Intensity: 91.0%)), respectively.

The Ag–Se-6/nylon nanocomposite showed diffraction peaks corresponding to the
orthorhombic naumannite phase of Ag2Se (JCPDS # 01-071-2410, λ = 0.15406 nm). As ob-
served from the pattern, the predominant (121) peak of the orthorhombic system represents
a preferred orientation along this plane. The identified peak positions coincide well with the
ones reported in literature for Ag2Se nanowires [5] and nanoparticles [30]. With a further
increase in the selenium deposition time (Figure 4 Ag–Se-12/nylon sample), the intensity
of the reflection (112) line increased, whereas the number of new peaks corresponding to
the silver selenide phase rose. The diffractogram of the Ag–Se-24/nylon nanocomposite
showed two sharp lines of nearly equal intensity along (112) and (121) planes, respectively.
The orientation along (121) plane became predominant in the Ag–Se-30/nylon nanocom-
posite. In the Ag–Se-24/nylon and Ag–Se-30/nylon samples diffractograms, the metallic
Ag phase (JCPDS # 04-003-1472, λ = 0.15406 nm) was also detected. Usually, the metallic
Ag structure is depicted by a sharp XRD peak at 2θ 38.12◦ corresponding to a preferential
(111) texture. Together with the Ag2Se phase, a minor amount of elemental selenium may
remain not reacted in the deposited film. At room temperature, deposited Se is amorphous
and not detected by XRD. Since the Ag2SeO3, Ag2SO3, and Ag2SO4 phases were not found
in Ag–Se/nylon nanocomposites, it could be assumed that the SeO3

2–, SO3
2–, and SO4

2–

ions diffused out from the a–Se/nylon template, and reacted with the silver ions to produce
these compounds in solution nearby the a–Se/nylon template region. In the other case, the
by-products of this reaction, due to high solubility, were removed from sample surface by
rinsing with excess hot water before XRD analysis.

3.3. AFM Analysis

The 2D and 3D AFM images for scanning areas of 30 × 30 μm2 are presented
in Figure 5.
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Figure 5. AFM views (left—2D views; center—profile; right—3D views) of (a) uncoated nylon,
(b) Ag–Se-6/nylon, (c) Ag–Se-12/nylon, (d) Ag–Se-24/nylon, (e) Ag–Se-30/nylon.
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The experimental results evidently indicate that the surface topography of the Ag–
Se/nylon nanocomposites strongly depends on the selenium deposition time. As it can
be seen, the uncoated nylon showed a morphology composed of some bulges, sags, and
pores (Figure 5a). These structures of various scales also existed in the Ag–Se-6/nylon
sample, and were distributed unevenly in some ranges (Figure 5b). In addition, these
features possess different irregular shapes, sizes, and separations. With a further increase
in the selenium deposition time (Figure 5c–e), we observed the appearance of particles
agglomerates, which form separated islands. There are also various darker areas (spots
and channels) filled with the several smaller grains, indicating the non-uniform growth
of layers across film thickness. Alternatively, these spots and channels may represent
the holes and cracks extracting down to the depth. In addition, randomly distributed
pyramidal-like structures were also visible. It is difficult to notice a significant relationship
between the size, shape, and the number density of morphological defects and the selenium
deposition time. An examination of all AFM images indicates that the smallest number
density of morphological defects is in the Ag–Se-30/nylon nanocomposite. The roughness
of the composite surface strongly affects the reflectance of light and is crucial for materials
application in the optoelectronic devices. The topographical parameters elucidated by
using AFM analysis are gathered in Table 7.

Table 7. Surface topographical parameters average height (Zmean), average roughness (Ra), root-
mean-square surface roughness (Rq), and peak-to-valley roughness (Rt) obtained by AFM analysis.

Sample Zmean (nm) Ra (nm) Rq (nm) Rt (nm)

Uncoated nylon 171.8 28.22 39.06 429.0

Ag–Se-6/nylon 251.0 43.19 57.04 547.0

Ag–Se-12/nylon 125.7 20.67 28.57 350.9

Ag–Se-24/nylon 113.6 18.53 25.82 369.2

Ag–Se-30/nylon 155.4 17.54 35.33 607.6

The root-mean-square surface roughness (Rq) of the obtained composites decreased
with an increase of the selenium deposition time from 12 to 24 h, and, in Ag–Se-12/nylon
and Ag–Se-24/nylon nanocomposites, it was lower than that of uncoated nylon, but it
increased with the prolongation of the selenium deposition time up to 30 h (Table 7).
The variation trend in the height and roughness values may be related to the deviation
of the films composition from the stoichiometric ratio of Ag and Se (Tables 1 and 3–6)
and variation in the thickness of the Ag2Se film (Table 2). Additionally, the mobility and
diffusion of the SO3

2– and SeO3
2– ions into the sub-surface space of nylon may enhance

or inhibit the grain growth and hence affect the surface morphology (Rq) and roughness
of the deposited films. The (Rq) obtained values of 25.82–57.04 nm reasonably suggest
that the surface morphology is responsible for the relatively high refractive indices of the
Ag–Se/nylon nanocomposites (as discussed in the section on UV-Vis analysis). The height
distribution function gives the number of times that regions of a constant height occur in
the morphology of the film [21]. Figure 6 shows a relatively homogeneous particle height
distribution for the Ag–Se/nylon nanocomposites. Kurtosis (RKu) and skewness (Rsk)
parameters equaled 3.1 ± 0.1 and 0.2 ± 0.05, respectively, suggesting a quasi-symmetric
Gaussian distribution.
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Figure 6. Histogram of the height distribution function in AFM images of (a) uncoated nylon,
(b) Ag–Se-6/nylon, (c) Ag–Se-12/nylon, (d) Ag–Se-24/nylon, (e) Ag–Se-30/nylon samples.

3.4. UV-Vis Analysis

In the spectrum of the Ag–Se-6/nylon sample (Figure 7), the maximum absorption
peak was located at 477 nm, accompanied by a shoulder peak at 584 nm.
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Figure 7. Optical absorption spectra of Ag–Se/nylon nanocomposites.

It is obvious that both absorption features did not shift with the selenium deposition
time, but they were just subjected to an increase in their intensities. The literature reports
wide absorption bands in the region between 300 and 600 nm for Ag2Se nanoparticles [31].
In the wavelength range higher than 620 nm (near the infrared spectral range), the ab-
sorbance monotonically decreased. The peak at 922 nm possibly arises from the absorption
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by some large coalescing aggregates. The Kubelka–Munk method was applied to determine
an optical band gap (Eop). The Eop and the reflectance are interrelated by the equations
given below [25,26]: This is example 1 of an equation:

F·(R) =
(1 − R)2

2·R , (9)

hvF ∼ (
hv − Eop)

n, (10)

where F—the Kubelka–Munk function, R—the reflectance, hν—the photon energy, and Eop
is the optical band gap, n is a constant characterising the transition mode, n = 1/2 or 2 are
for the allowed direct or indirect transitions, respectively.

The variation of (hvF)2 versus hv for each composite is shown in Figure 8. The
linear part in the higher energy region confirms the allowed direct transition mode. The
intersection of a long straight-line part with the photon energy axis depicts Eop value.
The obtained values were 1.86 eV, 1.76 eV, 1.70 eV, and 1.68 eV for Ag–Se-6/nylon, Ag–
Se-12/nylon, Ag–Se-24/nylon and Ag–Se-30/nylon nanocomposites, respectively. The
similar values were reported in ref. [10]. The red shift of Eop values with an increasing of
selenium deposition time can be related to the polycrystalline structure of Ag2Se and a
relatively high surface roughness (Table 7). Additionally, the structural defects generated
from the dispersed selenium nanoparticles and adsorbed SeO3

2–, SO3
2–, or SO4

2– ions in
the composites can also contribute to the band gap value [32]. The Ag2Se had a narrow
band gap (~0.15 eV) in the bulk case at room temperature [33]. The higher Eop values as
compared with that of bulk Ag2Se suggest that the particle sizes were within the quantum
confinement regime [34].
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Figure 8. Optical band gap determination from diffuse reflectance spectra by the Kubelka–Munk
method: (a) Ag–Se-6/nylon; (b) Ag–Se-12/nylon; (c) Ag–Se-24/nylon; (d) Ag–Se-30/nylon samples.
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The refractive index difference of constituent materials causes a significant light
scattering as well as a loss of transparency in organic-inorganic composites [35]. The
following equation was applied to calculate the refractive indices (n): [36,37]:

n =
−(R + 1)± 2

√
R

R − 1
. (11)

The spectral behaviour of indices (Figure 9) showed a very complex character.
In the spectral region between 380 and 477 nm, the refractive indices of all the investi-

gated Ag–Se/nylon nanocomposites illustrated a slow decrease, which can be explained
by a single oscillator model [36]. As we can observe, the refractive indices of the Ag–Se-
6/nylon nanocomposite increased in the spectral interval from 477 nm to 584 nm, while, for
the three other nanocomposites (Ag–Se-12/nylon, Ag–Se-24/nylon and Ag–Se-30/nylon),
it remained nearly constant (the plateau region). In the region at λ > 590 nm, the refractive
indices monotonically increased showing an anomalous dispersion [38]. As discussed
above, various sub-micron structures, particles and agglomerates covered the nylon surface
(Figure 2). These structural elements can also contribute to the anomalous dispersion [39].
At the same time, the refractive indices depend on the selenium deposition time. Specifically,
Ag–Se-6/nylon nanocomposite possesses the ultra-high refractive index as compared with
other samples (Figure 9). For example, the values of refractive indices for Ag–Se-6/nylon
and Ag–Se-30/nylon nanocomposites at λ = 800 nm were 3.68 and 1.98, respectively and
coincide well with those reported in ref. [40]. Finally, we must note that the investigated
composites possessed high refractive index values. Consequently, they are promising for
the development of efficient flat waveguide components and anti-reflective coatings.

1
1.5

2
2.5

3
3.5

4
4.5

5
5.5

6

380 470 560 650 740 830 920 1010 1100

n

λ (nm)

Ag-Se-6/nylon
Ag-Se-12/nylon
Ag-Se-24/nylon
Ag-Se-30/nylon

Figure 9. Variation of refractive indices of Ag–Se/nylon nanocomposites on wavelength.

4. Conclusions

Compact multilayer Ag–Se/nylon semiconductor nanocomposites were synthesised
via a template-engaged reaction, which could convert the a–Se layer on nylon into an Ag–Se
film. The obtained results imply that the surface morphology, and elemental and phase
composition of Ag–Se/nylon nanocomposites as well as their optical properties were highly
sensitive to the selenium deposition time on nylon. Scanning electron microscope (SEM)
analysis confirmed the development of a very complex surface composed of pyramidal-
like sub-micron structures, agglomerates, and grid-like structures. Energy dispersive
spectroscopy (EDS) of large areas (10 × 11.5 μm2) proved the presence of carbon, oxygen,
nitrogen, sulphur, selenium, and silver. The higher content of oxygen was observed in
all the obtained composites as compared with that of an uncoated nylon sample, which
distinctly suggests the presence of oxygen containing ions, such as SeO3

2–, SO3
2–, or SO4

2–.
SEM/EDS cross-sectional analysis proves the multilayer character of the composite with a
different individual elemental composition in each layer. X-ray diffraction analysis indicates
that Ag–Se/nylon nanocomposites obtained at shorter selenium deposition times exist
as polycrystalline naumannite Ag2Se; composites obtained at longer selenium deposition
times exist as a mixed-phase material composed of Ag2Se and metallic Ag. The RMS
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value obtained from the atomic force microscopy varied from 25.82 nm to 57.04 nm. The
direct optical band gap (Eop) was found to be 1.68–1.86 eV. Ag–Se/nylon nanocomposites
exhibited high refractive indices in the visible and near infrared region. The presented
results are promising for the optimisation of Ag2Se/nylon nanocomposite fabrication
process, which is one of the most important components in flexible electronics.
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Abstract: Nanomechanical resonators made from van der Waals materials (vdW NMRs) provide a
new tool for sensing absorbed laser power. The photothermal response of vdW NMRs, quantified
from the resonant frequency shifts induced by optical absorption, is enhanced when incorporated
in a Fabry–Pérot (FP) interferometer. Along with the enhancement comes the dependence of the
photothermal response on NMR displacement, which lacks investigation. Here, we address the
knowledge gap by studying electromotively driven niobium diselenide drumheads fabricated on
highly reflective substrates. We use a FP-mediated absorptive heating model to explain the measured
variations of the photothermal response. The model predicts a higher magnitude and tuning range of
photothermal responses on few-layer and monolayer NbSe2 drumheads, which outperform other
clamped vdW drum-type NMRs at a laser wavelength of 532 nm. Further analysis of the model shows
that both the magnitude and tuning range of NbSe2 drumheads scale with thickness, establishing a
displacement-based framework for building bolometers using FP-mediated vdW NMRs.

Keywords: van der Waals materials; nanomechanical resonators; Fabry–Pérot interferometry;
photothermal response; static displacement; absorptive heating; NbSe2 drumheads

1. Introduction

Nanomechanical resonators (NMRs) embedded in an optical cavity are valuable plat-
forms for studying weak forces due to the enhanced coupling between light and motion [1].
Enhanced coupling improves the capability of nanomechanical resonators to demon-
strate nonlinear dynamics [2] and sense heat transport in suspended nanostructures [3].
Resonators interacting with optical elements enjoy additional degree of spatiality [4–8],
extremely large optomechanical coupling at ambient temperature [9,10], and reduced
mode volume due to breakthrough technologies in focusing laser beams via free space
optics [11–13], fiber optics [14–16] and near-field interactions with multiplexed on-chip
optical waveguides and tapered fibre [17,18].

Heating induced by the probe laser remains a concern in the optical readout of
NMRs [19,20]. Photothermal effects [3,15,21,22] emerge once the laser illuminates a re-
gion of the resonator and raises the temperature of the mechanical mode [20], while the
process hinders ground-state cooling of the mechanical mode [23], it enables sensing of
incident laser power with the aid of on-chip Fabry–Pérot (FP) cavities. NMRs fabricated
with suspended van der Waals (vdW) materials [24–26] show promising photothermal
sensitivities [27] due to reduced mass, and layer-dependent mechanical, optical, and ther-
mal properties. Few-layer and multilayer niobium diselenide (NbSe2) is a candidate vdW
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material for low-noise, highly responsive photodetectors at ultraviolet [28] and infrared
wavelengths [29,30].

There are several approaches to quantifying the power absorbed by vdW NMRs.
One can measure the mechanical mode temperature by resolving thermomechanical
motion [6,31] while varying the incident laser power. Such detection requires low mass and
high quality factors of NMRs, which can be difficult to ensure for vdW materials [24–26]. A
less stringent yet popular method involves monitoring of the resonant frequency shift of an
electromotively driven vdW NMRs [3,27], and following its dependence on the incident
laser power. In both approaches, light absorption depends not only on the FP structure and
wavelength, but also on the resonator displacement from the initial equilibrium position.
Understanding the displacement-dependent absorptive response may provide insights into
managing FP-mediated heat flow in NMRs, while experiments on NMRs fabricated from
various types of vdW materials have been published, photothermal sensing with NbSe2
NMRs has not yet been reported. NbSe2 has low thermal conductivity [32], is flexible [33]
and has large fracture strain [34]. This combination of properties enables the realization of
low power, photothermal-strain-sensitive detectors.

In this paper, we explore the influence of the resonator displacement on the sensitivity
of the FP-based vdW NMRs to incident light by investigating the photothermal response of
electromotively driven NbSe2 drumheads. We propose an FP-mediated absorptive heating
model that accounts for resonator displacement to explain the observed variations in the
measured photothermal response. The model consequently reveals a large tuning range
of photothermal responsivity as the drumhead moves towards the bottom electrodes. We
extend the model to drumheads of varying thicknesses and materials to gain insight into
the geometric and material impact of FP-mediated heating on NMRs.

2. Materials and Methods

2.1. Device Design and Fabrication

Figure 1a shows the optical micrograph of devices A (circular) and B (elliptical).
Bulk NbSe2 flakes bought from HQ Graphene are mechanically exfoliated with PDMS
stamps [8,35–37]. The flakes are then transferred on a lithographically patterned Au-Cr-
SiO2-Si substrate covered with electron-beam patterned resist CSAR-62 via dry determin-
istic transfer [8,36–38]. The freestanding regions of the flake above the patterned drum
holes of the resist represent the drumhead resonator devices. Device A has a radius
aA = bA = 3.5μm and device B has a major radius aB = 4.0μm and a minor radius
bB = 3.5μm. The cross-section layout of the FP structure is shown in Figure 1b. The
40 nm-thick Au and 20 nm-thick Cr electrodes are deposited on 543 nm-thick SiO2 to act
as electrical ground and mirror. The CSAR-62 thickness s determines the designed FP
cavity length.
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Figure 1. Measurement setup and device. (a) Optical micrograph of the circular (red dashed circle)
and elliptical (blue dashed ellipse) drumhead resonators under study. The white scale bar corresponds
to a length of 10 μm. The black dashed line on the micrograph represents the average thickness of
the NbSe2 flake as measured by the Multilayer Interference Approach. (b) Schematic diagram of
laser-induced photothermal heating of an electromotively driven drumhead resonator. Cross-section
showing the net tension exerted by the drumhead resonators under photothermal heating at the
middle of the drumhead. (c) Optical interferometric setup used to track the mechanical frequency of
multilayered NbSe2 flake mechanical resonators. Measured driven mechanical responses of circular
and elliptical drumhead resonators at increasing incident laser power are shown in (d,e), respectively.
The data are represented with dot markers connected with lines. The devices are electromotively
driven at VDC = 4 V and VAC = 0.125 Vpk. The rightmost colored responses in (d,e) represent the
driven responses resolved at the lowest incident powers Pin. The consecutive responses darken with
increasing Pin. Dashed lines refer to the driven resonator fits.

2.2. Electromotive Actuation and Optical Detection Scheme

The mechanical drums are set into motion by an electromotive force originating from a
combination of DC and oscillating voltages and as shown in Figure 1b,c. The electromotive
force can be written as [2]

Fem =
1
2

dCm

dz
[VDC + VACcos(2π fdt)]2, (1)

where Cm is the vacuum capacitance between the freestanding drumhead and the bottom
electrode with distance defined by s, VDC is the DC voltage, VAC is the amplitude of the
oscillating voltage at driving frequency fd, t is time, and z is the out-of-plane (z-direction)
displacement from the equilibrium position. The relation between the voltages and the
time-dependent displacement for a tensioned electrostatic drum plate can be written in the
form [8,39]

ρh
∂2z(t)

∂t2 + DP∇4z(t)− γ∇2z(t) =
Fem

πa2
e f f

, (2)

where ρ is the mass density, h is the drumhead thickness, ae f f is the effective radius of the
drumhead, γ is the tension, and DP is the flexural rigidity of a circular plate. Equation (2) is
the general equation that determines the vibrational amplitude for electromotively-driven
tensioned drum plates.
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The motion is detected through the optical interferometric detection scheme at a
laser wavelength λ = 532 nm, as shown in Figure 1c. The chip containing NMR drum-
heads is placed in a vacuum box with optical and electrical access and a base pressure
of 6 × 10−7 mBar. The laser beam, passing through a 50× objective, has a focused spot
diameter of 1.9μm and allows for spatial resolution of picometer vibrational amplitudes
given the designed FP cavity length s = 295 ± 10 nm as measured by a commercial stylus
profilometer [8,36]. Scanning mirrors help align the spot of the probe laser beam at differ-
ent positions on the drumhead. The reflected interfering light obtains redirected by the
beamsplitter (50:50 BS) to the photodetector (PD). The data acquisition (DAQ) unit and the
lock-in amplifier (LIA) read the PD output DC voltage V and AC voltage Ṽ( fd), respectively.
By using the multilayer interface approach (MIA) [36,40], the spacer height is determined
from the measured V to be s = 296 nm, and the drumhead thickness h = 55 nm (shown in
Figure 1a), which is about 92 layers assuming a single layer thickness of 0.6 nm [35]. The
LIA measures Ṽ( fd) using the homodyne detection technique, with a time constant of 0.3 s
and a time delay of 6 s to lock the phase at fd and measure the steady-state response of
the NMR.

2.3. Photothermal Effect

When a laser beam illuminates a region of the drumhead, the drum surface reflects
a fraction of the incident laser power Pin for detection and absorbs some of the power
accumulated in the FP cavity. The drumhead experiences radiation pressure and photother-
mal effects. Radiation pressure is exerted on the drumhead surface due to the momentum
transfer between the drumhead and photons. This pressure is enhanced when incorporated
into an FP structure due to multiple round trips of photons that are trapped between
the drumhead and the bottom mirror. The tension generated from radiation pressure
depends on Pin, λ and the reflectance of the drumhead and the reflective mirror in the FP
structure [15,21]. The calculations in the Supplementary Materials show small induced
tension for the highest applied Pin, indicating that the observed mechanical shift originates
from the photothermal effect.

The photothermal effect for most van der Waals structure relies solely on laser-induced
absorption [3]. The absorbed power can be described as Pabs = PinχAFP, where AFP is the
total absorbance of the FP cavity and χ is the power fraction absorbed by the drumhead in
the FP stack. The absorbance of the FP cavity for a given drumhead thickness h depends
on the difference between the spacer height s and the resonator static displacement zs. Pabs
heats the illuminated spot, and produces a temperature gradient due to the radial heat
transfer to the drum clamps, as shown in Figure 1b. Consequently, the elevated temperature
changes the mechanical tension exerted by the clamps by a photothermal tension, γpth. As
illustrated in Figure 1b, γpth is added to the existing initial mechanical tension γ0 generated
by the drum displacement.

2.4. Determination of Fabry–Pérot Absorbance via Multilayer Interference Approach

The absorbances of our multilayer stack are estimated by determining the reflectance
and transmittance of the substrate used for our FP devices. For simplicity, the reflectance,
transmittance, and absorbance calculations assume that the laser with a wavelength
λ = 532 nm originates from a point source in a vacuum and propagates towards the FP
structure. Assuming that the thickness of the Si substrate is infinitely large, the reflection
coefficient of the Au-Cr-SiO2-Si substrate acting as a bottom mirror is Γm = 0.665 − 0.565j,
numerically determined via MIA [36,41,42], and its corresponding reflectance is Rm = 0.761.
For an FP cavity with a vacuum spacer, we define the reflectance of the vacuum spacer to
be [36]

RFP(h, zs) =

∣∣∣∣∣ rh
(
1 − e−2jδh

)− (
r2

h − e−2jδh
)
Γme−2jδs

1 − r2
1e−2jδh − rh

(
1 − e−2jδh

)
Γme−2jδs

∣∣∣∣∣
2

, (3)
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where rh = (1 − n̂res(λ))/(1 + n̂res(λ)) is the reflection coefficient of the vacuum-flake
interface, δh = 2πn̂res(λ)h/λ is the optical phase thickness of the resonator with a complex-
valued refractive index of the resonator material n̂res, and δs = 2πn̂vac(s − zs)/λ is the
optical phase thickness of the vacuum spacer, with n̂vac = 1.

Next, MIA is used to determine the substrate transmittance (Tsub = 0.03) and ab-
sorbance (Asub = 0.21). Adding the nanomechanical resonator with a corresponding
vacuum gap on the substrate leads to a vanishing transmittance of the overall FP stack
TFP ≈ 0, thereby the absorbance of the FP-cavity system can be expressed as

AFP = AFP(h, zs) ≈ 1 − RFP(h, zs). (4)

Combination of Equation (4) and Equation (3) provides the modeled absorbance AFP of the
drumheads as a function of h and zs.

Apart from AFP, the proportion of light absorbed by the nanomechanical resonator in
the FP stack, represented by χ, is determined using the TMM package in Python [42]. Laser
radiation propagates towards the surface of the FP stack, where both forward (transmitted)
and backward (reflected) electric field interfere at each interface. The resonator and the
substrate, especially the metal electrodes, absorb some of the energy stored in the FP cavity
while the vacuum does not. The power absorbed either in the nanomechanical resonator or
the substrate is quantified by obtaining the difference between the transmitted and incident
intensity per material stack, and normalizing it with the incident intensity.

3. Results and Discussion

3.1. Measured Mechanical Spectra

Observation of the photothermal effect on vibrating drums requires changing Pin
and monitoring the resonance frequency shift in the mechanical spectrum as shown in
Figure 1d,e, with amplitude normalized to the incident power. Lightest colored Ṽ/Pin
versus fd responses refer to the driven responses probed with small incident powers, with
the darker hue indicating higher probe powers. Figures S1 and S2 of the Supplementary
Materials show the raw data of Figure 1d,e, respectively. Variations of Pin do not change
the shape of the measured response curve, confirming that the drumhead oscillates within
the linear regime even at the highest incident laser power [43]. To extract f0, the mechanical
quality factor Qm, and their uncertainties, a linearly-driven damped oscillator model [36,44]
is used to fit the measured spectra, with the amplitude Ṽ/Pin ∝ z. The number of reported
significant figures of f0 originates from the standard deviation of the driven damped
oscillator model fit and the spacing between driving frequency values. The resulting f0
dependences on Pin for devices A and B are shown in Figure 2. The Qm of devices A
and B for the range of incident powers used are 12.6 ± 0.6 and 23.4 ± 0.3, respectively. A
combination of clamping losses, and imperfect, non-uniform boundaries contribute to the
low quality factors observed in Figure 1d,e [36].

402



Nanomaterials 2022, 12, 2675

Figure 2. Dependence of the fundamental resonant frequencies of circular (device A) and elliptical
(device B) resonators on the incident laser power. Insets show the position of the laser spot (green
circle in the center) with a spot diameter of 1.9μm at which the driven responses of devices A and B
are measured. Data points are measured resonant frequencies from the driven responses and solid
lines are linear fits. The f0 uncertainties from the driven resonator fits are in the order of 1 kHz.

3.2. Concept and Theory

We consider the case of a tensioned circular drumhead where both Dp and γ0 have
comparable effect on the resonant frequency of the drumhead. The resonant frequency of
both circular and elliptical drumheads, with an effective radius ae f f =

√
ab and thickness h

can be written as [45]

f0(Pin) =
λ01

2π

√√√√ Dp

ρha4
e f f

[
λ2

01 +
(γ0 + γpth)a2

e f f

Dp

]
, (5)

where λ01 is a modal parameter that is determined numerically. At Pin = 0, the drum-
heads oscillate at their natural resonant frequency (without heating) f0 = f0(Pin = 0)
corresponding to the y-intercept of both plots for circular and elliptical drumheads in
Figure 2. Given f0 values of 16.62 MHz and 15.43 MHz for device A and B, respectively,
and using Equation (5), we determine the initial tension of γ0,A = 5.01 N m−1 for device A
and γ0,B = 5.15 N m−1 for device B, for the given applied DC voltage. As Pin ramps up, the
downward resonant frequency shift is observed as shown in Figure 2.

Since the frequency shift is linear for small values of Pin, Equation (5) can be given by
its first-order Taylor polynomial

f0(Pin) ≈ f0 +
1
2

[(
λ01

2π

)2 1
ρha2

e f f

]
γpth(Pin)

f0
, (6)

and the shift can be written as

Δ f0(Pin) =
1
2

(
λ01

2π

)2 γpth(Pin)

ρha2
e f f f0

. (7)
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Compressive tension is given by [27,46,47]

γpth(Pin) = −E3Dh
1 − ν

αLΔTabs(Pin), (8)

where E3D is the Young’s elastic modulus, αL is the thermal expansion coefficient of NbSe2
at the bath temperature T0, and ΔTabs is the temperature difference between T0 and the
average temperature of the drumhead T0 + ΔTabs. For linear changes in T0 + ΔTabs, the
average temperature difference is expressed as

ΔTabs(Pin) =
Pabs(h, zs)

4πhκ
η, (9)

where κ is the in-plane thermal conductivity of NbSe2, and η is the average spot diameter
factor. We estimate both χ and AFP through MIA [41,42,48] whereas η is evaluated by
assuming absorptive spot heating in the center of the drumheads [49].

Given these inputs, we define the photothermal responsivity Ψ as the frequency shift
induced by the absorbed power. By solving Equation (7) using Equations (8) and (9), and
defining Ψ as Ψ = Δ f0/ΔPin, the photothermal responsivity is expressed as

Ψ(zs) = −1
8

(
λ01

2π

)2 E3DαL
(1 − ν)m f0

χAFP(h, zs)η

κ
, (10)

where m = ρπa2
e f f h is the total mass of the drumhead. This quantity can be extracted

experimentally from the slope of the linear fits acquired from Figure 2. In the tensioned
membrane regime, Ψ ≈ γ−0.5

0 (see full expression in the Supplementary Materials). This
dependence resembles the temperature sensitivity of string-based sensors [50], albeit the
thermal tension used to gauge the temperature originated from substrate heating effects.
The finding that low γ0 is favored for temperature sensing due to high temperature sensi-
tivity also applies to photothermal strain sensors based on drumheads. Previous works
on interferometric studies of membrane NMRs demonstrate not only imperfections in the
amplitude mode shape [51], but also variations of f0 with laser beam spot position in the
presence of metallic nanoparticles [52]. A localized laser heating study on membranes
made from silicon nitride [53] suggests that the spot location should be accounted for when
performing power-dependent bolometric tests because applying high Pin would induce
radial dependence of the measured f0. Figure S4 of the Supplementary Materials exhibits
that devices A and B show small radial dependences of f0 at different incident powers for a
0.2μm misalignment away from the drum center. The misalignment range is a fraction of
the spot diameter, which does not produce significant change in the radial variations of f0
at Pin of Figure 2. Hence, the power dependence of the frequency shifts within the 0.2μm
radial misalignment range does not significantly deviate from that in Figure 2.

3.3. Effect of Static Displacement on the Measured Photothermal Responsivities of NbSe2 Drums

Figure 3 shows the dependence of Ψ extracted from Figure 2 with the corresponding
zs and Ψ(zs) generated with Equation (10) using the resonator specifications and material
properties of device A (see Table S1 of the Supplementary Materials). The wavy behavior of
Ψ(zs) originates from the modulation of the FP absorbance AFP of a 55 nm thick bulk NbSe2
drumhead as its center moves to a distance zs away from s. The described dependence,
shown in magenta dotted lines, is simulated using Equation (4). The magnitude of Ψ comes
from other material parameters in Equation (4) apart from AFP.
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Figure 3. Photothermal responsivity and absorbance dependence of the multilayer NbSe2 drumhead
resonators on the static displacement. Data points are the slope extracted from the slope in Figure 2.
Fitting slope uncertainties in Figure 2 for devices A and B are 35 HzμW−1 and 22 HzμW−1, respec-
tively. Solid line refers to the photothermal responsivity model. For comparison, the dependence of
the simulated absorbance of the Fabry–Pérot cavity on static displacement, shown by magenta dotted
line with the magnitude referenced on the right Y-axis spine, is also shown.

The negative Ψ values shown in Figure 3 imply that both devices A and B undergo
heat-induced compression. Device A has ΨA = −2.19 kHz μW−1 for zs = 13 nm. Device B
has ΨB = −2.38 kHz μW−1 for zs = 29 nm. The ratio of zs between device A and device B
in Figure 3 yields 2.23, which is close to the value of 2.16 obtained from the theoretically
derived expression βellipsea4

B/βcirclea4
A, where β is the eccentricity factor from reference [54].

The results imply that the difference in zs of these two drums lies with geometry [8].
Physically, the compressive strain translates to an out-of-plane radial expansion of the
drumhead when aided with zs. zs is controlled either through electromotive driving of
the drumhead [3,55,56] or through slack [8,57,58]. Given the nature of the transfer process
using PDMS disks [8,37], zs likely originates from slack.

According to the model prediction in Figure 3, Ψ = −2.10 kHz μW−1 when the res-
onator is in its equilibrium position (zs = 0). Displacing the resonator to zs = 69 nm,
which is a position where a dark FP fringe occurs, results in Ψ ≈ −3.33 kHzμW−1, which
amounts to increases in the measured responsivities of devices A and B by 42% and 52%,
respectively. Furthermore, we estimate a tuning range of 1.40 kHz μW−1, which is traced
from the AFP difference between the dark and bright fringes.

3.4. Simulated Effect of Drumhead Thickness on the Photothermal Responsivity Profile of
NbSe2 Drums

To further understand the thickness dependence of the photothermal responsivity, we
first visualize the effect of h on the AFP(zs) profiles of bulk NbSe2 films using Equation (4),
as shown in Figure 4a,b. We then simulate the effect of varying h on the Ψ(zs) profiles of
circular bulk NbSe2 drumheads using Equation (10), as shown in Figure 5a,b. The simulated
Ψ(zs) profiles are restricted to the material properties of bulk, clean devices possessing ae f f ,
f0, FP structure and λ of device A. With these parameters, only λ01 is varied to decrease at an
increasing thickness to maintain f0 as shown in Figure 4d. The wavy dependencies of Ψ(zs)
for multilayer bulk NbSe2 originates from the AFP(zs) plotted in Figure 4a,b. For h = 6 nm,
we estimate a tuning range of roughly 12.2 kHz μW−1 from Ψ(zs = 0) = −16.30 kHz μW−1
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to Ψ(zs = 69 nm) = −4.05 kHz μW−1. For h = 30 nm, we obtain a tuning range of
2.78 kHz μW−1 from Ψ(zs = 0) = −4.16 kHz μW−1 to Ψ(zs = 86 nm) = −1.39 kHz μW−1.
Hence, thinner bulk NbSe2 devices have larger tuning range and magnitude as compared
to thicker devices. Furthermore, the simulated Ψ(zs) profile of monolayer NbSe2, shown in
Figure 5c as black solid lines, has larger magnitude and tuning ranges than the extrapolated
bulk NbSe2 Ψ(zs) curve (black dotted line).

Intuitively, the change in h modifies the properties of both the FP cavity and the
nanomechanical resonators, and consequently affects Ψ(zs). In the FP domain, h modifies
both AFP and χ as shown in Figure 4a–c, respectively. In a non-transmissible FP cavity with
known refractive indices of the resonators n̂res [59–63], reflectance and absorbance dominate.
For example, the deflection-dependent behavior of the bulk NbSe2 AFP transitions from
an asymmetric, sinusoidal profile at thin layers to a Fano-peak profile at thicker layers, as
shown in Figure 4b. Furthermore, the deflection dependence of monolayer NbSe2 AFP
maintains an asymmetric, sinusoidal profile due to its large absorption coefficient, which is
different compared to bulk NbSe2 [36,59]. In device A, the values of zs predicted to have
maximum absorbance and magnitude of Ψ would have near-zero modulated reflectance,
implying no detectable NMR responses by the FP cavity. Hence the estimates for the tuning
range of the drumheads are upper bounds. Nevertheless, the values help confine a range
of zs that give detectable driven response and photothermal heating.

Figure 4. Dependence of the displacement-dependent Fabry–Pérot absorbance profile AFP(zs)

of drum NMRs on the drum thickness and displacement from equilibrium for various resonator
materials. (a) Intensity color map of the calculated dependence of AFP(zs) of bulk NbSe2 on thickness
and displacement from equilibrium. Colored dashed lines correspond to the AFP(zs) profiles plotted
in (b). Dependence of the absorbed power fraction χ (c) and fundamental mode constant λ01 (d) of
bulk NbSe2 resonators on thickness. (e) Simulated AFP(zs) profile for different materials. The FP
absorbances were simulated for the Fabry–Pérot structure of device A.
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Figure 5. Dependence of the photothermal responsivity profile Ψ(zs) of drum NMRs on the thickness
and displacement from equilibrium for various resonator materials. (a) Intensity plot of the calculated
dependence of Ψ(zs) of bulk NbSe2 drumheads on thickness and displacement from equilibrium.
Colored dashed lines correspond to Ψ(zs) profiles displayed in (b). For comparison, we use the
diameter, Fabry–Pérot structure, and mechanical resonant frequency of Device A in simulating the
dependences. (c) Scatter plot of the photothermal responsivity values obtained in Figure 3, along
with photothermal responsivities of other NMRs extracted from the literature. Square symbols refer
to devices demonstrating highly tensioned systems such as monolayer (1L) graphene (Gr), monolayer
molybdenum diselenide (MoSe2), and thin black phosphorus (57L-BP) drumheads. Circular symbols
refer to devices dominated by flexural rigidity such as thick black phosphorus (160L-BP) drums,
silicon nanowire (SiNW) cantilever beams, and NbSe2 drums (A, B). Included also are Ψ(zs) of both
tension-dominated (solid lines) and flexural rigidity-dominated (dotted lines) devices having the
Fabry–Pérot structure of device A.

At large displacements zs,large ≥ λ/4, the dependencies of AFP and Ψ on zs,large for
NbSe2 drums are linear. For 55 nm thick drumheads, as shown in Figure 3, both AFP and Ψ
are roughly constant at zs,large, indicating the FP cavity produces bright fringes regardless
of zs,large. For thinner drumheads described in Figures 4b and 5b, AFP and consequently the
magnitude of Ψ increase linearly with zs,large as the drumheads move to positions where
the FP fringe transitions from bright to dark. Furthermore, the slope of the AFP(zs,large)
profile increases at decreasing h and so does the slope of the magnitude of Ψ(zs,large) profile.
Beyond zs,large ≥ 200 nm the drumhead would collapse on the electrode when actuated by
electromotive force due to pull-in instability [64].

In the nanomechanical resonator domain, the effect of the drum head thickness de-
pends on whether the resonator operates in the low tension or high tension regime (see
Supplementary Materials for the full expressions). In the regime where rigidity dominates,
Ψ ∝ h−2. In the tensioned membrane regime in which the modeled multilayer and mono-
layer NbSe2 drums in Figure 5b,c reside, Ψ ∝ h−0.5. Engineering a constant value of Ψ for
any value of zs requires thicker drum plates. For devices with larger tuning ranges of Ψ,
thin NbSe2 membranes are preferred, though stress-relief structures offer the possibility of
thin plate structures [65].

3.5. Comparison with Reported Results of Various NMRs from Literature

We note that the Ψ(zs) curve of monolayer (1L) NbSe2 in Figure 5c represents an
upper bound by assuming a clean device (ρ ≈ ρNbSe2 ). These conditions result in a
greater magnitude and larger tuning range of Ψ(zs) of the monolayer NbSe2 than Ψ(zs) of
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other devices such as 165 nm thick, clamped-free silicon nanowire (SiNW) resonators [66]
(cyan, solid line), graphene (1L-Gr) (orange, solid line), cryogenically-cooled monolayer
diselenide (1L-MoSe2) (purple, solid line) and multilayer black phosphorus (BP, magenta
solid and dotted lines) drums. The shape of these Ψ(zs) is reflected in their corresponding
AFP(zs) dependencies as shown in Figure 4e, which uses the substrate and λ of device
A. For the properties of the above-listed materials that define the magnitude of Ψ(zs),
see Tables S1 and S2 of the Supplementary Materials. Note that the Ψ(zs) profiles for
BP resonators assume an average, isotropic E3D and κ even though these resonators have
reported anisotropic properties [48]. The indicated materials have positive αL which implies
that the devices made of these materials experience compression upon the illumination by
the laser beam. Only the Ψ(zs) curve of graphene experiences tension upon spot heating
due to graphene’s negative αL at ambient temperature. Furthermore, the SiNW device falls
under the optically-thick, bending regime, which illustrates the near-zero magnitude and
tunability of Ψ with zs.

We also see from Figure 5c that the measured Ψ of bulk NbSe2 devices is comparable
to that of 57L-BP device (magenta square) and significantly better than both bulk SiNW
(cyan circle) and 160L-BP (magenta circle) devices. However, Ψ’s of these devices are ten
times smaller than the Ψ values of a 1L-MoSe2 drumhead (pink square), which possesses a
significantly smaller mass. We note that the values of zs extracted from the literature are for
the devices in their equilibrium position except for graphene, which has 1 nm deflection to
resolve its motion [21].

The effect of the substrate and probing wavelength on the photothermal responsivity
of the drumheads varies with the resonator material as its optical, thermal, and mechanical
properties modify their Ψ(zs) profiles. For example, the highly-reflective substrate of device
A shows improved Ψ(zs = 0) for the 160L-BP, 1L-Gr and 1L-MoSe2 devices, comparable
Ψ(zs = 0) to the SiNW device and decreased Ψ(zs = 0) for the 57L-BP drumhead as
compared to their extracted values in the literature [3,21,48,66] (colored symbols), as shown
in Figure 5c. The devices cited in the literature make use of a combination of gap heights,
probe wavelength, and substrate for near-optimal FP-based detection [67] and ease in
device fabrication; their photothermal responses are secondary. Nevertheless, our model
demonstrates the variation of the tuning range of Ψ(zs) of thin van der Waals materials
using our FP structure.

The values of Ψ(zs) reported in this work, with the exception of clean 1L-NbSe2, are
fractions of Ψ reported for metamaterial string [31] and graphene trampoline NMR bolome-
ters [27] at infrared and visible wavelengths, respectively. Apart from replacing NbSe2 with
thermally insulating vdW materials, a strategy to improve Ψ(zs = 0) of NbSe2 involves
decreasing the thermal conductivity of the drumheads with high-aspect-ratio tethers that
resemble a trampoline geometry. The trampoline structure is reported to increase Ψ(zs = 0)
of graphene, known for its very high thermal conductivity, to 2.4 × 103 kHzμW−1 [27].
The structure is tricky to implement on NbSe2 since the focused ion beam etching step
introduces defects that alter the flake properties [68,69]. On another note, broadening the
tuning range would entail engineering a partially-transparent substrate at a probe wave-
length to distinguish the resonator positions of maximum absorbance and zero modulated
reflectance [20]. Finally, the proposed model guides the design and fabrication of FP-based,
ultrathin nanomechanical bolometers made from NbSe2 and other vdW materials, whose
photothermal responsivity is tunable with static displacement. Future directions include
experimental demonstrations of the dependence of vdW NMR photothermal responsivity
on the drumhead thickness and initial tension.

4. Conclusions

In summary, we have designed and characterized NbSe2 drumheads with controllable
photothermal heating using NMR static displacements in FP cavities. Our simulations show
that the magnitude and tuning range of the photothermal response of drumheads increase
at decreasing flake thickness. Our analysis shows that a monolayer NbSe2 drumhead
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NMR has promising photothermal responsivities at room temperature, while our work
focuses on NbSe2 devices, the design framework applies to a family of vdW materials and
conventional resonator materials that absorb light.
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Abstract: Graphene resonant sensors have shown strong competitiveness with respect to sensitivity
and size. To advance the applications of graphene resonant sensors, the damage behaviors of
graphene harmonic oscillators after thermal annealing and laser irradiation were investigated by
morphology analysis and frequency domain vibration characteristics. The interface stress was proven
to be the key factor that directly affected the yield of resonators. The resulting phenomenon could be
improved by appropriately controlling the annealing temperature and size of resonators, thereby
achieving membrane intactness of up to 96.4%. However, micro-cracks were found on the graphene
sheets when continuous wave (CW) laser power was more than 4 mW. Moreover, the fluctuating light
energy would also cause mechanical fatigue in addition to the photothermal effect, and the threshold
damage power for the sinusoidally modulated laser was merely 2 mW. In this way, based on the
amplitude-frequency surface morphology of the graphene resonator, the thermal time constant of the
order of a few microseconds was confirmed to evaluate the damage of the graphene oscillator in situ
and in real time, which could be further extended for those resonators using other 2D materials.

Keywords: graphene resonator; interface stress; film thermal damage; thermal time constant

1. Introduction

Micro resonant sensors have been widely applied in aviation, aerospace engineering
and automation due to their high sensitivity, stable performance and direct frequency signal
output. The resonator is the key element of resonant sensors, which dominantly affects
the performance of the whole system. To develop a high-performance resonant sensor, the
material of the micro resonators should be stiff, robust and stable.

Graphene, an atom-thick two-dimensional material with a single-layer thickness of
0.335 nm, has demonstrated excellent mechanical [1], optical [2], electrical [3] and thermal
properties [4]. These superior properties enable the new material with novel nanostructures
to be widely applied in the field of micro-electro-mechanical systems (MEMS) or photoelec-
tric devices [5]. To be specific, graphene exhibits a high Young’s modulus of 1.0 TPa, a high
tensile rate up to 20% [6] and extreme fatigue life of more than 109 cycles [7], which makes
it an appropriate material for harmonic oscillators. Particularly, the first graphene resonator
was developed by transferring graphene onto the trenches of silicon oxide [8], actuated
by a modulated laser. Compared with the silicon counterpart, a graphene resonant sensor
could reach 45 times higher pressure sensitivity with a 25 times smaller membrane area [9].
However, in terms of stability, the graphene resonators still cannot reach the same long-
term stability as silicon resonators that can achieve a one-year frequency drift of merely
0.01% [10]. This perfect stability of silicon resonators is not only due to the craftsmanship
of silicon resonators—for example, the complete sealing technology of the resonator—but
also the research of the damage resource, and the compensation methods [11–13]. Thus,
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research about the damage mechanism of graphene resonators is of vital importance, but it
has not been extensively discussed thus far. Moreover, it should be noted that, especially
for a merely ~0.335 nm thick membrane, it is much easier to lose integrity.

The damage of graphene resonators can be attributed to the manufacturing process
and operating conditions. For the fabrication of resonators, suspended transfer of graphene
is a common step that might cause damage to the thin suspended membrane. Generally,
graphene transfer in micro-mechanical systems is performed with the help of the widely
used polymethyl methacrylate (PMMA) [14], Polydimethylsiloxane (PDMS) [15] or other
polymers, by spin-coating on the film onto the original substrate surface [16]. Here, we
focused on the commonly used transfer method with PMMA substrate. After transfer-
ring graphene to a target substrate, PMMA coating could be removed by annealing over
300 ◦C [17] or washed off in an acetone solution [18]. Considering the PMMA removal
method, a previous study by Oshidari et al. [19] has shown that the thermal annealing
procedure could be employed to improve the resonator’s resonant frequency and quality
factor. By using the Raman spectroscopy imaging technic, it was noticed that there is con-
siderable strain induced in the suspended graphene flakes after annealing, including the
furnace annealing [20] or laser annealing [21]. Although this extra inner stress contributes
to holding the graphene sheet tightly and causes a flatter membrane surface [22], the extra
strain in the annealing process would negatively induce the cracks on the graphene surface.
According to Barton et al. [23], the diameter of suspended graphene would affect the
performance of the fabricated device. Hence, an appropriate annealing temperature for a
graphene membrane with a specific diameter should be evaluated for better performance
of the graphene oscillator. Besides the transfer-induced damage in the fabrication process,
the photothermal effect would also result in damage to the membrane. Generally, the
laser-induced damage can be characterized by the thermal effect and the non-thermal one.
For the former, graphene absorbs photons and then releases them under the irradiation of
the CW laser [24]. When the applied laser power is strong enough, the energy of phonons
can break chemical bonds, thereby resulting in the thermal damage to graphene. The latter
could be divided into two aspects. One is due to the original defects, such as the vacancy,
which would weaken the fatigue characteristics of the original material, which has been
discussed in [7]. The other is due to the ultra-fast energy transfer mechanism unique to
solids. When the energy transmission speed of the laser pulse was obviously faster than
phonon relaxation time, electrons were excited, and thermions are created. These electrons
in semiconductors could absorb energy and then cool down by giving it to other phonons
on a shorter time scale than thermal diffusion [25,26]. Melting, vaporization, or sublimation
might happen in this stage. Considering our experiment setup, the modulated frequency
of the laser was set in the range of 10 kHz to 5 MHz. However, since the phonon relaxation
time of graphene is generally in the picosecond order of magnitude [27], which is by far
lower than the modulated period of (0.1 μs) the pulsed laser signal in our experiment, this
effect mentioned above is not discussed in this paper.

The Raman spectroscopy technique has been used to evaluate the extent of damage
by calculating the intensity of the D and G peaks [28]. However, in terms of the actual
application, the Raman spectrometer lacks portability. Thus, considering that the surface
morphology is suitable for early prediction regarding the resonant state before a resonant
test, herein a simple method was developed based on the principle of the Fabry–Pérot
(F-P) interference to evaluate the extent of damage through the resonant behaviours of a
graphene oscillator. Moreover, it can be seen from the measured resonant response that the
thermal time constant acted as a real-time character for monitoring the resonant state of a
graphene oscillator.

2. Experiment Methods

Figure 1a shows the process of making free-standing graphene with Cu patterns,
wherein a multilayer graphene was grown on the copper (Cu) foil by the chemical vapor
deposition. At first, a thin film of PMMA was spin-coated onto the surface of a chemical
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vapor-deposited multilayer graphene (MLG). The formed MLG/PMMA film was trans-
ferred onto the surface of a copper mesh with multiple holes whose diameters were set
as 20, 60 and 100 μm, respectively. Figure 1b shows the thickness of the used graphene
membrane, which was measured to be 3.57 nm by AFM (FSM Precision, FM-Nanoview
6800, Suzhou, China). The sample with MLG/PMMA film was then placed in a furnace
and annealed at a temperature of 300, 375 or 450 ◦C. Note that the annealing temperature
was chosen according to the thermal decomposition characteristic of PMMA [29]. Then, an
all-fibre experimental system was established to motivate and interrogate the motion of
graphene sheets on the basis of Jin’s work [30], as shown in Figure 1c. In view of a small
divergence angle when the laser was irradiated out of the optical fibre into the F-P cavity,
the air cavity distance between the fibre and the sample would cause a weak energy loss.
In this case, the distance between the membrane and the fibre end-face was controlled
to be less than 50 μm via a broad-band laser and an optical spectrum analyser (OSA) on
basis of the F-P interference. In order to actuate the graphene membrane, the intensity of
laser S was modulated with a rate of 60% and then the membrane was optically heated
up and therefore shrank and expanded under the light-induced thermal stress. Then,
the opto-mechanics principle in the F-P cavity was employed so as to detect this motion
of the graphene, wherein the suspended graphene and the end-face of the optical fibre
acted as a moving mirror and a fixed back-mirror, respectively. In this way, the deflection
displacement of the suspended graphene membrane could be obtained by a photodetector
(PD). For the sake of minimizing the damage caused by excessive laser power, the laser
power was set to be as small as possible. To be specific, the light power for laser S and
laser R was set to 0.3 mW and 2 mW, respectively. In order to batch test the resonant
characteristics of the graphene membrane, the graphene sample without PMMA coating
was placed on a precise translation stage with a three-dimension displacement accuracy of
1 μm (Figure 1d,e). In this way, along with the movement observation under a microscope,
the light spot of the fibre laser could be adjusted properly in the centre of the membrane.
Meanwhile, the photos were read out from computer in real-time, and Figure 1f showed
a surface morphology comparison of graphene annealed at different temperatures. The
membranes annealed at a higher temperature showed more micro-cracks.

Figure 1. (a) The process of making free-standing graphene with Cu substrate, (b) the AFM topo-
graphic image of a graphene after transfer, (c) the experimental setup used to actuate and detect the
motion of the resonators, (d) the schematic diagram and (e) experimental setup of the displacement
control, (f) the micrographs of 60-μm graphene membranes annealed at (i) 300, (ii) 375 and (iii) 450 ◦C,
scale bar: 20 μm.
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3. Results and Discussions

3.1. Damage in the Annealing Process

In this section, the damage to the graphene harmonic oscillator after thermal annealing
is presented. Graphene membranes annealed at a temperature of 300, 375 or 450 ◦C
were first observed under an optical microscope and scanning electron microscope (SEM)
(FEI, Quanta 450 FEG, Reston, VA, USA) to analyse the breakage rate of the membrane,
on micro- and nano-scales, respectively. Then, the resonant characteristics, including
quality factor and resonant frequency, were investigated by the aforementioned all-fibre
experimental system.

After the annealing process at each temperature, the intactness of the graphene was
observed by an optical microscope. It has been found that graphene with a more than
95% free-standing area has the potential to be fabricated as a well-behaved harmonic
oscillator; thus, this kind of membrane was noted to be intact in this paper. To be specific,
300 graphene membranes after each annealing process were randomly selected, and the
number of intact membranes was counted. The statistical results are listed in Figure 2a.
Figure 2a shows that the 20 μm-diameter membranes that annealed at 300 ◦C exhibited
the highest rate of intactness at up to 96.4%. Furthermore, graphene membranes were
more easily broken with a larger diameter or annealed at a higher temperature, such as
375 ◦C and 450 ◦C. This phenomenon could be explained by the stress between PMMA and
graphene. In fact, with an increase in the temperature, the decomposition of PMMA coating
happened in two stages. In the first stage (at about 220 ◦C), the C=C bonds of PMMA were
broken, while the second stage primarily involved the random scission of C-C bonds at a
higher temperature (at about 300 ◦C) [29]. In view of the mechanical properties of PMMA,
the hardness and elastic modulus of PMMA film showed an increasing tendency on account
of the reduced chain length of the polymer and cross links of the polymer [31,32]. Therefore,
it could be understood that, at a temperature of 300 ◦C, there was generally a thin film of
PMMA left on the graphene surface [33], which kept the membrane rigid and protected the
graphene membrane from breaking apart, which is consistent with [23]. However, when
the temperature rose above 300 ◦C, the protection film of PMMA became thinner and left a
single membrane of suspended graphene, which was much more easily damaged.

Besides the stress between the graphene and PMMA, there was also a thermal interfa-
cial interaction between the MLG and substrate in the heating process, which would also
cause damage to the graphene, especially at the edge of the entire membrane. A photo of a
typical damaged graphene caused by thermal interaction between the MLG and substrate
is shown in Figure 2b. To be specific, when the resonator was heated, the substrate with a
positive thermal expansive efficient would impose tensile stress on the graphene with a
negative thermal expansive efficient [34]. Graphene was adhered to the copper surface by
the Van der Waals force. So, for some weak points where graphene and the substrate were
not fitted closely, the intermolecular force was not strong enough to resist the relative slip
between the membrane and the substrate. In this case, the graphene membrane tended to
crimp on the metal surface. If the range of the crimp was small, little cracks were found
on the graphene membrane, which is marked by point B in Figure 2b. Otherwise, if the
crimping range was large, a double-layer membrane was observed, as is shown by point C
in Figure 2b. In this case, the thickness of the membrane might double. The corresponding
schematic diagram of graphene breakage is shown in Figure 2c.

Furthermore, in order to graphically depict the damage to the graphene membrane on
a nano scale, the SEM photographs of the suspended graphene are given in Figure 3. It is
worth mentioning that the small amount of PMMA on the graphene surface would lead to a
poor image resolution. As a result, gold nanoparticles were sprayed on the PMMA surface
to enhance its conductivity. Referring to Figure 3, the dark and bright areas of the image
are representative of the broken and the suspended graphene membrane, respectively. For
example, in Figure 3f, area A represents the graphene membrane and ‘B’ represents the
broken area.
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Figure 2. (a) The breakage rate of the annealed graphene membrane and (b) the microscope photo-
graph of damaged graphene after annealing: points A, B and C represent flat graphene, graphene
with a hole and double-layer graphene, respectively. Scale bar: 10 μm, (c) the damage mecha-
nism of thermal interfacial interaction, where A, B and C correspond to the regionss A, B and C in
Figure 2b, respectively.

In this way, these SEM images were further binarized to calculate the proportion of the
damaged area. Thus, the microscopic broken rate of the membrane could be calculated as
numdark/numall, wherein numdark and numall represent the number of dark pixels and all
pixels, respectively. It could be concluded that a higher annealing temperature T or a larger
suspended radius R would result in a larger broken area. Taking the graphene (D = 20 μm,
T = 300 ◦C), for example, the graphene exhibited perfect intactness (100%). However, once
the suspended diameter was increased to 100 μm, the breakage rate increased to 2.5%.
When the annealing temperature was increased to 450 ◦C, the breakage rate rose rapidly
to 30.9%. In the aforementioned experimental set up, the graphene breakage rate showed
higher sensitivity to the annealing temperature than the suspended diameter.

Besides the breakage rate and the surface morphology of the membrane, which has
been mentioned above, the resonant characteristics were also investigated, including the
resonant frequency and quality factor. Among these, the resonant frequency indicates the
fundamental frequency of the oscillator, and the quality factor represents the energy loss
per oscillation cycle, which is calculated by ω0/Δω, where ω0 is the natural frequency
and Δω is the 3 dB bandwidth of the amplitude–frequency curve. Thus, the resonant
characteristics of the graphene resonators were investigated at the aforementioned three
annealing temperatures, as illustrated in Figure 4.

Figure 4a shows that after annealing at 300 ◦C, the resonant frequency showed an
inverse proportion to the diameter of the graphene membrane. For various graphene
films with different diameters, the average frequencies of each 30 samples were respec-
tively calculated as f 20 = 1254.1 kHz (D = 20 μm), f 60 = 338.9 kHz (D = 60 μm) and
f 100 = 153.5 kHz (D = 100 μm), and the standard deviation (STD) of frequencies were con-
firmed as σ20 = 192.7 kHz (D = 20 μm), σ60 = 59.0 kHz (D = 60 μm) and σ100 = 46.2 kHz
(D = 100 μm), respectively (Figure 4a). It can be also noticed that the distribution of the
resonant frequencies is more concentrated for those resonators with small radii. This is
possibly because of the unpredictable breakage of the membrane, which induces more
unnecessary vibration modes of the membrane. As for the Q factor, the average values
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were calculated to be Q20 = 9.8, Q60 = 9.5 and Q100 = 7.8, and the STD values were σ20 = 2.26
(D = 20 μm), σ60 = 2.50 (D = 60 μm) and σ100 = 3.34 (D = 100 μm), respectively (Figure 4c).
The resonators with smaller diameters had higher Q factors and better consistency. Fur-
thermore, these resonators all had a relatively low Q factor because the measurement was
executed at atmospheric pressure, and the air damping caused high energy loss for the
vibrating micro-membrane. In application, the quality factor could be greatly enhanced by
sealing the membrane in a vacuum, which could reach an order of thousands.

 
Figure 3. The binarized SEM photograph of graphene of different radius R and after annealing at
different temperatures T, scale bar: 5 μm. The broken rate was noted in the brackets. (a) D = 20 μm,
T = 300 ◦C (0%). (b) D = 20 μm, T = 375 ◦C (1.6%). (c) D = 20 μm, T = 450 ◦C (30.9%). (d) D = 60 μm,
T = 300 ◦C (0%). (e) D = 60 μm, T = 375 ◦C (16.9%). (f) D = 60 μm, T = 450 ◦C (38.7%). (g) D = 100 μm,
T = 300 ◦C (2.5%). (h) D = 100 μm, T = 375 ◦C (20.42%). (i) D = 100 μm, T = 450 ◦C (43.7%).

When the annealing temperature was set as 375 ◦C, 100 μm-diameter graphene was
unable to support itself after annealing. Hence, the resonant data for the 100 μm diameter
graphene were not included in Figure 4b. The corresponding average frequencies of the
resonators were measured to be f 20 = 3808.5 kHz (D = 20 μm) and f 60 = 661.3 kHz (D = 60
μm), and the STD values were calculated to be 641.8 kHz and 348.4 kHz, accordingly. The Q
factors were measured to be 8.93 (D = 20 μm) and 6.85 (D = 60 μm) with the corresponding
STD values of 2.03 and 2.72, respectively (Figure 4d).

For a circular membrane under tension, the fundamental frequency can be expressed
as [23]

f =
2.404
πD

√
EtS
ρα

(1)
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where D, Et and ρ are the diameter, the in-plain Young’s modulus and the in-plain density
of the graphene, respectively; S is the strain in the graphene membrane, and α is the
density multiplier that describes the contaminating of the device. Moreover, the parameter
ρα is defined as the in-plain density of the suspended harmonic oscillator including the
graphene, PMMA residues and other additional mass. For the resonators at the same
annealing temperature, such as 300 ◦C, graphene membranes were considered to have
the same in-plain mass density ρα. In terms of Equation (1), the ratio of the inner strain
of 20 μm, 60 μm and 100 μm membranes were estimated to be S1:S2:S3 = 2.69:1.78:1.
This strain possibly resulted from the Van der Waals force between the graphene and
the copper sidewall. At different temperatures, different mechanical energy might be
introduced via distortions of the graphene lattice [21]. For the resonators with the same
diameter, taking the 20 μm-diameter membrane as an example, it could be inferred that the
membrane after 375 ◦C annealing had three times the resonant frequency compared to the
counterparts annealed at 300 ◦C. Combining the surface appearance depicted in Figure 3, it
could be inferred that the inner strain was one of the main factors that caused damage to
the membrane.

Note that when the annealing temperature increased to 450 ◦C, the fabricated res-
onators of all sizes were damaged with the damaged areas as shown in Figure 2b, and no
relative data were recorded in Figure 4.

Figure 4. Statistics of resonance frequency and quality factor of graphene at different annealing
temperatures and sizes: (a) Resonance frequency of graphene annealed at 300 ◦C; (b) the resonant fre-
quency of graphene annealed at 375 ◦C; (c) Quality factor of graphene annealed at 300 ◦C; (d) Quality
factor of graphene annealed at 375 ◦C.

3.2. Damage in the Laser Irradiation Process

Damage not only occurs in the fabrication process, but also in the working process of
the harmonic oscillator. In the previous study on the laser-induced damage, the graphene
was often tested by a Raman spectrometer [35] or microscope [36] after laser irradiation,
which is ex situ. For a micro-mechanical device, it would be more helpful to perform an in
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situ detection of the damage situation of the graphene. At this point, the observations in
this letter would provide some insight. The 300 ◦C -annealed 60 μm-diameter graphene
membrane was placed under an optical fibre end-face and irradiated by a sinusoidal
modulated laser or constant laser. Each membrane was irradiated at a certain laser power
for 600 seconds, and the diameter of the damage range was then recorded. Note that the
shape of the damage range was sometimes not a strict circle, but an ellipse, in which case
the diameter was recorded as half of the sum of the major axis and minor axis of the ellipse.
The relationship between the damaged diameter and laser power is shown in Figure 5.
Under a modulated laser, cracks were found on the membrane when the power went higher
than 2 mW (Figure 5a,c). For the laser with constant power, the membrane centre started
to break at a laser power of about 4–5 mW (Figure 5b,d). Note that the fibre optic laser
power in our experiment was first measured by a handheld optical power meter (SAMZHE,
SZ-GG01, Shenzhen, China) before the sample was irradiated. This could be explained by
the fact that a modulated laser would cause not only a heating effect but also alternating
photothermal stress within the membrane. The photothermal stress would cause a thermal
shock effect on the membrane and accelerate the damage of the membrane [37].

Figure 5. Surface morphology of graphene irradiated by (a) modulated laser, scale bar: 40 μm. and
(b) constant laser (1–5 mW), scale bar: 40 μm. (c) damage radius statistics of graphene by modulated
pump laser and (d) CW laser.

As the modulated laser was verified with a higher possibility of damaging the mem-
brane, the effect of the modulated laser on the graphene resonant characteristics was further
explored. Thus, the graphene membrane was excited with a modulated laser whose power
was gradually increased from 1 mW to 5 mW. Meanwhile, the motion was recorded by a
CW laser with an extremely small amount of power, so that this laser would barely damage
the structure of the graphene. The experiment results were recorded in Figure 6.

From the frequency domain, Figure 6a shows that the deflection of the oscillator
would first increase when the exciting laser power went up. With a further increase of
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the excitation optical power, the burr of the amplitude–frequency curves increased. This
was because the frequency sweep needed to take about tens of seconds, during which the
unstable state of the graphene exhibited a fluctuation of the reflected signal. When the
laser power finally exceeded 5 mW, a hole was found in the centre of the membrane and no
resonance phenomenon could be recorded anymore.

According to Metzger et al. [38], a thermomechanical response of the suspended
graphene could be gained from the frequency domain feature to characterize its thermal
properties. One important parameter is the thermal time constant, which describes the
response time between the mechanical motion response of suspended graphene and the
laser irradiation that opto-thermally actuates the membrane. According to the heat transfer
theory, the process of laser irradiation onto the graphene membrane can be considered as
the presence of an internal heat source. Combining the optical self-cooling of the deformable
Fabry–Perot cavity, the displacement of membrane z in the frequency domain could be
written as [39]:

z(ω) = αPR
1 − iωτ

1 + ω2τ2 (2)

where τ is the thermal time constant, R is the thermal resistance, C is the thermal capacitance
(RC = τ), α is an effective thermal-expansion coefficient and P is the heating power. After
taking the derivative of Formula (2), the imaginary part of the response function reached
the maximum amplitude when ωτ = 1. Thus, the thermal time constant τ of the graphene
membrane was calculated.

Figure 6. (a) The amplitude-frequency response changes when the excitation optical power increases
from 0.5 mW to 5 mW. (b) The thermal time constant of the resonator changes when the excitation
optical power increases from 1 mW to 5 mW; inset: the surface morphology of graphene. (c) The
long-term static dwelling of graphene with different diameters. (d) The calculated temperature
under a gaussian laser spot for graphene with three different diameters (thermal conductivity
κ = 500 W/(mK)); inset: the temperature distribution of the surface.
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It was found that τ started to deviate at about 3 mW (Figure 6b) and then exhibited
large fluctuation. The same was the case when the real-time surface morphology started to
collapse (Figure 6c), which indicated that the thermal time constant could be a parameter
to evaluate the vibration state of the graphene. After that, the thermal time constant went
up to about 6 μs from 4.7 μs, which meant a longer time between the actuation and the
motion for a broken graphene membrane.

Then, long-term stability was considered. It was found that the graphene with a
smaller diameter tended to have a longer working duration (Figure 6c, blue squares).
Combining the surface appearance in Figure 6, there is a considerable possibility that the
initial rate of the damage area would have a directly negative effect on the long-term
static dwelling of the graphene resonators. Thus, the fabrication method of the lossless
graphene membrane is a vital step for applications of graphene resonators and is worthy of
further investigation. Moreover, the temperature increase of the graphene sample under
a Gaussian beam was simulated with Comsol software with multi-physics fields. The
simulation result showed that the thermal effect would not lead to a serious break of the
C-C bonds under this laser power [40,41]. That is, it was more likely that the mechanical
vibration accelerated this damage.

4. Conclusions

From the perspective of the application of graphene resonant sensors, the effect of
the temperature-dependent annealing treatment on the intactness of suspended multilayer
graphene was investigated through surface morphology observation to further evaluate
the resonant behaviours of graphene resonators after the thermal annealing process. The
experimental results showed that an annealing temperature of 300 ◦C leaves a certain
degree of PMMA residue, which can prevent the breakage of graphene while annealing.
In contrast, when the annealing temperature rose to 375 ◦C, more cracks, or even a total
collapse, occur in the suspended membrane. In this way, although resonant frequencies
that are twice as high could be achieved, the atmosphere pressure quality factor (Q20 = 8.9)
of the resonator showed no synchronous improvement compared to the counterparts
annealed at 300 ◦C (Q20 = 9.8).

Besides the annealing treatment, the effect of the laser irradiation on the intactness of
the suspended multilayer graphene was also investigated. The damage was mainly caused
by the modulated laser, which would induce both a thermal effect and mechanical fatigue.
The damage threshold power for the modulated laser was found to be about 2–3 mW,
which is about half the CW laser. Thus, the modulated laser power should be controlled
carefully in application. Moreover, it was found that the fluctuation of the thermal time
constant could be applied to evaluate this damage in situ and in real time.
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Abstract: Graphene oxides with different degrees of oxidation are prepared by controlling UV irradi-
ation on graphene, and the charge transport and the evolution of the transport gap are investigated
according to the extent of oxidation. With increasing oxygenous defect density nD, a transition from
ballistic to diffusive conduction occurs at nD � 1012 cm−2 and the transport gap grows in proportion
to

√
nD. Considering the potential fluctuation related to the e − h puddle, the bandgap of graphene

oxide is deduced to be Eg � 30
√

nD (1012 cm−2) meV. The temperature dependence of conductivity
showed metal–insulator transitions at nD � 0.3 × 1012 cm−2, consistent with Ioffe–Regel criterion.
For graphene oxides at nD ≥ 4.9 × 1012 cm−2, analysis indicated charge transport occurred via 2D
variable range hopping conduction between localized sp2 domain. Our work elucidates the transport
mechanism at different extents of oxidation and supports the possibility of adjusting the bandgap
with oxygen content.

Keywords: graphene oxide; defect density; transport gap; band gap; metal–insulator transition; 2D
Mott VRH

1. Introduction

Graphene is a two-dimensional semimetal with high conductivity and mobility [1,2],
and is a promising candidate for applications within electronics and optoelectronics. How-
ever, a bandgap Eg is required for certain applications and various methods have been
attempted to controllably induce a bandgap in graphene. While a confinement-induced
bandgap is widely investigated in graphene nanoribbons [3], a bandgap can also be induced
by breaking the symmetry of the graphene lattice. As an approach to break the symmetry,
functionalization of graphene with foreign atoms [4–6] such as oxygen, fluorine, and hy-
drogen has been tested to open a finite bandgap. For graphene oxide (GO), the bandgap
is suggested to be tuned by the extent of oxidation, and Eg � 2.6–6.5 eV is theoretically
expected for fully oxidized graphene (O/C = 50%) [7–10].

The most common method to produce GO is based on wet chemistry, consisting of
oxidation of graphite in strong acids, followed by a liquid exfoliation [4,11]. The degree of
oxidation can be tuned by subsequent reduction via thermal or chemical treatment [12],
and the transition from insulator to semimetal with increasing reduction of GO has been
reported [13,14]. Despite the advantage for large-scale production of GO, this produc-
tion method introduces contamination, and alternative dry oxidation methods such as
plasma [4,15] and UV treatments [16,17] have been developed. Plasma oxidation produces
GO by exposing graphene to an oxygen plasma, and the semimetallic graphene under-
goes a transition into an insulator according to the time of exposure to the plasma [9,18].
UV/ozone treatment also controls the degree of oxidation of graphene with UV exposure
time, and both methods provide convenient control over the extent of oxidation. In addition,
UV oxidation causes less distortion of the graphene lattice [19,20] compared to the energetic
plasma collisions that can introduce topological defects.

Nanomaterials 2022, 12, 2845. https://doi.org/10.3390/nano12162845 https://www.mdpi.com/journal/nanomaterials426
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Transport studies of GO and observation of metal–insulator transition via oxidation or
reduction reactions have been reported [9,13,14,18], but a systematic study of the transport
mechanism and evolution of the transport gap for different degrees of oxidation is still
required. In this paper, we produced GO samples with different extents of oxidation
through UV treatment and systematically investigated the transport mechanism and the
evolution of the transport gap across the metal–insulator transition.

2. Experimental

Our experiments were conducted on seven graphene field-effect-transistors (FETs)
fabricated using exfoliated graphene on SiO2 (300 nm)/Si substrates, and a device with
Hall-bar geometry using graphene grown by chemical vapor deposition. For all devices,
Pd (20 nm)/Au (20 nm) electrodes were deposited by e-beam lithography. Typical images
of the devices are shown in Figure 1a,b. For those seven FETs prepared using exfoliated
graphene, the size of the channel was unified to 2 μm × 2 μm (width × length) via oxygen
plasma etching to compare later the characteristics depending on the extent of the graphene
oxidation. The graphene devices were then oxidized by irradiating UV with a wavelength
of 172 nm at an intensity of 20 mW/cm2 under ambient conditions (humidity with 30 to
40%). The extent of oxidation was roughly controlled by the irradiation time. Among seven
graphene FETs, groups of two devices were exposed to UV light for 15, 20, and 25 s,
respectively, leaving one pristine graphene FET for reference. A laser with excitation
energy of 2.33 eV was used to obtain Raman spectra of the oxidized graphene. Charge
transport characteristics of the seven FETs were studied using a vacuum probe station
and a Keithley 4200 semiconductor characterization system in Core Facility Center for
Quantum Characterization/Analysis of Two-Dimensional Materials & Heterostructures
for the temperature 77 < T < 400 K. The graphene device with Hall-bar geometry was
investigated after UV oxidation by using a quantum design PPMS for lower T down to 2 K
and magnetic fields up to 7 tesla.

Figure 1. (a) Atomic force microscope image of a typical graphene FET, irradiated with UV for
oxidation. (b) Optical image of a CVD-grown graphene device with Hall-bar geometry. (c) The
evolution of Raman spectra of graphene devices exposed to UV light arranged according to the value
of I(D)/I(2D). (d) Values of nD deduced from I(D)/I(G) for six graphene devices irradiated with
UV (e) I(D′)/I(G) as a function of nD. The black solid line is a fit to Equation (2). Dashed lines are
the evolution of I(D′)/I(G) either for vacancies or sp3 sites, suggested from Ref. [21].
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3. Result and Discussion

Figure 1c presents Raman spectra of pristine graphene and six graphene FETs exposed
to UV light for 15, 20, or 25 s. Defect-activated D (∼1345 cm−1), D′ (∼1625 cm−1), and D +
D′ (∼2930 cm−1) peaks appeared for the graphene samples irradiated with UV, in addition
to G (∼1580 cm−1) and 2D (∼2650 cm−1) peaks of pristine graphene [22]. The two graphene
FETs irradiated for the same time resulted in rather different Raman spectra, possibly due
to the different degrees of PMMA residues remaining on the graphene samples. Hence,
in Figure 1c, Raman spectra were arranged with respect to the ratio between the D and the
2D peak intensities, I(D)/I(2D), as the rise of D and the suppression of 2D peaks with
increasing defect density were reported extensively as a means of quantifying defective
graphene including graphene oxide [21,23–25]. Previous works on defective graphene
introduced the local activation model to explain the evolution of Raman spectra, and in this
model the ratio between the D and G peak intensities, I(D)/I(G), allows us to estimate the
defect density nD, which corresponds to the degree of oxidation in our experiments [21],

I(D)

I(G)
= CA,D

r2
A,D − r2

S,D

r2
A,D − 2r2

S,D

[
e−π2r2

S,D nD − e−π2(r2
A,D−r2

S,D) nD
]

(1)

Here, CA,D is a parameter related to the electron–phonon coupling of the D peak
phonon, and rS,D and rA,D are values that indicate the size of the defect site. To deduce
nD, we assumed CA,D = 6, which agrees well with the excitation laser of 532 nm and the
maximum value of I(D)/I(G) � 4 observed in our experiment [26,27] with rS,D = 1 nm
and rA,D = 3 nm [21]. As shown in Figure 1d, values of nD are deduced to be between 0.29
and 11 (×1012 cm−2) for the graphene samples irradiated with UV light.

To discuss the nature of the defects, we now inspect the ratio between the D′ and the
G peak intensities, I(D′)/I(G), which is sensitive to the nature of the defect. Figure 1e
shows I(D′)/I(G) as a function of nD estimated for the six irradiated graphene samples.
For low defect densities, I(D′)/I(G) increases with nD, and then starts to decrease for
nD ≥ 4.9 × 1012 cm−2 presenting a maximum value of � 0.5. The ratio between the D′ and
the G peak intensities can be fitted with the following Equation (2).

I(D′)
I(G)

= CA,D′
r2

A,D′ − r2
S,D′

r2
A,D′ − 2r2

S,D′

[
e−π2r2

S,D′ nD − e−π2(r2
A,D′−r2

S,D′ ) nD

]
(2)

+ CS

(
1 − e−π2r2

S,D′ nD

)
Here, CS is a parameter related to the defect type and CA,D′ is a parameter related

to the electron–phonon coupling of the D′ peak phonon, with rA,D′ and rS,D′ being the
length scales of the defect sites. Our data are best fitted with Equation (2) (solid line) when
CS = 0.33 and CA,D′ = 0.63 (Figure 1e). Eckmann et al. [21] derived from their experiments
CS = 0.33 for sp3 sites and CS = 0.82 for vacancies. Excellent agreement with CS = 0.33
suggests the oxidation of our graphene through UV treatment, forms sp3 bonds. Dashed
lines in Figure 1e show the evolution of I(D′)/I(G) for graphene with either vacancies
or sp3 sites, calculated with CA,D′ = 0.5, rS,D′ = 1.4 nm and rA,D′ = 2.6 nm from ref. [21].
Note the slight mismatch with the curve for sp3 sites is due to the different value of CA,D′
determined for our samples.

Regarding nD as an oxygenous defect density and a measure of the degree of oxi-
dation of graphene, we investigate the charge transport characteristics depending on nD
in oxidized graphene devices. Figure 2 displays transfer characteristics of the oxidized
graphene FETs at different nD, measured with a fixed drain-source bias VDS of 1 mV. A back-
gate voltage Vg is applied over the 300 nm thick SiO2, and the carrier density n is given
by n = α(Vg − VCNP) with α = 7.2×1010 cm−2 using the parallel capacitor model [28].
Here, VCNP is the voltage at the charge-neutrality point. The conductivity σ monotonically
decreases with increasing nD. Compared to the pristine graphene, the conductivity of
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oxidized graphene is, for example, ∼1000 times smaller at nD = 11 × 1012 cm−2. In ad-
dition, the conductivity becomes flattened near n = 0 with increasing nD, discussed in
terms of the so-called “transport gap” in the next paragraph. We also note for samples
with nD < 1012 cm−2 it follows σ ∝

√
n (Figure 2a,b), while for nD > 1012 cm−2 it shows

σ ∝ n outside the flat area (Figure 2c–f). This behavior implies that charge transport transi-
tioned from ballistic to diffusive transport at the oxidation density of nD � 1012 cm−2. It is
known that σ ∝

√
n in ballistic graphene [28,29] and σ ∝ n in diffusive graphene [30,31].

The estimation of the mean free path l = σh
2e2 · 1√

πn [28,32] gives l � 4 μm for our pristine

graphene and l � 1.5 μm for the GO FET with nD = 0.39 × 1012 cm−2, which are twice as
large and comparable to the channel length (2 μm), respectively. Additionally, l � 600, 130,
and 5 nm, estimated for GO FETs with nD = 1.2, 4.9, and 11 (×1012 cm−2), respectively, meet
the condition for diffusive transport (l < channel length), consistent with our observation.

Figure 2. Transfer curves of oxidized graphene FETs with different nD. The red shade shows the
standard deviation of repeated measurements. (a) pristine graphene; (b) nD = 0.39 × 1012 cm−2;
(c) nD = 1.2× 1012 cm−2; (d) nD = 4.9× 1012 cm−2; (e) nD = 8.4× 1012 cm−2; (f) nD = 11× 1012 cm−2.
Black dotted lines show the minimum conductivity σmin. Dashed lines in (a,b) are fits to σ ∝

√
n,

and solid lines in (c–f) are linear fits to the transfer curves. With increasing nD, transfer curve becomes
more flattened near n = 0, as indicated by the width Δnflat.

The change in the transport mechanism observed in GO FETs happens because the
scattering with oxygenous defects becomes more frequent as the extent of the oxida-
tion increases. Figure 3a shows how the conductivity minimum σmin and electron side
mobility μe are reduced with increasing extent of oxidation. Field-effect mobility esti-
mated from the electron side (μe = 1

e · dσ
dn [24]), decreases from μe ∼ 2900 (pristine) to

∼ 500 (nD = 0.29 × 1012 cm−2) and ∼ 3.6 cm2/V·s (nD = 11 × 1012 cm−2) with increas-
ing nD. These results are also consistent with μ � 30 − 2 cm2/V·s, reported for reduced
graphene oxides at nD � 5− 11 (×1012) cm−2, synthesized by using a modified Hummer’s
method [26,33]. On the other hand, with the oxidation of graphene, the bandgap opens and
disorder-induced localized states appear inside the bandgap, resulting in a transport gap
Δm related to Δnflat in Figure 2 [34,35]. To discuss the dependence of the transport gap on the
oxygen content, we display in Figure 3b the flattened width Δnflat, observed in Figure 2, as a
function of nD. Δnflat gradually increases with nD, while Δnflat = 0.42× 1012 cm−2 for pristine
graphene, associated with residual carrier densities n0 originating from the electron(e)–hole(h)
puddle [36]. The transport gap, estimated from Δm = h̄vF

√
πΔnflat [37–39], overestimates the

actual bandgap due to the existence of disorder potentials near the charge neutrality point
(e − h puddle), as illustrated in Figure 3c. Taking into account the potential fluctuation
related to the e − h puddle, δEe−h = h̄vF

√
πΔn0 � 78 meV from the pristine graphene

device, we can infer the bandgap of UV-oxidized graphene at the different oxygenous
defect densities. With Eg � Δm − δEe−h, the inferred bandgap is presented as a function of
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nD in Figure 3d, together with the transport gap observed, Δm. Eg is seen to increase in pro-
portion to

√
nD, according to the relationship Eg � 30

√
nD (1012 cm−2) meV. Substitution

of nD � 1.9 × 1015 cm−2 for fully oxidized graphene C2O (epoxide) results in Eg � 1.3 eV,
comparable to Eg � 2.6–6.5 eV calculated from theory for fully oxidized graphene [7–10].
Our results support the possibility of continuously adjusting the bandgap by tuning the
oxygen content.

Figure 3. (a) Electron side mobility μe (black square) and conductivity minimum σmin (red circle) of
graphene oxide as a function of nD. Arrows indicate the values of μe and σmin for pristine graphene.
(b) Δnflat versus nD. The black dashed line is a linear fit to the data. Note y-intercept n0, associated
with the electron–hole puddle in pristine graphene. (c) Schematic band diagram of graphene oxide
and the illustration of an electron-hole puddle, affecting the transport gap observed. (d) Transport
gap (black square) and inferred bandgap (blue circle) of graphene oxide as a function of nD. Dashed
lines are fitting curves with

√
nD and the dot-dash line indicates the size of potential fluctuation due

to e − h puddle.

Figure 4 shows the temperature T dependence of σmin for graphene oxide with differ-
ent values of nD, studied for 77 < T < 400 K. Pristine graphene exhibits metallic behavior
in which σmin decreases with T. For GO samples with nD = 0.29 and 0.39 (×1012 cm−2),
conductivity minimum slightly increases with T, and the insulating behavior develops
further with increasing nD. The metal–insulator transition appears for kFl = 1 and meets
the Ioffe–Regel criterion, where kF is the Fermi wavenumber and l is the mean free path
with kFl = σmin

h
2e2 [40]. Considering Eg � 60 meV for GO at nD � 5 × 1012 cm−2, inferred

from Figure 3d, the pronounced insulating behavior observed for nD ≥ 4.9 × 1012 cm−2

reflects that the size of opened bandgap becomes larger than the thermal energy (∼26 meV
at room temperature).
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Figure 4. Temperature dependence of conductivity minimum for graphene oxides with different nD.
Solid line indicates kFl = 1.

In Figure 5a, analysis shows the charge transport in GO samples for larger nD =
4.9, 8.4, and 11 × 1012 cm−2 is localized and the T-dependence of σmin is well explained by

2D Mott variable range hopping conduction (2D VRH) [14,41], following σ = σ0 exp
(

T0
T

) 1
3 .

Note that log σmin is linear with T−1/3 in Figure 5a. Characteristic temperature T0 = 900,
17,000, and 41,000 K are obtained from the linear fits for nD = 4.9, 8.4, and 11×1012 cm−2,
respectively. The localization length ξ =

√
13.8

kBDOS(E)T0
, estimated for 0 < n < 3× 1012 cm−2,

decreases from 32–46 nm (nD = 4.9) and 9–17 nm (nD = 8.4) to 6–11 nm (nD = 11 ×
1012 cm−2) with increasing nD. Here, kB is the Boltzmann constant, and DOS(E) is the
density of states of graphene [32]. The reduction of ξ with nD implies the size of the
sp2 domain decreases as the extent of oxidation increases [14,41]. On the other hand,
charge transport in GO samples with smaller nD = 0.23 and 0.39 × 1012 cm−2 is not
explained by 2D VRH or a thermal activation model. To investigate the charge transport
at metal–insulator boundaries in more detail, we prepared an additional GO FET with
nD = 0.8× 1012 cm−2 in a Hall-bar geometry shown in Figure 1b and studied the four-probe
conductivity between 2 < T < 300 K. Figure 5b plots log σ of GO with nD = 0.8 × 1012 cm−2

as a function of T−1/3. Whereas for 15 < T < 145 K, log σ is linearly proportional to T−1/3

and agrees well with the 2D VRH model, σ is a little larger than the linear fitting curve for
145 < T < 300 K as shown in the inset of Figure 5b. Additionally, σ becomes saturated for
2 < T < 15 K, deviating from the linear dependence.
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Figure 5. (a) log σmin vs. T−1/3 for graphene oxides with nD = 4.9, 8.4, and 11×1012 cm−2.
(b) log σ vs. T−1/3 for graphene oxide with nD = 0.8×1012 cm−2, measured between 2 < T < 300 K.
For 15 < T < 145 K, log σ is linearly proportional to T−1/3 and agrees well with 2D VRH model.
(Inset) log σ vs. T−1/3, zoomed in for 300 < T < 140 K. The data are best fitted considering both 2D
VRH and thermal activation conduction. (c) ρ vs. T2 in the low T regime for 2 < T < 10 K for GO
with nD = 0.8×1012 cm−2. (d) Magnetoresistance of the graphene oxide with nD = 0.8 × 1012 cm−2,
measured at T = 2 K.

In the temperature range of 145 < T < 300 K, the T-dependence of the conductivity
can be explained by considering 2D VRH and thermal activation conduction (TA) together.

The data are fitted well with σ = σ0 exp
(

T0
T

) 1
3
+ σ1 exp

(
Ea

kBT

)
, as seen from the inset of

Figure 5b, and an activation energy of Ea � 47 meV is obtained. This value is larger
than Eg � 27 meV inferred from Figure 3d and can be associated with the influence of
the e − h puddle (δEe−h � 78 meV). The saturation of σ below T < 15 K is analyzed by
considering the Kondo effect and presented in Figure 5c. The Kondo effect occurs when the
charge carriers interact with the local magnetic moment of defects and the T-dependence
of electrical resistivity ρ is given as follows in the low-temperature regime [42].

ρ = ρc + ρK

[
1 −

(π

2

)4
(

T
TK

)2
]

(3)

Here, ρK is the Kondo resistivity at 0 K, and ρc is the temperature-independent resis-
tivity parameter. TK is the Kondo temperature, and the stronger the coupling between the
magnetic moment and the charge carrier, the greater the value of TK [42]. In Figure 5c, ρ is
plotted versus T2, and ρK � 20 h

e2 , ρc � 0.049 h
e2 and TK = 1.4 K are deduced from a linear
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fit. The obtained value of TK = 1.4 K suggests rather weak coupling between the magnetic
moment of defects and charge carriers in UV-oxidized graphene with nD = 0.8× 1012 cm−2.

Figure 5d shows the magnetoresistance (MR) of the graphene oxide at
nD = 0.8 × 1012 cm−2, measured at T = 2 K. A negative MR was observed in which
ρ decreased as the magnetic field B increased up to 7 teslas. The negative MR is analyzed
with the following equation [43] including both strong and weak localization effects.

ρ(B)− ρ(0)
ρ(0)

=
lφ
lc

⎡⎣Ψ
(

2Bc+Bφ+Be
B + 1

2

)
− Ψ

(
Bc+Bφ

B + 1
2

)
ln

(
1 + Be

Bc+Bφ

) − 1

⎤⎦ (4)

Here, Ψ(x) is the digamma function, and the characteristic length li is related to
the characteristic magnetic field

(
B(i=c,φ,e) =

h̄
4eli

2

)
. A localization length of lc � 160 nm,

phase coherence length of lφ � 46 nm, and elastic scattering length of le � 13 nm are
obtained from the fitting of Equation (4) to the MR data. lφ is three times smaller than
lc, implying a dominant role of weak localization in the negative MR for the GO with
nD = 0.8 × 1012 cm−2.

4. Conclusions

In summary, we have prepared graphene-oxide FETs with different degrees of oxi-
dation by controlling the UV irradiation time on graphene, and investigated the charge
transport and the evolution of the transport gap according to the extent of oxidation. With in-
creasing oxygenous defect density nD, the charge transport transitioned from ballistic to
diffusive conduction around nD � 1012 cm−2 and the transport gap grew in proportion to√

nD. Taking into account the potential fluctuation related to the e− h puddle, we suggested
the bandgap of GO to be Eg � 30

√
nD (1012 cm−2) meV. The temperature dependence of

the conductivity showed metal–insulator transitions at nD � 0.3 × 1012 cm−2 at the point
where kFl � 1, which meets the Ioffe–Regel criterion. For GO with nD ≥ 4.9 × 1012 cm−2,
analysis indicated charge transport occurred via 2D variable range hopping conduction
between localized sp2 domains with the localization length decreasing with nD. Finally,
the Kondo effect and negative MR in the low-temperature regime were studied in GO with
nD = 0.8 × 1012 cm−2.
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Abstract: This research employed g-C3N4 nanosheets in the hydrothermal synthesis of TiO2/g-C3N4

hybrid photocatalysts. The TiO2/g-C3N4 heterojunctions, well-dispersed TiO2 nanoparticles on the
g-C3N4 nanosheets, are effective photocatalysts for the degradation of monochlorophenols (MCPs:
2-CP, 3-CP, and 4-CP) which are prominent water contaminants. The removal efficiency of 2-CP and 4-
CP reached 87% and 64%, respectively, after treatment of 25 ppm CP solutions with the photocatalyst
(40TiO2/g-C3N4, 1 g/L) and irradiation with UV–Vis light. Treatment of CP solutions with g-C3N4

nanosheets or TiO2 alone in conjunction with irradiation gave removal efficiencies lower than 50%,
which suggests the two act synergically to enhance the photocatalytic activity of the 40TiO2/g-
C3N4 nanocomposite. Superoxide and hydroxyl radicals are key active species produced during
CP photodegradation. In addition, the observed nitrogen and Ti3+ defects and oxygen vacancies in
the TiO2/g-C3N4 nanocomposites may improve the light-harvesting ability of the composite and
assist preventing rapid electron-hole recombination on the surface, enhancing the photocatalytic
performance. In addition, interfacial interactions between the MCPs (low polarity) and thermally
exfoliated carbon nitride in the TiO2/g-C3N4 nanocomposites may also enhance MCP degradation.

Keywords: monochlorophenol (MCPs); graphitic carbon nitride (g-C3N4); titanium dioxide (TiO2);
photocatalytic activity

1. Introduction

In past decades, public awareness of the release of pollutants such as herbicides, pesti-
cides, and hazardous chemicals into the environment through industrial and agricultural
activities was a key driver for the implementation of new legislation and environmental
standards. Monochlorophenols (MCPs), including 2-chlorophenol (2-CP), 3-chlorophenol
(3-CP) and 4-chlorophenol (4-CP), are pollutants being prioritized by the United States En-
vironmental Protection Agency [1] due to their high toxicity, carcinogenicity, environmental
persistence, and low biodegradability [2,3]. MCPs have been widely used as components
of pesticides, herbicides, and bactericides [4,5] used on farmlands, and are also employed
in the production of dyes, pharmaceuticals, and in paper processing [6]. Since MCPs may
cause DNA damage resulting in carcinogenic or mutagenic effects and histopathological
changes in humans and animals [7], the effective removal of MCPs from natural waterways
and soils is of vital importance. Wastewater remediation methods, including physicochemi-
cal [8,9] and biological technologies [10,11], have been applied for MCPs removal; however,
these are largely ineffective for water containing high concentrations of MCPs [12,13]. On
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the other hand, advanced oxidation processes (AOPs) based on radical reactions, such as
electrocatalysis [14], Fenton oxidation [15], and photocatalysis [16,17] showed superior
performance in the removal of highly persistent MCPs. Examples include the degradation
of MCPs with Co/g-C3N4 using peroxymonosulfate (PMS) as the oxidant [18], and the
degradation of 2-CP using CNTs/AG/ITO electrodes [19]. Furthermore, photocatalytic
wastewater treatments have shown great promise due to their high efficiency, the utility of
cheap radiation sources for operation, the use of ambient temperatures, and that the organic
pollutants can be completely mineralized, affording CO2 and H2O [20,21]. Regarding pho-
toactive materials, graphitic carbon nitride (g-C3N4) has recently attracted attention due to
its two-dimensional structure, low cost, stability, and visible-light driven bandgap [22,23].
However, fast recombination of photogenerated electron-hole pairs on pristine g-C3N4 and
its typically low specific surface area may contribute to its low photocatalytic efficiency [24]
in organic compound degradation. Notwithstanding this, g-C3N4 materials have recently
found uses as support materials for immobilization of other semiconductors, resulting in
synergic photocatalytic performance. These synergic effects arise through improved charge
separation in the electron transfer processes and a further shifting of the light absorption
boundary into the visible region. While several examples of composite materials exist for
the photocatalytic degradation of MCPs (Table 1), the example based on bulk g-C3N4 and
TiO2 [25] affords only low 2-CP removal efficiency (38%) after 1 h treatment. In this study,
exfoliated g-C3N4 nanosheets were applied to produce a series of TiO2/g-C3N4 nanohybrid
photocatalysts having different weight ratios of TiO2, and their photocatalytic performance
for the removal of MCPs from wastewater was investigated. The resulting nanocomposites
were characterized in terms of structure, chemical composition, morphology, and optical
properties. Identifications of active radical species generated in photocatalytic treated
aqueous MCPs were carried out. An additional discussion on the utility of TiO2/g-C3N4
based photocatalysts for remediation of pesticide contaminated water is given based on the
results reported in this research and those of recent works [26–29].

Table 1. Comparison of photocatalytic activities of semiconductors based on g-C3N4 utilized in the
degradation of aqueous MCPs.

Pollutant Catalyst Source Dosage
MCP Treatment

Time (h)
% Removal
Efficiency

Ref

2-CP

Bulk g-C3N4
TiO2

TiO2/bulk g-C3N4

Xe (150 W) 4 g/L 1
9%
3%

38%
[25]

g-C3N4
OH-C3N4

W (300 W) 0.5 g/L, 10 ppm 5 95%
85% [29]

10% g-C3N4/FST
15% g-C3N4/FST

g-C3N4
5% g-C3N4/FST

FST
(FST: fibrous silica titania)

W (400 W) 0.37 g/L, 10 ppm 4

93%
70%
67%
49%
40%

[30]

3-CP

TiO2/N-TiO2
TiO2

Fluorescent lamp
(154 W)

0.2 g/L, 10 ppm
5 77%

36% [31]

TiO2/N-TiO2
TiO2

Incandescent
lamp (100 W) 24 30%

12%

4-CP

g-C3N4/Bi5Nb3O15
g-C3N4

- 1 g/L, 10 ppm 1 100%
72% [32]

g-C3N4
g-C3N4/ZnWO4(1:1)
g-C3N4/ZnWO4(2:1)
g-C3N4/ZnWO4(3:1)

Xe (500 W) 0.2 g/L, 10 ppm 1.67

45%
62%
78%
88%

[33]

C/ZnO/g-C3N4
Solar (300 W)
UV (400 W) 0.2 g//L, 10 ppm 5 92%

72% [34]
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2. Experimental

2.1. Chemicals

All chemicals used in the experiments were of AR grade and used without further pu-
rification. Urea (CH4N2O), titanium (IV) oxysulfate (TiOSO4), 3-chlorophenol (C6H5ClO),
and 4-chlorophenol (C6H5ClO) were obtained from Kemaus, Australia. 2-Chlorophenol,
ammonium oxalate ((NH4)2C2O4), nitric acid (HNO3), and methanol (CH3OH) were pur-
chased from Merck, Germany. 5,5-Dimethyl-l-pyrroline N-oxide (C6H11NO) was purchased
from Cayman, Japan. Benzoquinone and isopropyl alcohol were obtained from Sigma-
Aldrich, St. Louis, MO, USA. Deionized water was used throughout this study.

2.2. Characterization

Powder X-ray diffraction was performed to study the crystalline structure of samples
using CuKα radiation (λ = 1.54 Å) over a 2θ range = 10–90◦ (Bruker AXS, D8 advance,
Karlsruhe, Germany). X-ray photon spectroscopy (XPS) was employed to determine the
surface electronic state of samples (XPS; AXIS Ultra DLD, Kyoto, Japan). Raman spectra
were recorded using an excitation wavelength of 875 nm (Horiba, XploRA Plus, Lille,
France). Sample morphologies were visualized using transmission electron microscopy
(JEM-2100 Plus, JEOL, Chiyoda, Japan) and scanning electron microscopy (SEM; Hitachi:
SU8010, Matsuda, Japan). Surface area measurements were carried out by N2 sorption
a 77 K, using a Micromeritics ASAP2060 instrument. The specific surface area was ob-
tained by the Brunauer–Emmett–Teller (BET) method. Band gap energies of prepared
samples were obtained by UV-Vis NIR spectrophotometer (Shimadzu, UV3600 plus, Tokyo,
Japan). Electron-hole recombination in samples was investigated through photolumi-
nescence (PL) spectra, obtained at an excitation wavelength of 320 nm (Horiba, Fluoro-
Max, Longjumeau cedex, France). Electron paramagnetic resonance (EPR) signals of free
radicals were recorded at ambient temperature (Bruker; Elexsys 500, Rheinstetten, Ger-
many). The degradation of MCPs was monitored by measuring the absorbance with a
UV-Vis spectrophotometer (Perkin Elmer, Lambda 800, Waltham, MA, USA). GC/MS was
used for the separation and identification of photocatalytic degradation products (Agilent
GC7890B–MSD5977B, Santa Clara, CA, USA) and utilized a HP-5MS UI column measuring
30 m × 0.25 mm × 0.25 μm. Operating conditions were as follows: sample injection volume
1 μL, initial oven temperature 60 ◦C for 1 min, followed by a temperature gradient of
20 ◦C/min to 300 ◦C.

2.3. Synthesis of g-C3N4

Urea powder (125 g) was added to an alumina crucible, and the powder was heated
in a muffle furnace at a heating rate of 10 ◦C/min to 600 ◦C, and the sample then held
at this temperature for 4 h. After cooling to room temperature, bulk g-C3N4 (pale yellow
solid) was obtained (Bulk-CN). The bulk material was converted to g-C3N4 nanosheets by
thermal exfoliation in the presence of nitrate. In a typical process, 2.5 g of bulk-CN was
stirred in 65% HNO3 solution (100 mL) for 12 h. After washing with deionized water, the
obtained sample was annealed at 500 ◦C for 4 h, and then cooled to room temperature
affording g-C3N4 nanosheets (CNNS) or the exfoliated g-C3N4 material.

2.4. Fabrication of TiO2/g-C3N4 Nanocomposites

Composites containing different quantities of TiO2 relative to CNNS (20–50% TiO2 by
weight) were synthesized by a hydrothermal process, with the obtained composites labelled
as 20TiO2/CNNS, 30TiO2/CNNS, 40TiO2/CNNS and 50TiO2/CNNS. In this process, an
appropriate quantity of TiOSO4 was dispersed in deionized water (100 mL) by stirring
for 15 min (magnetic stirrer), and then using an ultrasonic bath (20 min). The required
quantity of g-C3N4 was then added, and ultrasonication continued for a further 30 min.
After this, the suspension was transferred to a Teflon-lined autoclave which was closed and
then heated at 180 ◦C for 4 h. After cooling to room temperature, the autoclave was opened
and the precipitate was collected by centrifugation, then washed two times with distilled
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water. The obtained powder was dried at 65 ◦C for 24 h before analysis. As a control, TiO2
in the absence of g-C3N4 was also subjected to the same process and collected as above.

2.5. Photocatalytic Activity Evaluation

The photocatalytic activity of samples was evaluated by their ability to degrade MCPs
(2-CP, 3-CP and 4-CP) in aqueous solution, under UV–Visible light irradiation in a home-
built metal photoreactor box (dimensions: 30 × 80 × 32 cm3) equipped with a W lamp
(300 watts, Osram Ultra-Vitalux, Nové Zámky-Dolná kapsa, Slovakia). The emission
spectrum obtain from the utilized light source was previously reported [35]. The light
bulb was set at a distance of 25 cm from each sample solution, and the temperature of the
sample was maintained at 35 ◦C using a water bath. The light intensity of 1.37 ± 0.05 klx
was measured by a luxmeter (Extech 403125, Kaohsiung, Taiwan) at the sample solution.
Following a previously reported protocol [26], 10 mg of catalyst was suspended in 10 mL of
a 25 ppm aqueous MCP solution. The suspension was stirred for 1 h in the dark to achieve
adsorption equilibrium, before light irradiation for certain period of time (30, 60, 90, and
120 min). The solution was then collected using a syringe equipped with a micropore filter
(0.45 μm) to separate the photocatalyst. The concentration of MCP in the collected solution
was obtained using UV–Vis spectrophotometry, from absorbance measurements at 274 (for
2-CP), 274 (for 3-CP) and 280 nm (for 4-CP). The MCPs removal efficiency was calculated
via Equation (1) [26].

% Removal efficiency = 100 × ((C0 − Ct)/C0) (1)

where: C0 is the initial concentration of MCPs, Ct is the concentration of MCPs after
t minutes.

2.6. Identification of Active Species during Photocatalytic Degradation

Electron paramagnetic resonance (EPR) was used to detect active species such as hy-
droxyl (OH) and superoxide (O2

−) radicals, with the assistance of 5,5-dimethyl-l-pyrroline
N-oxide (DMPO). Hydroxyl radicals and superoxide radicals were trapped in aqueous
solution and methanol, respectively. Samples for EPR measurements were prepared by
adding 2 mg of photocatalyst to 2 mL of 25 ppm MCPs solution to form a suspension. This
was stirred in the dark for 1 h to achieve adsorption equilibrium, and then 1 mL of DMPO
(50 mM) in aqueous solution was added. Stirring was continued and the mixture irradiated
with a W lamp (300 watt) for 60 min. The solution (200 μL) was then filtered through a
syringe filter (0.45 μM) and EPR spectra were measured for this solution. For a comparison,
EPR spectra were measured for the solution from treatment treated with photocatalyst in
the dark and in the absence of irradiation (denoted as 0 min). Photolysis was also studied
by irradiating the solution, in the absence of photocatalyst.

3. Result and Discussion

3.1. Structural and Chemical Properties

Powder X-ray diffraction (PXRD) patterns of the bulk-CN, CNNS, TiO2 and 40TiO2/CNNS
nanocomposites are shown in Figure 1a. As all nanocomposites (20TiO2/CNNS -50TiO2/CNNS)
exhibit identical diffraction patterns, only that of 40TiO2/CNNS is shown. Bulk-CN and CNNS
display three characteristic peaks at around 13.0◦, 21.6◦, and 27.5◦, which are assigned to the
(100), (101), and (002) hexagonal crystal planes (JCPDS 87-1526), respectively [36]. The sharp
peak at 27.5◦ is attributed to interlayer stacking of aromatic rings, with the lower intensity
peak at 13.0◦ being due to the presence of tri-s-triazine units [37,38]. The (002) peak intensity
decreases significantly on conversion of bulk-CN to CNNS, and exhibits a slight shift in 2θ,
reflecting the exfoliation of bulk-CN to nanosheets with shorter stacking distances between
g-C3N4 layers [39,40]. Titanium dioxide exhibits diffraction peaks corresponding to the (101),
(112), (200), (105), (211), (204), (116), (220), and (215) planes, consistent with the material existing
as tetragonal anatase (JCPDS 021-1272) [41,42]. As expected, the patterns of g-C3N4/TiO2
nanocomposites exhibit peaks arising from both pure g-C3N4 and TiO2, and the absence of
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any peak shifting in the TiO2 peaks relative to anatase (Figure S1) indicates that coupling with
g-C3N4 does not influence the TiO2 lattice structure, which might be beneficial regarding the
photocatalytic activity of the hybrid photocatalyst.

Figure 1. (a) PXRD patterns of bulk-CN, CNNS, TiO2, and 40TiO2/CNNS, (b) Raman spectra of bulk
−CN, CNNS, TiO2, and 40TiO2/CNNS. An enlarged PXRD profile of 40TiO2/CNNS is provided in
Figure S1.

Raman spectra of the 40TiO2/CNNS nanocomposite and its component materials are
shown in Figure 1b. The peak at 707 cm−1 in CNNS and 40TiO2/CNNS is assigned to
the signature peak of g-C3N4, which arises due to the breathing modes of tri-s-triazine
structural elements. Additionally, peaks at 1230 cm−1 in all CN samples are consistent
with the stretching vibration modes in C-N heterocycles [43,44]. Valence state and bonding
information of elements in the nanocomposites and precursor materials was obtained using
X-ray photoelectron spectroscopy (XPS), with survey XPS spectra shown in Figure 2a. The
nanocomposites are composed of C, N, Ti, and O, confirming the existence of TiO2 and g-
C3N4 in these materials. High resolution C1s spectra of g-C3N4, and of the nanocomposite
materials, are presented in Figure 2b. All samples exhibit two C1s peaks, ascribed to the sp2

C–C at 285.0 eV and sp2 hybridized carbon atoms (N–C=N) in aromatic rings at 288.3 eV,
respectively [45,46]. In the case of N1s spectra (Figure 2c), two different peaks located
around 398.7 and 401.3 eV are visible, with the main peak at 398.7 eV arising from nitrogen
atoms bonded to sp2-hybridized carbon (C=N–C). The low intensity 401.3 eV peak is a
result of N bonded to three carbon atoms N–(C)3 in the aromatic moieties [47].
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Figure 2. (a) Survey XPS spectra of precursor and nanocomposite samples, (b) C1s XPS spectra,
(c) N1s XPS spectra, (d) Ti Figure 3b, f2p XPS spectra, (e) O1s XPS spectra, and (f) Solid phase EPR
spectra of Ti3+-TiO2/CNNS nanocomposite and anatase TiO2.
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Figure 3. (a) SEM and TEM images of (a,e) bulk-CN, (b,f) CNNS, (c,g) TiO2, (d,h) 40TiO2/CNNS,
and (i) EDX-SEM data for 40TiO2/CNNS.

To examine the formation of defects on exfoliation EPR spectra of bulk-CN and CNNS
were recorded, and these are shown in Figure S2. The EPR signal at g = 2.003 in CNNS is of
significantly higher intensity than that in bulk-CN, due to the formation of N-defects on
exfoliation which increases the number of unpaired electrons on C atoms [48]. In addition,
the C1s and N1s peak positions in the nanocomposites are shifted relative to those of
g-C3N4, suggestive of interactions at the interface between g-C3N4 and TiO2 [49]. Peaks
located at 459.2 and 464.9 eV in the high-resolution Ti 2p spectrum (Figure 2d) correspond
to the Ti 2p3/2 and Ti 2p1/2 of TiO2, respectively, confirming the presence of Ti4+ species in
TiO2 and its composites [50]. The O1s spectrum is given in Figure 2e, and its fitting with
convolution (Figure S3) indicated three peaks with binding energies of 531.9, 530.4 and
533.23 eV which can be ascribed to oxygen bound to Ti4+, oxygen vacancies (Vo) and oxygen
from H2O, respectively [51]. The formation of Ti3+ in nanocomposites was confirmed by
solid state EPR measurements (Figure 2f). As shown in the inset, a strong EPR signal from
TiO2 was observed at g = 1.997, which is characteristic of Ti3+ defects (3d1, S = 1/2) [51,52].
The major signal (g = 2.003) occurs from the presence of unpaired electrons on aromatic
carbon centers in g-C3N4 [53]. The EPR signals at g//= 1.908 and g T= 1.980 were assigned

to Ti3+ defects in TiO2., with the reduction in Ti4+ to Ti3+ occurring by loss of oxygen from
the surface during high temperature hydrothermal treatment [54,55]. No Ti3+ signals were
observed for the 20TiO2/CNNS nanocomposite which reflects its low photocatalytic MCPs
degradation efficiency.
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The morphologies of bulk-CN, CNNS, TiO2 and 40TiO2/CNNS nanocomposites, as
imaged using SEM and TEM, are shown in Figure 3. Bulk-CN (Figure 3a,e) presents a
lamellar structure in line with previous reports [56]. Annealing of bulk-CN at 500 ◦C
results in the formation of CNNS, which takes the form of nanosheets of smaller particles
(Figure 3b,f). Results from N2 adsorption–desorption isotherms indicate that the specific
surface area of CNNS (91.6 m2 g−1) is higher than that of Bulk-CN (68.2 m2 g−1). Graphitic
carbon nitride layers exfoliate during high temperature thermal oxidation as these are held
together by weak intermolecular forces (Van der Waals forces and hydrogen bonding). In
addition, the presence of HNO3 assists layer separation due to the intercalation of nitrate
ions, which causes interplanar swelling. Exfoliation results in reduced layer thickness
and smaller particle size, which increases the specific surface area [57–59]. Pure TiO2
consists of agglomerated spherical-like particles around 10 nm in diameter (Figure 3c,g).
The interplanar distance of 0.34–0.35 nm (inset) in these particles is in agreement with the d-
spacing of the (101) planes in anatase TiO2 [60]. SEM and TEM images of 40TiO2/CNNS are
suggestive of TiO2 particles being dispersed on the surface of g-C3N4 (Figure 3d,h) which
should enhance the transfer of photogenerated electrons and result in greater photocatalytic
activity. In addition, the EDX spectrum in Figure 3i highlights the elemental composition of
TiO2/g-C3N4 nanocomposites, which confirms the formation of heterojunctions between
g-C3N4 and TiO2.

3.2. Optical Properties

The UV–Vis DRS spectra of g-C3N4, TiO2 and nanocomposites are shown in Figure 4a.
Pristine g-C3N4 has a strong absorption band in the UV–Vis region with an absorption
edge close to 430 nm [61]. Anatase TiO2 exhibits similar absorption behavior, with an
adsorption edge at ca. 410 nm [62]. After coupling with g-C3N4, the absorption edge of
composites exhibits a red shift compared with that of TiO2, as the presence of Ti3+ and
oxygen vacancies allows for a relaxation of selection rules governing transitions in TiO2,
resulting in improved absorption profiles [63]. Band gap energies were calculated using
the Tauc plot (Figure 4b) and through Equation (2).

Ahν = A(hν − Eg)1/2 (2)

In this equation, α, h, ν, A, and Eg are the optical absorption coefficient, Planck
constant, photon frequency constant, and band gap energy, respectively [64].

From Figure 4b, the band gap energy of g-C3N4 nanosheet is estimated to be 2.93 eV
(slightly narrower than that of bulk g-C3N4, 2.99 eV), which is consistent with past work [65].
The band gap energy of TiO2 obtained (3.16 eV) differs slightly from that previously
reported for anatase TiO2 materials (3.2 eV), possibly due to the presence of Ti3+ defects [66].
As shown in Figure 4a, 40TiO2/CNNS absorbs in the visible region and exhibits the
lowest bandgap energy (2.89 eV, Figure 4b), which are both advantageous features for
photocatalysts. Electron-hole recombination was studied using photoluminescence analysis,
with the results shown in Figure 4c. Under excitation at 320 nm, the emission peak of
g-C3N4 occurs at 457 nm, which is consistent with UV–Vis DRS results. Bulk-CN and
CNNS show high PL intensities, suggesting fast recombination of electron-hole pairs. On
the other hand, TiO2 shows a broad emission peak at 410 nm and lower intensity than that
of g-C3N4 or CNNS. After hybridization of g-C3N4 and TiO2, all composites show much
weaker emission peaks, implying that recombination of charge carriers may be effectively
inhibited by Ti3+-Vo.
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Figure 4. (a) Ultraviolet–visible (UV–Vis) diffuse reflectance spectra, (b) corresponding Tauc plot
displaying band gaps of g-C3N4, TiO2 and composites, and (c) photoluminescence spectra of bulk-CN,
CNNS, and nanocomposite materials. Extrapolated dotted lines (in Figure 4b) are added to indicate
energy bandgap of each sample.

3.3. Photocatalytic Degradation of MCPs

The photocatalytic performance of nanocomposites for degradation of MCPs under
UV–Vis irradiation, as reported in terms of % removal efficiencies, are shown in Figure 5.
Notably, as a control, photolysis was performed with 2-CP, 3-CP and 4-CP under UV–
Vis irradiation without catalyst addition for 2 h (Figure S4). In these cases, absorbance
values of the phototreated MCPs solutions showed no significant differences from those
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from untreated MCPs solutions, suggesting negligible removal of MCPs in the absence of
photocatalyst. These findings agree with those from previous work [67], and reflect the
structural stability of MCPs.

Figure 5. Photocatalytic degradation profiles for (a) 2-chlorophenol, (b) 3-chlorophenol, and
(c) 4-chlorophenol when treated with g-C3N4, TiO2, and composites under UV–Vis irradiation
(25 ppm pollutant, 1 g/L catalyst loading). Plots with error bars from triplicate measurements are
given in Figure S5.
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Results in Figure 5 show that Bulk-CN, CNNS, and 20TiO2/CNNS materials are only
marginally effective for MCPs degradation, with removal efficiencies being less than 50%
after 2 h. This is presumably due to electron-hole recombination, as implied by PL results
(Figure 4b).

Notably, CNNS exhibits higher photocatalytic activity than bulk g-C3N4. Exfoliation
results in nanosheets with a greater surface area and the addition of N-defects, both of
which enhance photocatalytic activity [68,69]. Defect modification is one promising way
to enhance the photocatalytic activity of g-C3N4, as it results in band gap narrowing and
extension of the light absorption range [69]. The recombination of the photoexcited electrons
and holes can also be inhibited through the midgap state generated by the introduction
of the N defects, leading to enhancements in photocatalytic activity. All other composites
than 20TiO2/CNNS and TiO2 alone show photocatalytic efficiencies greater than 50% after
2 h. The 40TiO2/CNNS nanocomposite is the most active in degradation of 2-CP and 4-CP,
giving removal efficiencies of 87% and 64% after 2 h, respectively. These results illustrate
the synergistic effect of TiO2 and g-C3N4, and the importance of Ti3+-Vo defects, to the
photocatalytic performance. As indicated earlier, 40TiO2/CNNS has the lowest band gap
energy (2.89 eV), allowing the harvesting of light in the visible region, and the introduction
of Ti3+ provides hole traps to promote charge separation and suppress recombination. From
UV–Vis DRS results (Figure 5), 30TiO2/CNNS and 50TiO2/CNNS show wider band gaps
compared with 20Ti/CNNS and CNNS.

While the 50TiO2/CNNS displays strong light absorption in the visible region and
contain Ti3+ defects, no such defects were observed in 20TiO2/CNNS which underlines the
importance of both band gap and defects on photocatalytic activity. Results from UV–Vis
DRS spectra indicate that 50TiO2/CNNS exhibits a wider band gap than 40TiO2/CNNS.
Possible reasons for 40TiO2/CNNS exhibiting the highest performance could be its low
band gap energy (2.89 eV) allowing harvesting of light in the visible region, and the
presence of Ti3+ species, providing hole traps to promote charge separation and suppress
charge recombination. The nitrogen defects in CNNS and the interactions between the
CNNS and TiO2 particles (discussed herein) may account for the superior performance
of these composites relative to bulk g-C3N4/TiO2 in the photocatalytic degradation of
2-CP [25]. Notably, the photocatalytic activities for 2-CP degradation are higher than
that obtained for 3-CP and 4-CP [70], potentially due to stronger adsorption of 2-CP over
the other isomers. The photocatalytic removal efficiency of 2-, 3-, and 4-CP over the
40TiO2/CNNS nanocomposite was ca. 87%, 64%, and 22%, respectively (Figure 5), which
agrees with previous findings [70] such that the removal efficiencies of 2-CP > 3-CP >
4-CP. Additionally, the position of the Cl substituent on the aromatic ring can affect the
photocatalytic degradation profile of MCPs, as ortho and para C-Cl bonds can be cleaved
more easily than those of meta-Cl substituents as a result of inductive and mesomeric
effects [16].

To analyze the degradation pathway of 2-chlorophenol, GC-MS was employed to
visualize and identify potential breakdown products. As shown in Figure 6a, the GC
trace of untreated 2-CP shows a peak corresponding to the phenol at a retention time of
4.50 min. The intensity of this peak decreases on treatment with CNNS and is completely
absent after treatment with 40TiO2/CNNS, which is in agreement with UV–Vis spectra
obtained for solutions treated with this photocatalyst (Figure 6b). Intermediate products
were observed at retention times of 3.68 (m/z = 63) and 3.88 (m/z = 133) min after treatment
with CNNS or 40TiO2/CNNS which, based on fragmentation data, could be acetic acid
(CH3COOH) [70,71] and C6H8ClOH, respectively. A possible degradation pathway for
2-CP, under optimum conditions in the presence of 40TiO2/CNNS, is proposed in Figure 6c.
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Figure 6. (a) GC traces of untreated 2-CP, 2-CP when treated with CNNS, and 2-CP when treated
with 40TiO2/CNNS. (b) UV–Vis spectra of 2-CP, and 2-CP treated with CNNS and 40TiO2/CNNS.
(c) A possible degradation pathway (from MS data) for 2-CP in the presence of 40TiO2/CNNS.

Moreover, the generation of radical species in the CP solutions treated with photocata-
lyst was probed using EPR spectroscopy with DMPO as the radical spin trapping agent
(Figure 7). The presence of hydroxyl radicals was tested under aqueous conditions whereas
superoxide radicals were trapped in methanol solution. Under photolytic conditions,
both radicals were observable (Figure 7). However, in the dark, or under photocatalytic
conditions using 40TiO2/CNNS, neither radical species could be detected. By contrast,
signals characteristic of the formation of DMPO-OH and DMPO-O2

− adducts were ob-
served after light irradiation for 60 min, which confirms the presence of OH and O2

− in the
photocatalytic mechanism.

3.4. Photocatalytic Mechanism

To further describe the photocatalytic mechanism for the degradation of 2-CP using
40TiO2/CNNS, the CB and VB edge potentials of g-C3N4 and TiO2 were calculated, at the
point of zero charge, using Equations (3) and (4) [72].

ECB = X − Ec − 1/2Eg (3)

EVB = ECB + Eg (4)

In Equations (3) and (4), X is the absolute electronegativity of the atom semiconductor,
being 5.8 eV for TiO2 and 4.73 eV for g-C3N4. Ec represents the energy of free electrons
on the hydrogen scale (4.5 eV) [73] and Eg is the band gap energy of the semiconductor.
From the UV–Vis DRS spectra (Figure 4b), the Eg of g-C3N4 is 2.94 eV and TiO2 is 3.16 eV.
Therefore, the reductive potentials of the conduction band (CB) are −0.28 and −1.24 V for
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TiO2 and g-C3N4, and the oxidation potentials of the valence band (VB) of TiO2 and g-C3N4
are +2.88 and +1.70 V, respectively. Under light exposure, electrons are excited from the VB
to the CB in TiO2 (Ti3+and Vo). Photogenerated holes thus remain in the TiO2 valence band,
while photogenerated electrons transfer from the CB of Ti3+ and Ov to the VB of g-C3N4.
Electrons in the VB of g-C3N4 are further excited into the CB, which leads to enhanced
separation between the photo-induced charge carrier and an increase in the redox ability.
The electrons stored in the CB of g-C3N4 are then trapped on the surface and reduced
to superoxide radical ions (O2

−), while the holes in the VB of TiO2 can oxidize OH− or
H2O to form hydroxyl radicals (OH), which further react with chlorophenol resulting in
CO2 and H2O products [72,73]. Therefore, the formation of Ti3+ and Vo is a major factor
dictating the photocatalytic activity of TiO2/CNNS nanocomposites. Classified as a type
II heterojunction, the electrons on CB of g-C3N4 are transferred to TiO2 which undergo
a reduction reaction, whereas holes on the surface of TiO2 are transferred to the g-C3N4
VB for oxidation reaction. This mechanism suggested the lowering of reduction ability of
photogenerated electrons and the weakened oxidation capability of holes. The holes in
the VB of g-C3N4 cannot adsorb water molecules near the surface of g-C3N4 to generate
hydroxyl radicals (OH) because the reduction potential of g-C3N4 (+1.70 V) is less than that
required to oxidize H2O to OH (+1.99 V). However, OH species were detected by EPR from
the 2-CP solution on treatment with 40TiO2/g-C3N4. Therefore, the Z-scheme mechanism
of 40Ti/CNNS is proposed (Figure S6), quite similar to a previous report [26].

Figure 7. DMPO spin trapping EPR spectra for investigating the generation of (a) hydroxyl radicals
in aqueous CP solutions treated with 40TiO2/CNNS and (b) superoxide radicals in methanolic CP
solutions treated with 40TiO2/CNNS.

Comparatively, the content of thermally exfoliated g-C3N4 required in the TiO2/CNNS
nanocomposites produced in this work (weight ratio of TiO2:CNNS = 40:60) is much higher
than photocatalysts affording high removal efficiencies (>80%) of imidacloprid from aque-
ous solution (TiO2:CNNS; weight ratio of TiO2:CNNS = 96:4, [26]). Thus, the optimum
CNNS content in the TiO2/CNNS nanocomposites is varied for effective photodegradation
of each pesticide. The relatively high CNNS content may enhance the number of π-π inter-
actions at the interface between the aromatic pollutants (MCPs) and the exfoliated carbon
nitride promoting surface reactions, resulting in a more facile degradation of MCPs over
the TiO2/CNNS composites described here. The polarity of MCPs (log Kow ≈ 2.5 [74]) is
quite low compared with imidachloprid (log Kow = 0.57 [75]), and the adsorption of MCPs
is preferable on the CNNS surface (rather than TiO2), promoting the surface photoreactions.
Recent works utilizing g-C3N4 based photocatalysts for the removal of pesticides (endosul-
fan [27], and 2,4-dinitrophenylhydrazine or 2,4-DNP [28]) from water suggest that further

448



Nanomaterials 2022, 12, 2852

modifications of the oxide semiconductor (e.g., adding Cu or N dopants) could also further
synergically enhance the performance of the photocatalysts. The high g-C3N4 content (30%
by weight) in the TiO2/g-C3N4 based composites also correlates well with the low polarity
of 2,4-DNPH [28]. Therefore, the synergetic effects obtained by incorporation of g-C3N4
with an oxide semiconducting material could be the results of the improved stability of
photogenerated electrons and holes, as well as the increased adsorption preference sites of
molecular pollutants of low polarity on the composite surface.

4. Conclusions

Exfoliated g-C3N4 nanosheets (CNNS) were produced via HNO3 assisted thermal
exfoliation of urea-derived bulk g-C3N4. The nanosheets showed larger specific surface
areas than that of the bulk g-C3N4 and contains N vacancy defects, promoting enhanced
photocatalytic activity. The addition of TiO2 (20–50% by weight) followed by hydrothermal
processing results in TiO2/g-C3N4 nanocomposites, having improved photocatalytic per-
formance over bulk g-C3N4, exfoliated g-C3N4, or TiO2 alone for the degradation of MCPs.
The highest removal efficiency of 87% was achieved from the treatment of 2-chlorophenol
with 40TiO2/CNNS, followed by UV irradiation for 2 h. Such photocatalytic performance
can be attributed to the existence of nitrogen, Ti3+, and Vo defects in the nanocomposites,
enhancing the separation efficiency of photogenerated carriers and charge recombination
suppression. It was found that OH and O2

− radicals are active species in the photo-
catalytic degradation of 2-CP. These thermally exfoliated carbon nitride materials may
provide preferable adsorption sites for MCPs, enhancing the photocatalytic performance of
TiO2/g-C3N4 nanocomposites. Further investigation of the nanocomposites obtained by
greener routes or non-toxic precursors should be carried out to optimize the sustainability
of photocatalytic processes.
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//www.mdpi.com/article/10.3390/nano12162852/s1, Figure S1: Enlarged powder X-ray diffraction
profile of the 40TiO2/CNNS composite; Figure S2: Solid ESR spectra of bulk-CN (red) and CNNS
(black); Figure S3: Convolution fitting of XPS spectrum of O1s in TiO2; Figure S4: UV–Vis spectra
of photolysis study in the absence of catalyst of (a) 2-CP, (b) 3-CP and (c) 4-CP aqueous solutions.
Figure S5. Time-dependent photocatalytic degradation of a) 2-chlorophenol, b) 3-chlorophenol, and
c) 4-chlorophenol when treated with g-C3N4, TiO2 and composites under UV-Vis irradiation (25 ppm
pollutant, 1g/L catalyst loading). Figure S6. Photocatalytic mechanism of utilizing 40TiO2/CNNS for
MCPs degradation
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Abstract: The promising functional tin oxide (SnOx) has attracted tremendous attention due to its
transparent and conductive properties. The stoichiometric composition of SnOx can be described
as common n-type SnO2 and p-type Sn3O4. In this study, the functional SnOx films were prepared
successfully by plasma-enhanced atomic layer deposition (PEALD) at different substrate temperatures
from 100 to 400 ◦C. The experimental results involving optical, structural, chemical, and electrical
properties and morphologies are discussed. The SnO2 and oxygen-deficient Sn3O4 phases coexisting
in PEALD SnOx films were found. The PEALD SnOx films are composed of intrinsic oxygen vacancies
with O-Sn4+ bonds and then transformed into a crystalline SnO2 phase with increased substrate
temperature, revealing a direct 3.5–4.0 eV band gap and 1.9–2.1 refractive index. Lower (<150 ◦C)
and higher (>300 ◦C) substrate temperatures can cause precursor condensation and desorption,
respectively, resulting in reduced film qualities. The proper composition ratio of O to Sn in PEALD
SnOx films near an estimated 1.74 suggests the highest mobility of 12.89 cm2 V−1 s−1 at 300 ◦C.

Keywords: tin oxide (SnOx); plasma-enhanced atomic layer deposition (PEALD); substrate temperature

1. Introduction

Transparent conductive oxide (TCO) materials have been widely used and intensively
researched in a wide range of industries during the last half-century [1–4]. Because of
its increasing use in many instruments, this large area of constantly expanding research
has focused on the preparations and properties of TCO films such as tin oxide (SnO2),
indium tin oxide (ITO), zinc oxide (ZnO), aluminum-doped ZnO (AZO), and titanium
oxide (TiO2) [5–9]. Non-stoichiometric SnO2 (SnOx), in particular, has recently gained
substantial interest as a potential functional oxide semiconductor for use in a wide range
of optoelectronics due to its specific features in its stoichiometry [10]. For instance, the
SnOx films are prepared with nanocomposite porous silicon for application and used in
gas microsensors [11]. Due to their superior chemical and mechanical stability over other
known oxide films, SnOx films are also employed as electron selective film candidates
for solar cells and light-emitting diodes based on perovskite, quantum dots, and organic
materials [12–14]. Furthermore, various experiments have been conducted to examine tin
oxides with different oxygen stoichiometry, such as Sn2O3 [15], Sn3O4 [16], and Sn5O6 [17].
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Because of its oxygen-deficient property, p-type Sn3O4 has gained a significant amount
of interest. However, the impact of this Sn3O4 phase on the optical, electrical, physical,
and chemical characteristics of the film, which usually coexists with the SnO2 phase, is
sometimes underestimated.

In the literature, various deposition processes such as chemical vapor deposition
(CVD), low-pressure chemical vapor deposition, plasma-enhanced chemical vapor de-
position (PECVD), physical vapor deposition (PVD), and so on have been employed to
prepare multifunctional SnOx films [18–21]. Currently, atomic layer deposition (ALD),
as an appealing deposition process with low deposition temperature, atomic-scale thick-
ness controllability, and remarkable conformity, permits the considerable scaling-down
and 3D structuring of devices as compared to CVD and PVD [22,23]. In ALD, two self-
limiting surface reactions are used, in which two reactant gases are pulsed into the chamber
in two different dosages, resulting in the formation of individual mono-layers per reac-
tion cycle. Furthermore, as a better approach, plasma-enhanced ALD (PEALD) employs
plasma-generated oxidizing agents to effectively augment the reactivity between plasma
species and precursors, allowing for lower deposition temperatures without affecting film
quality [24–27]. Film properties are affected by different deposition modes driven by
lower or higher substrate temperatures [28–30], perhaps due to precursor condensa-
tion/adsorption within an incomplete reaction or decomposition/desorption. Thus, it
is important to focus on the impact of various substrate temperatures on the PEALD
SnOx films and validate which deposition mode will occur with the various substrate
temperatures in order to acquire the optimal stoichiometry of oxygen and tin.

PEALD SnOx films deposited at substrate temperatures ranging from 100 to 400 ◦C are
investigated in this study. The metal precursor is tetrakis(dimethylamino)tin (TDMA-Sn),
which reacts with oxygen and argon plasma reactants. The optical, electrical, physical, and
chemical characteristics are analyzed and discussed to determine the optimal stoichiometric
ratio of O to Sn.

2. Materials and Methods

2.1. Materials and PEALD Process

The SnOx films were deposited on silicon wafers (4 inches with 450 μm and a resistivity
of 50 Ω-cm) by the PEALD system (R-200, Picosun, Finland) with six source channels, where
the TDMA-Sn (purity: 99.9999%, Aimou Yuan, Nanjing, China) was used as the Sn metal
precursor. Each experimental variable was used for preparing five samples at different
substrate temperatures, and silicon wafers were cleaned by a standard procedure, including
deionized water (DI-water) for 10 s, hydrofluoric acid for 1 min, and DI water for 10 s.
Before being transferred to the vacuum chamber, the silicon wafer was blow-dried with
nitrogen (N2, 99.99%). We operated the Ar and O2 (both of them with an ultra-high purity
of 99.999%) plasma in a quartz cavity by the inductive coupling of RF power. The SnOx
deposition was performed with a total of 300 ALD cycles. Table 1 shows the preparation
parameters of the PEALD SnOx films, and the substrate temperature was varied from 100
to 400 ◦C.

Table 1. Preparation parameters of PEALD SnO2 films.

Parameter Value

Bubbler temperature (◦C) 50
Substrate temperature (◦C) 100–400

TDMA-Sn pulse time (s) 1.6
TDMA-Sn purge time (s) 6

O2 pulse time (s) 11
O2 purge time (s) 5

Ar flow rate (sccm) 80
O2 flow rate (sccm) 150

O2 plasma power (W) 2000
TDMA-Sn carry gas flow rate (sccm) 120
TDMA-Sn dilute gas flow rate (sccm) 400
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2.2. Characteristic Measurements

The ellipsometer (M-2000, J. A. Woollan Co., Lincoln, NE, USA) was used to determine
the thickness, refractive index (n), and deposition rate (nm/cycle). The estimated thickness
value had an error of less than ±2% to show satisfying reproducibility. The model of “air,
air/SnOx, SnOx, SnOx/silicon” was used to complete the fitting ellipsometric data for the
PEALD SnOx films by the Drude-Lorentz model. For the optical properties of films, all sam-
ples were measured by ultraviolet-visible spectroscopy (MFS-630, Hong-Ming Technology,
New Taipei City, Taiwan) in the wavelength range from 350 to 850 nm. For the structural
properties of films, the grazing incidence X-ray diffraction (XRD, Rigaku TTRAXIII, Ibaraki,
Japan) with a selected 0.5◦ incident angle and a wavelength of 0.15418 nm was used at
50 kV and 300 mA to obtain the orientation in diffraction patterns within a 2θ range of
20◦ to 70◦. Field emission scanning electron microscopy (FESEM, JSM-7800F, JEOL, Tokyo,
Japan) at 9.6 × 10−5 Pa and atomic force microscopy (AFM, XE7, Park, Korea) at ambient
conditions were used to obtain the top-view surface morphologies. Further microstructure
characteristics were shown in the cross-sectional transmission electron microscopy (TEM)
images. For the chemical properties of the films, the X-ray photoelectron spectroscopy
(XPS, ESCALAB, 250Xi, Thermo Fisher, Waltham, MA, USA) spectra were performed
and calibrated by C 1s (284.5 eV). Before XPS measurement, the surface contamination
was removed by sputtering. For the electrical properties of films, the resistivity, carrier
concentration, and mobility were conducted by Hall-effect measurements (HMS-5000,
Side Semiconductor Technology, Ecopia, Anyang, Korea) at room temperature. Both XRD
and XPS results were further analyzed by peak-differentiated and imitating methods to
demonstrate the phase and bonding characteristics of the films, respectively.

3. Results and Discussion

3.1. Deposition Mechanism

The schematic deposition mechanism of the PEALD SnOx films is shown in Figure 1.
Three growth modes concerning the first (steps 1 and 3) and second self-limiting surface
reactions (steps 2 and 4) are described as (a) precursor condensation (<150 ◦C), (b) saturation
reaction (250–300 ◦C), and (c) thermal desorption (350–400 ◦C), where the reaction can be
represented via the following equations [28,29]:

Sˆ–(OH)3 + 2 Sn(N(CH3)2)4 → Sˆ–OH–Sn(N(CH3)2)4 + Sˆ–O2Sn(N(CH3)2)2 + 2 NC2H7↑ (1a)

Sˆ–(OH)2 + Sn(N(CH3)2)4 → Sˆ–O2Sn(N(CH3)2)2 + 2 NC2H7↑ (1b)

Sˆ–(OH)2 + Sn(N(CH3)2)4 → Sˆ–O2Sn(N(CH3)2)2 + NC2H7↑ + Sn(NC2H7)2↑ (1c)

Sˆ–O2Sn(N(CH3)2)2 + Plasma (O*/Ar*/e−) → Sˆ–SnO2–H + (COX + NOX + H2O)↑ (2)

Sˆ–SnO2–2H + Sn(N(CH3)2)4 → Sˆ–SnO2–Sn(N(CH3)2)2 + NC2H7↑ (3)

Sˆ–SnO2–Sn(N(CH3)2)2 + Plasma (O*/Ar*/e−) → Sˆ–SnO2–SnO2–2H + (COX + NOX + H2O)↑ (4)

where the Sˆ and ↑ symbols represent the substrate surface and by-product with volatile
gaseous phase, respectively. In Equation (1), the TDMA-Sn molecules will react with
the hydroxyl (OH) groups on the substrate surface. Equation (1a) reveals that the low
substrate temperature (<150 ◦C) causes the condensation of the TDMA-Sn precursor mainly
due to the physisorption, where it is quite mobile and oscillating on the surface. This
result is similar to some other studies [28]. With the increasing substrate temperatures
(200–400 ◦C), the physisorption becomes a minor factor and the film growth gradually
turns into chemisorption as a significant factor. As shown in Equations (1b) and (1c), the
thermal activation induces the irreversible break of chemical bonding and the electron
transfer between the deposited surface and adsorbed molecules [31,32]. Notably, when
the substrate temperature is in the range of 250–300 ◦C, a self-limiting PEALD process
emerges as Equation (1b) due to enough heat energy, leading to the saturation reaction
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of precursors and oxygen radicals. However, these adsorbed precursor molecules will
further desorb, as in Equation (1c), when the surface possesses excess heat energy at
higher substrate temperatures of 350–400 ◦C. In the second self-limiting surface reaction,
the plasma reaction is shown as the following formula to generate oxygen (O2) radicals:
Ar + O2 + e−→2O* + Ar* + e−, where the asterisk mark describes the excited state. The
Sn-O bonds and initial hydroxyl ligands are formed, and then the released by-products
(COX, NOX, and H2O gas), as described in Equation (2), are purged. So far, one PEALD
cycle has finished, and we continuously used more than one cycle to complete the film
growth by repeating Equations (3) and (4).

Figure 1. Deposition mechanism of PEALD SnOx films at different substrate temperatures dividing
into three growth modes: (a) precursor condensation (<150 ◦C), (b) saturation reaction (250–300 ◦C),
and (c) thermal desorption (350–400 ◦C).

Figure 2a shows the substrate temperature-dependent growth per cycle (GPC) of
PEALD SnOx films on the Si wafer from 100 to 400 ◦C. The trend line of corresponding
thickness at each GPC is plotted in Figure 2b. We calculate the GPC value by dividing the
film thickness by the number of cycles. Three reaction regions are obviously demonstrated
with respect to the substrate temperature. The GPC of 0.117 nm/cycle at 100 ◦C is mainly
induced by the precursor physisorption and condensation [28,33]; however, at 150–200 ◦C,
the GPC decreases to 0.117–0.087 nm/cycle, inferring that the surface reaction changes
from physisorption to chemisorption-dominated. These low GPC values are likely due
to the low chemical reaction rates at low temperatures [34,35]. The high GPC values of
0.138 nm/cycle at 250 ◦C and 0.131 nm/cycle at 300 ◦C are ascribed to the saturation of
chemical-adsorbed precursors. However, the GPC rapidly drops to 0.094 nm/cycle at
350 ◦C and 0.082 nm/cycle at 400 ◦C due to the severe thermal desorption between the
precursors and surface [34]. In other words, the self-limiting process as a unique feature of
PEALD is verified by observing the saturation reaction of the GPC value as a function of
the substrate temperature. Compared to some studies contrary to our results [28], these
observations indicate that the higher substrate temperature causes the low GPC owing to
the precursor’s desorption [34]. In the ALD process, the saturation reaction should lead
to a relatively high GPC value and simultaneously a small change in GPC, which were
observed in the range of 250 to 300 ◦C in this study. This temperature range is reasonable
as compared to the literature [36].
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Figure 2. (a) The substrate temperature-dependent growth per cycle (GPC) of PEALD SnOx films
and (b) its trend line of corresponding thickness at each GPC.

3.2. Chemical and Electronic State of the Sn and O

Figure 3a shows the XPS full-side spectra for the films deposited at different tempera-
tures. All the peaks are labeled and hydrogen is not detectable in XPS, while nitrogen and
carbon may be contained in the films, but only in low amounts. The nitrogen content of
around 2.5 at.% at 100 and 150 ◦C results from the unreacted ligands of TDMA-Sn, possibly
due to the low reactivity at low substrate temperatures. At higher substrate temperatures
(>200 ◦C), the nitrogen content is as low as around 0.5 at.%. In particular, Sn 3d3/2 and 3d5/2
peak at ~495.6 and~487.0 eV [37], respectively, and the O 1s peak at ~530.7 eV is commonly
used for further analysis. In Figure 3b, showing the high-resolution Sn 3d peaks, the peak
position is slightly different among the samples with different substrate temperatures. This
is related to the Sn4+ and Sn2+ components, e.g., at respectively 487.5 eV and at 486.4 eV for
the Sn5/2 peaks [38]. The Sn4+ and Sn2+ components indicate the coexistence of the SnO2
and the metastable Sn oxide (such as Sn3O4). This is also supported by the O 1s spectra
illustrated in Figure 3c. The spectra are deconvoluted into three peaks at 530.0 eV, associ-
ated with the lattice oxygen bonded to Sn2+ (OL–Sn2+); 531 ± 0.1 eV, to the lattice oxygen
bonded to Sn4+ (OL–Sn4+); and 532 ± 0.1 eV to oxygen-deficient regions in oxides [24,39,40].
The ratio of each oxygen component to the total is calculated and shown in Figure 3d. At
low temperatures (100–200 ◦C) the OL–Sn2+ area ratio decreases from 20.07% to the lowest
of 15.23%, and the oxygen vacancy (OV) defects proportion increases from 10.25% to the
highest of 12.62%, primarily due to the precursor chemisorption dominating at 200 ◦C.

The maximum 22.57% OL–Sn2+ area ratio and the minimum 3.15% OV proportion at
300 ◦C are observed. This suppression of OV defects is mainly due to the best decomposition
of the precursor at 300◦C. Besides, the OV defects proportion increases to 7.61% at 400 ◦C
due to the out-diffusion of the oxygen atoms from SnO2 films. It is deduced that at higher
substrate temperatures, the SnO2 decomposes thermally and oxygen breaks bonds between
itself and metal and diffuses towards the film surface. The oxygen then leaves the film as O2,
and it is possible that a small amount of oxygen leaves the film as CO2. The atomic ratios
of elemental compositions, including O, Sn, and nitrogen (N), as a function of substrate
temperature, are shown in Figure 3e. Notably, the high N ratio of ~2.5% at 100 ◦C and
150 ◦C dramatically decreases to ~0.5% in the range of 200–400 ◦C, demonstrating that the
precursors are decomposed above 200◦C. To analyze the stoichiometric SnOx films, the O to
Sn ratio values (RO/Sn) are further calculated at different substrate temperatures. The RO/Sn
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of 1.517 at 100 ◦C increases to 1.559 and 1.645 at 150 ◦C and 200 ◦C, respectively. Then,
the improved RO/Sn is obtained as 1.709 at 250 ◦C and 1.736 at 300 ◦C. The excessively
high temperatures (350 ◦C and 400 ◦C) show a slightly decreased RO/Sn of 1.725 and 1.723,
respectively. These results are similar to a few studies [37].

 

 

Figure 3. (a) XPS spectrums for the PEALD SnOx films deposited at substrate temperatures from
100 and 400 ◦C. The spectra of (b) Sn 3d and (c) O 1s core level with (d) the peak area ratio of
OL–Sn2+/[(OL–Sn2+) + (OL–Sn4+)] and OV/(OL + OV), and (e) the atomic ratio of O, Sn, and
N elements.

3.3. Structural Properties of the SnOx film

Figure 4a illustrates the XRD patterns of PEALD SnOx films deposited at different
substrate temperatures. Based on the JCPDS card (no. 41-1445), the strong peaks at 26.7◦,
38.4◦, and 52.1◦ are ascribed to (110), (200), and (211) orientations of the SnO2 tetragonal
rutile structure, respectively [24,25,41]. The weak peaks at 34.2◦, 53.1◦, and 62.4◦ correspond
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to (101), (220), and (310) orientations, respectively [27]. The amorphous structure of
films deposited at below 200 ◦C is clearly observed. The reason is the low reactivity of
precursor and precursor condensation induced by the low substrate temperature. With the
increasing substrate temperatures, a polycrystalline SnO2 is observed. A (110) preferred
orientation is detected with the highest intensity variability when the substrate temperature
is in the range of 250–400 ◦C. The intensity of (110) orientation increases at medium
temperature (250–300 ◦C) due to the self-limiting growth and then decreases at higher
substrate temperature (350–400 ◦C), owing to the decomposition and desorption of the
precursor. The intensity variation of diffraction peaks indicates the consistent variation
of full width at half maximum (FWHM). Figure 4b shows the FWHM variation of the
preferential (110) orientation and the average crystallite size (D) of films estimated by the
Scherrer function as Equation (5) [42]:

D = κλ/(βcos θ), (5)

where the κ = 0.9 is the Scherrer constant, λ is the wavelength of the X-ray sources, β is
the FWHM value, and θ as Bragg angle is the peak position of the (110) orientation. The
lowest FWHM value of 0.87◦ at 300 ◦C corresponds to the largest average crystallite size.
Then, the FWHM value increases with increasing substrate temperature from 300 ◦C to
350 ◦C, indicating the decreased average crystallite size from 13.42 to 9.06 nm. The reason
is attributed to the fact that excessively high substrate temperature above 300 ◦C causes
the non-ideal deposition induced by severe precursor desorption and decomposition. It is
observed that the diffraction peaks slightly shift with the increasing substrate temperature,
suggesting a lattice expansion or contraction. For example, the peak position shifts from
26.56◦ at 250 ◦C to 26.74◦ at 300 ◦C. Similarly, the peak position then shifts toward a lower
angle to 26.42◦ at 400 ◦C. The interplanar distance (d−spacing) is calculated as shown in
Figure 4c by the Bragg formula [43]:

2dsin θ = ndλ, (6)

where nd is the order of diffraction, and d is the dspacing. With increasing substrate
temperatures from 250 ◦C to 400 ◦C, the dspacings of SnOx films are around 3.356, 3.334,
3.349, and 3.373 Å, respectively. The standard dspacing value of pure SnO2 is 3.347 Å.
The decreased dspacing when increasing the substrate temperature from 250 to 300 ◦C
is attributed to the decrease in oxygen vacancy defects as observed from the XPS results,
causing the lattice contraction of SnOx films [44]. In the study reported by Santara et al. [45],
the oxygen interstitials (Oi

2+) and metal interstitials may attract each other and cause
lattice contraction. Thus, another possible reason for the lattice contraction observed in this
study can be due to the electrostatic attraction between Oi

2+ and tin interstitials (Sni
4+). In

contrast, the increased d−spacings at 350–400 ◦C are due to the generated oxygen vacancy
defects. The O−Sn bonds in the vicinity of oxygen-deficient regions are relaxed, leading to
the lattice expansion of SnOx films. Besides, the nearest-neighbor Sn atoms move outward
from the vacancy to strengthen their neighboring bonds of the remaining oxygen lattice.
Although the nearest-neighbor oxygen atoms may move inward to fill the site of oxygen
vacancy defects, the net outward movement of Sn atoms is higher than the net inward
movement of oxygen atoms, resulting in the lattice expansion. Other microstructural
parameters, such as micro-strain (ε) and dislocation density (δ), are estimated as:

ε = β/4tan θ, (7)

δ = 1/D2, (8)
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Figure 4. (a) XRD patterns of PEALD SnOx films deposited at substrate temperatures where the
red star mark with red dash line presents another (101) orientation of Sn3O4. (b) The variation for
the FWHM of the preferential (110) orientation and the average crystallite size, showing (c) the
dependence of the average dspacing of (110) planes, the dislocation density, and the micro-strain
value. (d) The deconvolution results of the (110) orientation deposited at 300 ◦C in the 2 theta of
22–31◦. (e) The variation of the area ration of (110)SnO2 to [(110)SnO2 + (101)Sn3O4 + (111)Sn3O4].

Accordingly, the film at the 300 ◦C substrate temperature obtains the lowest value of δ
and ε. The small δ obtained at 300 ◦C is the number of defects measured in the crystals [43]
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and the released ε at 250–300 ◦C is mainly due to the lattice contraction. The enhanced ε
at 300–350 ◦C can be described by the increased vacancy formation energy from external
strain [46].

However, beyond the substrate temperature of 300 ◦C, we observe that the (110) SnO2
peaks are not symmetrical, possibly implying the existence of other phases. For example,
a diffraction peak near 25◦ is observed as a star, marked in Figure 4a, resulting from the
oxygen-deficient SnOx [27]. To identify whether there are other hidden peaks, the (110)
peaks are deconvoluted in Figure 4d, where two shoulder peaks at 24.8◦ and 28.1◦ as (101)
and (111) triclinic Sn3O4 phases are identified (JCPDS#16-0737) [47,48]. This means that the
SnOx films have SnO2 as the major phase and Sn3O4 as the minor phase. Moreover, the
triclinic Sn3O4 as an intermediate oxide during the phase transformation of SnO2 is known
as the oxygen-deficient SnOx phase [49]. The (110)SnO2/[(110)SnO2 + (101)Sn3O4 + (111)Sn3O4]
peak area ratio for the different substrate temperatures is further shown in Figure 4e. The
proportion of (110) orientation firstly decreases to the lowest value of 64.62% at 300 ◦C and
then increases again at increasing substrate temperatures. This result also supports that the
300 ◦C substrate temperature is a critical temperature where the deposition mode changes
from saturation growth to precursor decomposition or desorption.

AFM with a scanning area of 5 × 5 μm2 is used to analyze the topographic and
stereoscopic surface morphologies of PEALD SnOx, films as shown in Figure 5. The films
grown at 100–200 ◦C show a smooth microstructure with a root-mean-square (Rq) of
0.16–0.23 nm, consistent with the amorphous SnOx films at this temperature range. The
film deposited at 250 ◦C obtains the highest Rq value of 1.65 nm. The Rq reduces to 0.34 nm
when the substrate temperature increases to 400 ◦C. Compared to the Rq value of SnOx
films deposited by spray pyrolysis (11.6 nm) [50] and sputtering (17.72 nm) [51], the PEALD
SnOx films provide a smoother surface that is beneficial for many applications.

The top-view FESEM images of the films are observed on the right-hand side of Fig-
ure 5. Flat and featureless morphologies of SnOx films are observed without noticeable
grain boundaries at the substrate temperature of 100–200 ◦C. This agrees with the amor-
phous structure of the films. At 250 ◦C, distinct clusters can be observed due to the large
SnOx grains, and a clear grain structure is visible at 300 ◦C; however, these obvious grain
boundaries gradually disappear at the higher substrate temperatures of 350 ◦C and 400 ◦C,
attributed to the decreased grain size.

Figure 6 shows the cross-sectional TEM images of SnOx films. It is unexpected that
crystallization is observed at 100 ◦C, shown in Figure 6a, as this is inconsistent with the
XRD result. One reasonable explanation is that the amorphous structure recrystallizes by
the ion beam of the TEM measurement.

In Figure 6b, the 41.49 nm-thick SnOx film deposited at 250 ◦C reveals well-defined
lattice fringes with a dspacing of 3.35 Å corresponding to the (110) SnO2 tetragonal rutile
structure. The film deposited at 400 ◦C shown in Figure 6c shows lattice fringes of 2.3 and
3.35 Å dspacings corresponding to SnO2 (200) and (110) planes. At the Si/SnOx interface,
the silicon oxide layer is presented, and its thickness decreases from 3.9 (100 ◦C) to 1.5
nm (400 ◦C). The presence of the interfacial layer is similar to our previous research of
ALD HfO2 or Al2O3 [52,53], and thus the reason is believed to be attributed to the reaction
between oxygen plasma radicals and the Si wafer in the first few cycles.
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Figure 5. Topographic and stereoscopic surface morphologies of AFM with a scanning area of
5 × 5 μm2 and top-view images of FESEM for PEALD SnOx films deposited at various substrate
temperatures from (a–g) 100 ◦C to 400 ◦C on a Si wafer.
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Figure 6. The TEM results of SnOx films deposited at different substrate temperatures of (a) 100 ◦C,
(b) 250 ◦C, and (c) 400 ◦C, including cross-sectional and high-resolution images.

3.4. Photoelectric Properties of the SnOx film

Figure 7a shows the optical spectra of PEALD SnOx films deposited at different
substrate temperatures. The variation of the transmittance spectrum is inverse to that of
reflectance. All samples have a transmittance of approximately 80% to 90% and a reflectance
of approximately 10% to 15% in the wavelength range of 400–900 nm. The decrease in
transmittance at the short wavelength of around 400 nm for the films is attributed to the
absorption caused by the band-to-band transition. In addition, the absorption coefficient
(α) is determined by the Beer–Lambert law equation [31,33]:

α = 4πk/λ, (9)

where λ is the wavelength and k is the extinction coefficient determined from ellipsometer
measurements. The absorption coefficients are further used for the optical band gap
determination using Tauc’s plot method [54]:

(αhν)2 = A·(hν − Eg), (10)

where hν is the photon energy and A is the proportionality constant [55]. As shown in
Figure 7c, Eg with the V-shaped trend on the substrate temperature is observed. With
the increasing substrate temperatures, the SnOx film obtains the narrowest Eg of 3.52 eV
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at 200 ◦C, possibly due to the introduction of a shallow donor energy level of oxygen
vacancies (OV) under the conduction band [56,57]. Another reason is the smaller excited
energy induced by the short-range ordered crystallite in the amorphous SnOx crystal,
leading to the increase in the carrier concentration [58,59]. Furthermore, the enhancement
of Eg to 3.78 eV is obtained at 250◦C, mainly owing to the presence of polycrystalline, as
evidenced in XRD results. The Eg increases slightly from 3.78 to 3.85 eV at 250–300 ◦C and
then maintains 3.83 eV at 350 ◦C and 400 ◦C.
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Figure 7. (a) The optical transmittance with reflectance and (b) absorption coefficient spectrums to
extract (c) the band gap values for the PEALD SnOx films with increasing substrate temperatures
from 100 to 400 ◦C.

Figure 8 demonstrates the wavelength-dependent refractive index of the PEALD SnOx
films with different substrate temperatures. The refractive index is low for the samples
at 100–200 ◦C, then varies closely at 250–350 ◦C, and reaches the highest value at 400 ◦C.
This variation of the refractive index can be a reflection of the change in the film density,
since they are closely related [25]. Increasing the substrate temperature from 100 to 200 ◦C
causes the increase in packing density in the amorphous structure and the change in the
chemical composition of the films (especially nitrogen proportion), hence affecting the
refractive index. Meanwhile, the variation of refractive index at high substrate temperatures
(250–400 ◦C) also corresponds to the crystallinity variation in the polycrystalline structure.

464



Nanomaterials 2022, 12, 2859

Figure 8. The wavelength-dependent refractive index of PEALD SnOx films with increasing substrate
temperatures from 100 to 400 ◦C.

As a transparent conductive material, the electrical properties are an important in-
dicator for PEALD SnOx films. As a result, the carrier concentration (Ne), mobility (μ),
and resistivity (ρ) of PEALD SnOx films were determined by Hall-effect measurements. In
Figure 9a, the films deposited at 100◦C obtained the lowest Ne of 1.17 × 1020 cm−3 and μ
of 2.44 cm2/Vs. With the increasing substrate temperatures, the Ne slightly increases to
1.91 × 1020 cm−3 at 150 ◦C and sharply sweeps upward to the highest 8.22 × 1020 cm−3

at 200 ◦C. After that, we observed that the Ne descends to 2.84 × 1020 cm−3 at 250 ◦C
and even 2.18 × 1020 cm−3 at 300 ◦C. The possible reason for this trend is attributed to
the variation of crystallization and the proportion of oxygen vacancies, where the change
presents similar consistency to Figure 3d. Upon increasing the substrate temperature to
350 ◦C, the increased proportion of oxygen vacancies becomes the main reason for the sud-
denly increased Ne to 4.27 × 1020 cm−3. However, we have noticed that, primarily, the μ

gradually ascends with the increasing substrate temperature from 100 ◦C to 300 ◦C, maybe
owing to an enhancement of the crystallinity of the films and thus electrical continuity in
the lateral direction [28]. Higher substrate temperatures cause the decreased μ at 350 ◦C
and 400 ◦C due to the variation of crystallinity and crystallite size in SEM results, resulting
from the phase transition during the deposition. Figure 9b shows the high ρ values of SnOx
films below 150◦C determined by the Ne and the low μ. Low ρ values at 200–400 ◦C are
shown in the range of 1.5 to 2.6 × 10−3 Ω·cm.
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Figure 9. Hall-effect measurement for the (a) carrier concentration (Ne) accompanied by the mobility
(μ) and (b) resistivity (ρ) of SnOx films deposited at various substrate temperatures at 100–400 ◦C.
Five samples were measured in each series, and standard deviations are included.
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4. Conclusions

In this work, PEALD SnOx films were prepared at various substrate temperatures, and
their optical, physical, and chemical properties were further studied. The deposition mech-
anisms associated with three temperature ranges are clearly demonstrated. The precursor
condensation is observed at low substrate temperatures (100–200 ◦C), forming the amor-
phous structure with the highest carrier concentration of 8.22 × 1020 cm−3. The surface
reaction at 200 ◦C changes from physisorption to chemisorption-dominated. Meanwhile,
the precursors are largely decomposed to participate in the reaction due to the dramatic
decrease in the N ratio. With the increasing substrate temperatures, the PEALD SnOx films
prepared at 250–400 ◦C show the coexistence of SnO2 and Sn3O4 phases. The lowest (110)
SnO2 ratio is obtained at 300 ◦C. However, the film prepared at the substrate temperature
of 300 ◦C has the highest OL−Sn2+ and the lowest OV ratios. The excessive 350 ◦C and
400 ◦C initiated severe precursor desorption, leading to a decrease in the GPC and mobility.
The ratio of O to Sn at 300 ◦C is further estimated to be ~1.74 as a preferred parameter for
depositing high-quality PEALD SnOx films.
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Abstract: We investigated the tunneling of graphene/insulator/metal heterojunctions by revising
the Tsu–Esaki model of Fowler–Nordheim tunneling and direct tunneling current. Notably, the
revised equations for both tunneling currents are proportional to V3, which originates from the linear
dispersion of graphene. We developed a simulation tool by adopting revised tunneling equations
using MATLAB. Thereafter, we optimized the device performance of the field-emission barristor
by engineering the barrier height and thickness to improve the delay time, cut-off frequency, and
power-delay product.

Keywords: graphene; barristor; Fowler–Nordheim tunneling; cut-off frequency; delay time;
power-delay product

1. Introduction

Graphene barristor [GB] has been introduced to break the limitation of the low
ION/IOFF of the graphene field-effect transistor (GFET) [1]. Since the introduction of
the barristor, not only Si, but either organic [2–5] or inorganic [6–12] materials, have been
exploited to make the graphene-semiconductor junction and applied on photosensors, gas
sensors, etc., with its superior ION/IOFF.

Extreme temperature changes or degradation due to the environment may affect the
performance of GFET or GB [13]. However, graphene-insulator-junction barristors exhibit
a more stable performance compared to semiconductor-based ones [14].

In this study, we revised the models for Fowler–Nordheim tunneling (FNT) and direct
tunneling (DT) in graphene/insulator/metal (GIM) junctions using the Tsu–Esaki tunneling
model to reflect the graphene’s linear band structure [15]. Compared to the traditional FNT
equation—proportional to V2—the revised FNT equation—proportional to V3—fits better
with the experimental data. Then, we simulated how delay time (τ), power-delay product
(PDP), and cut-off frequency (f T) of the field-emission barristor (FEB) could be improved
by varying the tunneling-barrier height (∅B), and the thickness of the hexagonal boron
nitride (hBN) (tTunnel) with the revised tunneling models. We also considered thermionic
emission for the low barrier height and DT for the thin insulator channel. The figures
of merit of the FEB were extracted from the experimentally measured I–V characteristics
in [14]. Notably, we could improve the device performance by decreasing tTunnel. This is
because ∅B, followed by the channel current (ID), decreased with tTunnel. However, the
improvement in the device performance by increasing tTunnel has a limitation because the
increase in tTunnel deteriorates the PDP. Therefore, to not only improve τ and f T but also
PDP, both the tunneling barrier height and tTunnel should be decreased.

2. Materials and Methods

We used the polydimethylsiloxane (PDMS) stamping method to create the bottom
structure (gate electrode/hBN). Few-layer hBN was prepared on PDMS (PF Film-X4-6.5
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mil bought in Gel-Film®) by mechanical exfoliation, and it was attached to the slide glass
upside down. The hBN was subsequently aligned on top of the target substrate using a
3-axes manipulator. The PDMS was heated to 60 ◦C while it was transferred onto the target.
Finally, PDMS was mechanically peeled off after the temperature was decreased to 25 ◦C.
The top structure (hBN/graphene) was then transferred to the metal/hBN structure using
the PMMA transfer method. The drain and source electrodes were deposited using an
e-beam evaporator. The processes were conducted at the Core Facility Center for Quantum
Characterization/Analysis of Two-Dimensional Materials and Heterostructures.

The simulation data were calculated using MATLAB R2021b. The source code imple-
ments the equations derived in the manuscript. We utilized MATLAB to calculate the current
by varying the barrier height and the electric field. Using the double for loops, we obtained
the current ranging from the height up to 3.0 eV and the field up to 0.4 V/nm with the discrete
tunneling thickness. The source code is provided in the Supplementary Materials.

3. Results

3.1. Tunneling Current Model in GIM Junction

We derived a revised model for tunneling in graphene/insulator/metal (GIM) junc-
tions. We started with the Tsu–Esaki model and applied the band structure of graphene.
The current density tunneling from graphene to the metal can be calculated as follows [16]:

dJg→m = qvxT′(kx)Dg
(
kg

)
fg(E)(1 − fm(E))dkxdkg, (1)

where q is the elementary charge; vx is the velocity in the x-direction, which is perpendicular
to the graphene plane (to the insulator); T′(kx) is the transmission coefficient; kg and kx
are the wave vectors of the carrier parallel and perpendicular to the graphene plane (y-z
plane), respectively; and Dg

(
kg

)
is the density of states of the graphene with momentum

kg. In addition, fg(E) and 1 − fm(E) indicate the Fermi–Dirac distribution of the filled
states in the graphene and empty states in the metal, respectively. The density of states

Dg
(
kg

)
can be obtained as Dg

(
kg

)
dkg = D∗

g
(
ky, kz

)
dkydkz

∣∣∣
k=kg

, where k =
√

kx2 + ky2 and

D∗
g
(
ky, kz

)
is the number of states per unit cell in the 2D momentum space. The areas of the

primitive cell (S1) in real space and reciprocal lattice space (S2) of graphene are S1 =
√

3
2 a2

and S2 = 8π2√
3a2 , respectively (Figure S1a) D∗

g
(
ky, kz

)
= 2 ∗ 2 ∗ 1

S1
∗ 1

S2
= 1

π2 , considering the

spin and valley degeneracy [17,18]. Thus, Dg
(
kg

)
dkg = 1

π2 2πkgdkg = 2
π kgdkg, as shown

in Figure S2b. Since graphene has a linear dispersion relation around the K-point, so that
Eg = �vFkg or vFdkg = 1

�
dEg (inset of Figure S2b), and the density of states in energy space

Dg
(
Eg

)
dEg = 2

π
EgdEg

(�vF)
2 , where vF is the Fermi velocity and � is the reduced Plank’s constant.

Using the parabolic dispersion relation so that Ex = �2kx
2

2m , 1
�

dEx = vxdkx, Equation (1)
can be re-expressed with kx changed to Ex as follows:

dJg→m = qT′(Ex) fg(E)(1 − fm(E))
2

π�3vF2 EgdEgdEx (2a)

As the total energy E = Ex + Eg, Equation (2a) can be re-expressed as:

dJg→m = qT′(Ex) fg(E)(1 − fm(E))
2

π�3vF2 (E − Ex)dEdEx (2b)

Therefore, considering that Eg > 0,

Jg→m =
2q

π�3vF2

∫ ∞

0
dExT′(Ex)

∫ ∞

Ex
dE fg(E)(1 − fm(E))(E − Ex) (3)

Notably, (E − Ex) of the integrand originates from the linear dispersion relation of
graphene, which does not exist in the original transport equation.

470



Nanomaterials 2022, 12, 3029

Equation (3) is a model of the tunneling current density in a graphene/insulator/metal
junction. It comprises two integral parts: the first integral indicates the tunneling probability
between graphene and the metal. Because it includes the tunneling coefficient T, which is
related to the barrier height and width, it has different forms depending on the tunneling
mechanisms such as FNT and DT [19–22]. The difference will be described in the next
subsection. The second integral is related to the carriers supplied at the interface by an
applied voltage. Thus, it has an identical form for both the FNT and DT. At the temperature
T = 0, the integrand is finite only in the interval of

[
Ex, EF,g

]
because the carrier tunnels only

from the filled state of graphene and the empty state of the metal, as shown in Figure 1b,c.

Thus, the second integral can be simplified to
∫ EF,g

Ex
(E − Ex)dE = 1

2
(
EF,g − Ex

)2, where
EF,m is the Fermi level of the metal. Therefore, Jg→m can be written as T = 0, as follows:

Jg→m =
q

π�3v2
F

∫ EF,g

EF,m

T′(Ex)
(
EF,g − Ex

)2dEx, (4)

where is the interval limit between the filled state of graphene and empty state of the metal,
and EF,g is the Fermi level of graphene.

 

Figure 1. (a) A schematic of the field-emission barristor and schematic illustration of the
graphene/insulator/metal (GIM) junction in Fowler–Nordheim tunneling; (b) an illustration of
the FN tunneling. Electron tunnels through the insulator with the tunneling thickness of x1; (c) an
illustration of DT; electrons tunnel through the insulator with a width of d.

While the total current density is the difference between the current tunneling from
graphene to metal (Jg→m) and that from metal to graphene (Jm→g), the total current density J
of the GIM junction becomes Jg→m because Jm→g does not contribute to J. This is because∫ EF,g

Ex
fm(E)

(
1 − fg(E)

)
dE becomes zero because fm(E) = 0 under EF,m ≤ E.

3.2. Fowler–Nordheim Tunneling Model in GIM Junction

In Equation (4), the transmission coefficient T(Ex) for FNT in the Wentzel–Kramers–Brillouin
approximation can be expressed as T(Ex) = exp

(
− 4π

h

∫ x1
0

√
2m∗(Ec − Ex)dx

)
[16,19], where

m∗ is the electron effective mass, the conduction band minimum (CBM) EC(x) = EF,g +

q∅B − q V
d x, and x1 =

(EF,g+q∅B−Ex)d
qV , as shown in Figure 1b. Assuming that the work

function of graphene and metal are the same, V = (EF,g − EF,m)/q, where V is the potential
bias between the graphene and metal. Then, the transmission coefficient can be rewritten
as follows:

T(Ex) = exp
(
− 4π

√
2m∗

h

∫ x1
0 dx

√
EF,g + q∅B − q V

d x − Ex

)
= exp

[
8π

√
2m∗d

3hqV

{(
EF,g + q∅B − q V

d x1 − Ex

)3/2 − (
EF,g + q∅B − Ex

)3/2

}]
.

(5)
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Since the first term in the curly bracket disappears because of the value of x1, the
tunneling coefficient can be described as follows:

T(Ex) = exp

(
−8π

√
2m∗d

3hqV
(
q∅B − (Ex − EF,g)

)3/2

)
(6)

Then, Equation (4) can be rewritten for the FNT current when Ex is between EF,m, and
EF,g as follows:

J =
q

π�3v2
F

∫ EF,g

EF,m

exp

(
−8π

√
2m∗d

3hqV
(
q∅B − (

Ex − EF,g
))3/2

)(
EF,g − Ex

)2dEx (7)

The exponential term in Equation (7) can be rewritten by using the following Taylor
series as

(
q∅B − (

Ex − EF,g
))3/2 ∼= (q∅B)

3/2 − 3
2
(
Ex − EF,g

)
(q∅B)

1/2.
Then, by substituting Ex − EF,g with E, the FNT current J is given by the follow-

ing equation:

J =
q

π�3v2
F

exp

(
−8π

√
2m∗d

3hqV
(q∅B)

3/2

) 0∫
EF,m−EF,g

exp

(
E

4π
√

2m∗d
hqV

(q∅B)
1/2

)
E2 dE (8a)

The integral part can be simplified as

∫ 0

k
exp(AE)E2dE =

1
A3

[
2 − exp(Ak)

(
A2k2

)
− 2Ak + 2

)
] (8b)

where A = 4π
√

2m∗d
hqV (q∅B)

1/2 and k = EF,m − EF,g.
Assuming that EF,g � EF,m, the k is very small, as is Ak. Therefore, only the constant

in Equation (8b) survives. Equation (8a) can then be rewritten as follows:

J =
q4V3

4πv2
F(2m∗)3/2(q∅B)

3/2d3
exp

(
−8π

√
2m∗d

3hqV
(q∅B)

3/2

)
. (9)

Equation (9) represents a new model for the FNT current in a graphene/insulator/metal
junction [15]. Notably, in the revised model, the FNT is proportional to V3, whereas the
FNT in the Tsu–Esaki model is proportional to V2.

3.3. Direct Tunneling Model in GIM Junction

T(Ex) for DT can be expressed from Equation (4) as follows [23]:

T(Ex) = exp
(
− 4π

√
2m∗

h

∫ d
0 dx

√
EF,g + q∅B − q V

d x − Ex

)
= exp

[
8π

√
2m∗d

3hqV

{(
EF,g + q∅B − qV − Ex

)3/2 − (
EF,g + q∅B − Ex

)3/2
}] (10)

Note that the integration interval for DT is [0, d], as shown in Figure 1c. After

integrating and taking the terms up to the order of (q∅B)
3
2 of the Taylor series, the current

density for DT can be rewritten as follows:

J =
q

π�3v2
F

∫ 0

EF,m−EF,g

exp

(
4π

√
2m∗d

hqV
E
{
(q∅B)

1/2 − (q∅B − qV)
1/2

})
E2 dE, (11)

where Ex is located between EF,m and EF,g, qV � q∅B, and Ex − EF,g is replaced by E.
Therefore, the DT current can be rewritten as follows:
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J =
q4V3

4πv2
F(2m∗)3/2d3

{
(q∅B)

1/2 − (q∅B − qV)
1/2

}3 exp

[
−8π

√
2m∗d

3hqV

{
(q∅B)

3/2 − (q∅B − qV)
3/2

}]
(12)

Equation (12) is a revised DT model for a graphene/insulator/metal junction. Com-
pared to the DT equation based on the Tsu–Esaki model in the metal/insulator/metal
junctions [15], the tunneling current in the Tsu–Esaki model is proportional to V2, whereas
the current in the revised model is proportional to V3.

3.4. FNT Barrier Height

To calculate the barrier height using the FNT equation for the graphene/insulator
junction, the FNT equation can be rewritten as follows:

ln

(
ID

V3
D

)
= γ + β

1
VD

(13)

where ID is the drain current; VD is the drain voltage, γ = ln
Ae f f q4

4πv2
F(2m∗)3/2(q∅B)

3/2d3
and

β = − 8π
√

2m∗d
3hqV (q∅B)

3/2. In the new equation, γ is replaced with α = ln
Ae f f q3m

8πh∅Bd2m∗ from
the original FNT equation because they are extracted from different second integrations
in Equation (3), which are related to the density of states in the metal and graphene,
respectively. However, β does not change because it is extracted from the tunneling
coefficient, which is the first integration in Equation (3). Consequently, the results of
the barrier height calculation using the original and revised FNT equations were not
significantly different.

Figure 2a shows the replotted ID–VD curve of the FEB using the revised FNT equation.
The graph fits well to the straight line, and its slope was estimated to be −683 V. Figure 2b
shows a replotted ID–VD curve obtained using the traditional FNT equation. The slope of
the straight line was estimated to be −689 V. The tunneling barrier heights extracted from
the slopes were 2.10 eV (by the revised FNT equation) and 2.11 eV (by the traditional FNT
equation), respectively. Therefore, the results of the barrier height calculation using the
original and revised FNT equation were similar because they used an identical β [19–24].

Figure 2. Fitting of FNT to calculate the tunneling barrier height with the revised and traditional
equations. (a) Straight line (red) fitted to FNT current by the revised FNT equation. Its slope is
estimated to be −683 V. A barrier height of 2.10 eV was extracted from the slope. (b) Straight line
(blue) fitted to the FNT current by the traditional FNT equation. Its slope was estimated to be −689 V.
A barrier height of 2.11 eV was extracted from the slope. (c) The experimental ID–VD curve (black) of
FEB consisting of graphene and hBN, the simulated I–V curve by the revised FNT equation (red), and
simulated ID–VD curve by the original FNT equation (blue). Further information of fitting method is
explained in detail on Appendix A.
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However, the discrepancy between the two models became apparent when we es-
timated the FNT current in the graphene/insulator junctions. In contrast to the barrier
calculation, α and γ affected the tunneling current estimated using each FNT equation.
Figure 2c shows the experimental data and simulated ID–VD curves obtained using the
original (blue) and revised (red) FNT equations. The black curve indicates the mea-
sured ID–VD. The red line was estimated using the revised FNT equation: ID,revised =

VD
3 exp

[
γ − 8π

√
2m∗d

3hqVD
(q∅B)

3/2
]
. The blue line was obtained by the original FNT equation:

ID,original = VD
2 exp

[
α − 8π

√
2m∗d

3hqVD
(q∅B)

3/2
]

[25]. The barrier heights of 2.10 eV and 2.11 eV
were applied to the revised and traditional FNT equations, respectively. Although the
barrier heights were similar, the simulated currents were significantly different because of
the α and γ. As shown in Figure 2c, the red curve simulated by the revised FNT equation
was better fitted to the experimental data. Therefore, we used the revised FNT equation to
simulate the figures of merit for the FEB.

3.5. Simulation for Barrier Height Engineering to Improve Delay Time and Cut-Off Frequency

To evaluate the performance of the FEB, we extracted τ and f T from the experimental
I–V curve, where τ is a time delay required to charge the gate electrode with ION, and f T is
a maximum frequency up to which the current of the transistor could be amplified [14]. We
obtained a delay time of 154 ns and a cut-off frequency of 13.8 MHz for the FEB. Compared
to the performance of the graphene/Si barristor, which was simulated using NanoTCAD
ViDES (Device simulator) [26], the FEB’s delay time was 140 times slower than that of the
graphene/Si barristor (1.1 ns), and the cut-off frequency was 92 times lower than that of
the graphene/Si barristor (1.3 GHz). The low performance of the FEB originated from the
low ON current (ION) because the delay time and cut-off frequency depend on ION. In the
FEB, the tunneling barrier height should be decreased to improve ION. Therefore, to obtain
the minimum barrier height in our device, we estimated the drain current by varying the
barrier height and electric field strength between the source and drain electrodes (EField)
using the revised FNT equation.

Figure 3a shows the FNT current simulated by varying ∅B and EField. To increase
the JON, a higher EField and a lower ∅B are required. However, Figure 3b describes that
ΔJD/Δ∅B ratios (slope of lines) decreased with EField. This indicates that the device
requires more charge on graphene to modulate its work function. Increasing EField to
improve JON requires more switching energy for the device. Therefore, the maximum EField
should be determined by considering both the on-state current and the energy consumption
for switching. Likewise, decreasing the tunneling barrier height is limited by thermionic
emission. The thermionic emission current was estimated using the following equation:

JThermionic =
qk3

B
π�3v2

F
T3 exp

(
−q∅B

kBT

)
(14)

where kB is the Boltzmann constant and T is the temperature [27].
Because the thermionic emission current exponentially depends on ∅B and the tem-

perature, the total channel current under EField lower than 0.1 V/nm is affected by the
thermionic emission current, as shown in Figure 3b. Therefore, an EField above 0.1 V/nm
should be applied to avoid temperature dependence of the ID–VD characteristics. As shown
in Figure 3b, these conditions for improving the delay time and cut-off frequency were
satisfied when the EField was 0.2 V/nm, JON was 10−4 A/μm2 with ∅B 0.5 eV, and JOff was
10−10 A/μm2 with ∅B 1.055 eV. The required charge (Q) to decrease ∅B from 1.055 eV to
0.505 eV was calculated by using the equation: ΔwG = h

2π vF
√

πQ, where ΔwG is the work
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function shift of graphene [28]. The delay time and cut-off frequency were calculated using
the following equations [29]:

τ =Qon−Qoff
Jon

= Q
Jon

fT = 1
2π

dJD/dVG
dQ/dVG

= 1
2π

dJD
dQ

(15)

Figure 3. The simulated FNT current as a function of the tunneling barrier height and drain electric
field. (a) A 3D plot of the FNT equation. (b) The channel current under a low drain electric field
(0.1 V/nm) can be affected by the thermionic emission current. The ΔJD/Δ∅B ratios decreased with
increasing drain electric field. The on-state current Jon was 10−4 A/μm2 when ∅B was 0.5 eV, and
the off-state current Joff was 10−10 A/μm2 when ∅B was 1.055 eV. (c) A 3D plot of the DT equation
for different thicknesses of the insulator. The DT current exponentially increased with a decrease in
the thickness. (d) The simulated FNT current and DT as a function of the tunneling barrier height for
different thicknesses of the insulator. The tunneling current under EField = 0.2 V/nm was simulated
by using the revised FNT and revised DT equations. The DT current increased with the decreasing
thickness of the insulator. Jon and Joff indicate the on-state current and off-state current, respectively.

We obtained a delay time τ of 0.18 ns and cut-off frequency f T of 3.98 GHz that were
better than 1.1 ns and 1.3 GHz in the graphene/Si barristor. Therefore, when the applied
EField was 0.2 V/nm and ∅B was changed from 0.5 eV to 1.055 eV or vice versa, FEB could
achieve the optimized delay time and cut-off frequency.

3.6. Simulation for Insulator Thickness Engineering to Improve Power-Delay Product

The power delay product (PDP) refers to the energy consumed during device switch-
ing. We estimated the PDP of the FEB to be 355 fJ/μm2 from the ID–VG graph, which
was 47 times greater than that of the graphene/Si barristor (7.5 fJ/μm2). This high energy
consumption for device switching is because the semiconductor-less device requires a high
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VD to control the FNT current. Therefore, to reduce the PDP, tTunnel, where the FNT takes
place, should be reduced.

Figure 3d exhibits the DT current by varying tTunnel. When tTunnel was thinner than
2 nm, the FNT could not control the channel current because the DT current dominated
the FNT current. In contrast, DT was suppressed below the off-state current in the FNT
regime when tTunnel was 6 nm. Therefore, when tTunnel was 6 nm, and EField was 0.2 V/nm,
we obtained a PDP of 21 fJ/μm2 from the following equation:

PDP = VD (Qon − Qoff). (16)

Although still greater than that of the graphene/Si barristor (7.4 fJ/μm2), the PDP
decreased to 6% of the measurement by engineering tTunnel.

4. Conclusions

In conclusion, we introduce a new model for the FNT and DT currents of graphene/
insulator/metal (GIM) heterojunctions. We obtained new models by revising the sup-
ply function of the Tsu–Esaki model. Notably, the tunneling current in the revised FNT
equation was proportional to V3. We then extracted the tunneling barrier height in the
graphene/insulator junction from the slope of the line in the ID–VD curve replotted with
the axes of ln(I/V3) and 1/V. The barrier height obtained using the revised model was not
significantly different from that of the original model. However, the ID–VD curve estimated
by the revised FNT fit better with the experimental data than the ID–VD curve simulated
by the original FNT. Then, we simulated the τ, f T, and PDP of the FEB by varying ∅B and
tTunnel by using the revised FNT equation. These significantly improved by decreasing ∅B
and increasing EField. By considering the thermionic emission at low barrier height and
energy consumption at the high electric field, we obtained a τ of 0.18 ns and f T of 3.98 GHz
when EField was 0.2 V/nm, and ∅B was changed from 0.5 to 1.055 eV or vice versa. We
improved the PDP by decreasing the tTunnel. As DT exponentially increased as the thickness
decreased, we obtained a lower boundary tTunnel of 6 nm, and then the PDP decreased to
17 times lower than the experimental data.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12173029/s1, Figure S1: An illustration of the reciprocal
lattice space of graphene; Figure S2: The optical microscope image of the device; Supplementary
Software Files: “S1 MATLAB code.zip” simulation MATLAB Code.
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Appendix A

The fitting lines projected in Figure 2a,b were obtained by linear fitting of each plotted
data. The interval of the x-axis for the linear regression ranged from 0.034 V−1 to 0.039 V−1,
corresponding to the VD of 25.6 V and 29.0 V, respectively. This limited interval was
to distinguish the FNT current from that of the DT. Then, the currents in Figure 2c were
extrapolated by using each current equation (revised or traditional) with the key parameters
obtained by the linear regression. Figure 2c projects the data ranges from 20 to 30 V.
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Abstract: Graphene field-effect transistors (GFETs) exhibit unique switch and sensing features. In this
article, GFETs are investigated within the tight-binding formalism, including quantum capacitance
correction, where the graphene ribbons with reconstructed armchair edges are mapped into a set
of independent dual channels through a unitary transformation. A new transfer matrix method is
further developed to analyze the electron transport in each dual channel under a back gate voltage,
while the electronic density of states of graphene ribbons with transversal dislocations are calculated
using the retarded Green’s function and a novel real-space renormalization method. The Landauer
electrical conductance obtained from these transfer matrices was confirmed by the Kubo–Greenwood
formula, and the numerical results for the limiting cases were verified on the basis of analytical
results. Finally, the size- and gate-voltage-dependent source-drain currents in GFETs are calculated,
whose results are compared with the experimental data.

Keywords: independent dual-channel method; graphene field-effect transistor; edge reconstruction
defects; linear dislocations; quantum capacitance

1. Introduction

Graphene is a one-atom-thick planar sheet of carbon atoms in a honeycomb structure,
whose free-standing monolayer was isolated and characterized for the first time in 2004 by
Andre Geim and Konstantin Novoselov [1]. This material possesses outstanding properties
such as high specific surface area [2], very high carrier mobility with null effective mass [3],
huge thermal conductivity, and giant Young’s modulus [4], making it an ideal candidate
for a wide range of applications [5].

When the semiconductor layer of a traditional metal–oxide–semiconductor field-
effect transistor (MOSFET) is replaced by a graphene sheet, it is called as graphene field-
effect transistor (GFET), whose source-drain current is extremely sensitive to the adsorbed
molecules, and it is employable for use in gas and bio sensing [6–8]. Moreover, GFET
constitutes a central component of far-infrared radiation and terahertz devices [9] since
graphene exhibits a quick optical response based on high carrier mobility [10]. In addition,
the graphene nanoribbon field-effect transistor (GNRFET) presents an elevated Ion/Io f f
ratio around the threshold voltage compared to the conventional Si-based CMOS [11].
Among possible disadvantages of GFETs, there are difficulties in fabricating wafer-sized
high-quality graphene, as well as the apparent degradation of carrier mobility when it is
placed over an oxide [12].

Additionally, GFET has a singular capacitor behavior, since the graphene ribbon,
being one of the parallel plates, possesses a very low charge density around the Dirac
point, which may induce large variations in its chemical potential when a small amount
of electric charge is introduced into the capacitor. This fact could significantly increase
the potential difference between the back gate and the graphene, because it is equal to
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the difference between the chemical potentials at each plate. Such small quantities of
charge generating a large potential difference lead to a lower capacitance compared to
geometric or classic ones (CC) obtained using ideal metal plates. Hence, the capacitance of
GFET (Ctot) can be calculated by including a so-called quantum capacitance (CQ) through
C−1

tot = C−1
C + C−1

Q [13].
On the theoretical side, GFETs can be modeled at the atomic scale by means of

first-principle or semiempirical methods. For example, N/B/P co-doped seven-atom-
wide armchair GNRFET was analyzed by using the density functional theory (DFT) [14],
while ten-atom-width GNRFET has been studied by self-consistently solving Schrödinger–
Poison equations within the tight-binding formalism [15]. Recently, mesoscopic GFETs
have been extensively investigated for the detection of micron-scale biomolecules [16]
and their graphene ribbons contain several billions of atoms, which impede atomic-scale
first-principle modeling. In addition, such graphene ribbons usually possess numerous
structural defects, which requires an innovative real-space approach [17].

In this article, the source-drain current (Isd) in mesoscopic GFETs is studied by means
of an independent dual-channel method that transforms the graphene ribbon with edge
reconstruction defects and transversal dislocations into a set of double chains with first and
second neighbor interactions within the tight-binding formalism. The electrical conduc-
tance and electronic density of states in these double chains or dual channels connected
to two semi-infinite periodic leads at their ends are further addressed by means of a new
transfer matrix method within the Landauer formalism and a novel real-space renormaliza-
tion procedure based on the retarded Green’s function, respectively. The theoretical Isd, as
a function of the gate voltage, is compared with experimental data obtained from GFETs of
different lengths.

2. The Model

In GFETs, an extra carrier density (n2D) can be induced in graphene ribbon by the
application of a gate voltage (VG), which is related to the chemical potentials of graphene
(μ) and of back gate metal (μM) through eVG = μ − μM. Figure 1 shows a schematic
representation of (Figure 1a) top and (Figure 1b,c) side views of a backgated GFET with
energy band diagrams for (b) VG = 0 and (c) VG > 0, where the diminution of μM due to
VG is denoted as eVC. Hence, we have:

eVG = μ − μM = μ + eVC, (1)

which is equivalent to C−1
tot = C−1

C + C−1
Q , since Ctot = e ∂n/∂VG, CC = e ∂n/∂VC, CQ =

e ∂n/∂VQ and e VQ = μ − μ0 with μ0 = 0 or at the Dirac point in our case [18].
In general, the capacitance per unit of area (C) of an ideal parallel-plate capacitor with

a dielectric material of thickness d and a relative permittivity εr is C = εrε0/d = Q/VC
in units of MKS [19], where ε0 is the vacuum permittivity, Q = en2D is the electric charge
per unit of area in the capacitor and VC is the potential difference between the parallel
plates. Hence:

eVC =
e2n2Dd

εrε0
, (2)

where e is the magnitude of the electron charge.
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Figure 1. Schematic representations of (a) top and (b,c) side views of a backgated GFET with Dirac
cones and energy band diagrams for (b) VG = 0 and (c) VG > 0, where eVG = eVC + μ being μ the
chemical potential of graphene ribbon with respect to the Dirac point.

Let us consider an armchair-edged graphene ribbon with an even number of atoms
(2W) in each transversal zig-zag line, as illustrated in Figure 2a. This ribbon of width
W =

√
3aS +

√
3(2W − 3) a0/2 and length L = (3/2)La0 − a0 is found in a backgated

GFET, where W and L are integer numbers, a0 = 1.41 Å and aS = 1.36 Å are bond lengths
between interior atoms and between the edge and next-edge atoms, respectively denoted
by blue and thick blue lines in Figure 2a. This variation in interatomic distance is originated
from the edge reconstruction of graphene ribbons [20]. The single-electron tight-binding
Hamiltonian (H) of this graphene ribbon with null on-site energies can be written as

H =
L
∑

l = 1

(
ts|l, 1〉〈l, 2|+ t

2W−2
∑

j = 2
|l, j〉〈l, j + 1|+ ts|l, 2W − 1〉〈l, 2W|

)

+
(L−1)/2

∑
l = 1

W
∑

j = 1
(t2l−1|2l − 1, 2j〉〈2l, 2j|+ t2l |2l, 2j − 1〉〈2l + 1, 2j − 1|),

(3)

where |l, j〉 is the Wannier function at site (l, j), t is the hopping integral of pristine graphene
sheet and ts = 1.2 t is that between the edge and next-edge atoms in a graphene ribbon
with edge reconstructions [20] and tl with l = 1, 2, · · · , L − 1 is the hopping integral
between transversal zig-zag lines l and l + 1, representing possible transversal dislocations
when tl �= t.
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Figure 2. Sketch of (a) a graphene ribbon of width W and length L with hopping integrals t, ts and
tl , being l = 1, 2, · · · , L − 1, connected to two semi-infinite periodic leads (light grey spheres) and
(b) double chains obtained from the independent dual-channel method (Appendix A) with hopping
integrals ± t′, ± t′ l and on-site energies ± ε j being j = 1, 2, · · · , W. Red highlight and gray zones
respectively indicate zig-zag lines and possible transversal dislocations.

There is a unitary transformation discussed in Appendix A that converts the Hamil-
tonian (3), including the edge reconstruction defects, into a set of W independent dual
channels, whose Hamiltonian contains hopping integrals t′ = t/2, t′ l = tl/2 with
l = 1, 2, · · · , L − 1 and on-site energies ± ε j with j = 1, 2, · · · , W, which are eigenvalues
obtained from the Hamiltonian of an arbitrary transversal zig-zag line in Figure 2.

The extra carrier density (n2D) induced by VG in the graphene ribbon can be calculated
by [21]

n2D =
∫ μ

0
DOS(E) dE =

∫ eVG− eVC

0
DOS(E) dE, (4)

where
DOS(E) = − 1

π
Im

{
Tr [G+(E)]

}
, (5)
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is the density of states with G+(E) = lim
η → 0+

(E + iη − H)−1 the retarded Green’s function

and η the imaginary part of energy [22]. Combining Equations (2) and (4), VC can be
determined as the solution of following self-consistent equation,

eVC =
e2d
εrε0

∫ eVG− eVC

0
DOS(E) dE. (6)

On the other hand, the source-drain current (Isd) of GFETs at temperature T is given
by [23]

Isd(T) = Vsdg(μ, T), (7)

where Vsd is the source-drain voltage and

g(μ, T) =
∫ +∞

−∞
dE

(
−∂ fFD(E)

∂E

)
g(E, 0) = g0

∫ +∞

−∞
dE

(
−∂ fFD(E)

∂E

)
T(E) (8)

is the electrical conductance of graphene ribbon at chemical potential μ within the Lan-
dauer formalism. In Equation (8), fFD = {exp[(E − μ)/kBT] + 1}−1 is the Fermi–Dirac
distribution, g0 = 2e2/h is the conductance quantum, T(E) is the carrier transmittance of
graphene ribbon, and at zero temperature we have [24]

g(μ, 0) = g0T(μ). (9)

By means of the independent dual-channel method presented in Appendix A, an
armchair-edged graphene ribbon can be transformed into a set of double chains or dual
channels (see Figure 2) and then

T(E) =
W

∑
j=1

Tj(E), (10)

where Tj(E) is the carrier transmittance along the j-th dual channel. We further devel-
oped a new transfer matrix method to calculate Tj(E), which is thoroughly presented in
Appendix B, and the result can be written as

Tj(E) =

∣∣∣∣∣ u0(j) d∗0(j)− d0(j) u∗
0(j)

m11(j, E) d0(j) u∗
0(j) + m12(j, E)

∣∣d0(j)
∣∣2 − m21(j, E)

∣∣u0(j)
∣∣2 − m22(j, E) u0(j) d∗0(j)

∣∣∣∣∣
2

, (11)

where mμν(j, E) are elements of the total transfer matrix, u0(j) and d0(j) are respectively
initial wavefunction amplitudes at the up and down channels, both from the j-th dual
channel (see Appendix B).

One of structural defects commonly observed in graphene ribbons is linear disloca-
tion [25,26], because its presence slightly alters the free energy but may significantly modify
the carrier transport. In this article, we consider a distribution of transversal dislocations
following the Rudin–Shapiro (RS) sequence, which constitutes one of the closest aperiodic
arrays to the random distribution [27]. A Rudin–Shapiro lattice with bond disorder can
be built by using four kinds of dislocation hopping integrals tl = tA, tB, tC or tD, respec-
tively denoted by letters A, B, C or D, whose positions along the ribbon are ordered by the
substitution rules [28]

A → A ⊕ B = AB, B → A ⊕ C = AC, C → D ⊕ B = DB, D → D ⊕ C = DC (12)

or by the addition rules expressed as

SA(k + 1) = SA(k)⊕ SB(k), SB(k + 1) = SA(k)⊕ SC(k),

SC(k + 1) = SD(k)⊕ SB(k), SD(k + 1) = SD(k)⊕ SC(k),
(13)
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where the symbol ⊕ represents the concatenation operation and Sα(k) is the α-type RS
sequence of generation k with α = A, B, C or D. As a consequence, a graphene ribbon
based on Sα(k) has 2k + 1 transversal zig-zag lines. To have a limited number of dislocations,
let us introduce dilute RS lattices, which are built by using periodic segments to construct
the RS lattice until generation m − 1 and a single transversal dislocation is placed at the
initial of next generation m. For example, when k = m = 3, SA(3) = APPP, SB(3) = BPPP,
SC(3) = CPPP and SD(3) = DPPP, where P denotes a periodic RS sequence with hopping
integral t connecting all transversal zig-zag lines. A detailed discussion of this dilute RS
lattice and the real-space renormalization method can be found in Appendix C.

Another quantity that should be considered for determining the electrical conductance
is the contact resistance between the graphene ribbon and periodic leads. In the diffusive
regime, the total resistance (Rtotal) can be written as [29,30]

Rtotal = R + 2Rc/W , (14)

where R = RsheetL/W is the electrical resistance of a graphene ribbon with length L
and width W , being Rsheet that of a square graphene sheet, and Rc is the specific contact
resistance in units of Ω · μm, which can be experimentally determined by the transfer length
method [31]. Hence, the total conductance defined as Gtotal = R−1

total can be calculated from
Equation (14) through

Gtotal =
G

2(Rc/W) G + 1
, (15)

where G = R−1 is the conductance of graphene ribbon. For a uniform sample, the electrical
resistance of a p-micron segment, R(L = p μm), should be p/q times of R(L = q μm)
obtained from a q micrometer portion. Therefore, Equation (15) can be rewritten as

Gtotal(p μm) =
G(p μm)

2(Rc/W) G(p μm) + 1
=

G(q μm)

2(Rc/W) G(q μm) + p/q
, (16)

where G(p μm) = qG(q μm)/p. This equation will be used in the length variation analysis.

3. Results

The electronic density of states, DOSα(k, E), of a graphene ribbon built by W dual
channels based on an α-type dilute RS sequence of generation k can be written as [22]

DOSα(k, E) =
W

∑
j=1

DOSα
j (k, E) =

W

∑
j=1

{
− 1

π
lim

η → 0+

L(k)

∑
l=1

Im [Gα,j
l,l (k, z)]

}
, (17)

where L(k) = 2 (2k + 1) is the number of sites in each dual channel and Gα,j
l,l (k, z) is the l-th

diagonal element of the retarded Green’s function evaluated at z = E + iη. The DOSα
j (k, E)

of the j-th dual channel can be rewritten as

DOSα
j (k, E) = − 1

π lim
η → 0+

Im
[

Mα(k) Gα,j
L,L(k, z) + Pα(k) Gα,j

L,L(k, z) + Qα(k) Gα,j
R,R(k, z)

+ Rα(k) Gα,j
R,R(k, z) + Sα(k) Gα,j

L,L(k, z) + Uα(k) Gα,j
L,R(k, z) + Vα(k) Gα,j

L,R(k, z)

+ Wα(k) Gα,j
L,R(k, z) + Xα(k) Gα,j

L,R(k, z) + Yα(k) Gα,j
R,R(k, z) + Zα(k)

]
,

(18)

where Mα(k) , · · · , Zα(k) are the renormalization coefficients and Gα,j
μ,ν(k, z) with μ, ν =

L, L, R or R are matrix elements of the Green’s function corresponding to the left up (L),
left down (L), right up (R) and right down (R) sites of the renormalized four-site j-th dual
channel, which constitutes the basic element of the real-space renormalization method
presented in Appendix C.

Figure 3 shows the electronic density of states (DOS) and the electrical conductance
(g) at zero temperature in units of the conductance quantum g0 = 2e2/h obtained from
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Equation (9) as functions of the chemical potential (μ) for free-standing graphene ribbons
without dislocations, whose widths are W = 0.122 μm (red lines), 0.073 μm (dark yellow
lines) and 0.037 μm (blue lines) as well as an arbitrary length of L transversal zig-zag lines.
All the ribbons studied in this article are connected to two semi-infinite periodic leads at
their ends, as illustrated in Figure 2a, while a surface hopping integral ts = 1.2 t due to the
edge reconstruction and an imaginary part of energy η = 10−3

∣∣ t
∣∣ are also included.

 

Figure 3. (a) Electronic density of states (DOS) and (b) electrical conductance (g) at T = 0 in units
of g0 versus the chemical potential (μ) for graphene ribbons of W = 0.122 μm (red lines), 0.073 μm
(dark yellow lines), and 0.037 μm (blue lines) with an arbitrary length of L transversal zig-zag lines
and hopping integrals of t and ts = 1.2 t.

Observe the Van Hove singularities in the inset of Figure 3a, which are located at the
band limits of each dual channel. The DOS spectra of Figure 3a can be analytically verified
through [32]

DOS(E) =
dS/dk

|dE/ dk | =
W

∑
j= 1

2|E|
π
√

4t2ε2
j − (E2 − 4t2 − ε2

j )
2

, (19)

where dS/dk = La/(2π) and dE/dk can be obtained from Equation (A9) in Appendix B.
Note also the quantized conductance spectra in the inset of Figure 3b and the maximum
values of g(E, 0) around E = ± t in Figure 3b is equal to the number of dual channels (W).

To analyze the electrical conductance (g) of GFETs, we first self-consistently calcu-
late VC from Equation (6) for a given VG and then, the chemical potential μ and g can
be respectively determined using Equations (1) and (8). Figure 4 shows the electrical
conductance (g) at T = 0 (blue lines) and at kBT = 0.02| t | (red lines) versus the gate
voltage (VG) for GFETs of W = 0.122 μm, i.e., W = 500 dual channels, and L = 4097
zig-zag lines without dislocations, whose capacitances per unit area are (a) C = 10 nF/cm2

and (b) C = 50 nF/cm2. Note the quantized conductance spectra for T = 0, in contrast
to the smoothed ones when T increases, as well as the growth of conductance with the
capacitance.
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Figure 4. Normalized electrical conductance (g) by the conductance quantum g0 at T = 0 and
at kBT = 0.02| t | as a function of the gate voltage (VG) for GFETs with (a) C = 10 nF/cm2 and
(b) C = 50 nF/cm2, whose dimensions areW = 0.122μm and L = 4097 zig-zag lines without dislocations.

In Figure 5, the electrical conductance (g) at kBT = 0.026| t | is plotted as a function
of both the back gate voltage (VG) and the dislocation hopping integral tA for the same
graphene ribbon of Figure 4 except by the value of tA maintaining tB = tC = tD = t. This
ribbon contains 72 A-type transversal dislocation lines obtained from a A-type dilute RS
lattice with k = 12 and dislocations introduced from generation m = 5, and it is placed on a
GFET with a capacitance per unit area C = 10 nF/cm2. Observe the V-shaped dependence
between g and VG, even for tA = 0.9 t, and this dependence can be noted from Figure 3b,
since VG modifies the value of chemical potential μ, as shown in Figure 1c.

Figure 5. Electrical conductance (g) at kBT = 0.026| t | as a function of gate voltage (VG) and
dislocation hopping integral tA for the same GFET of Figure 4a except by 72 A-type transversal
dislocations lines placed following the dilute RS sequence with m = 5 and tB = tC = tD = t.

Figure 6 shows the electrical conductance (g) at (Figure 6a) kBT = 0.01|t| and (Figure 6b)
kBT = 0.02|t| with t = −2.70 eV [20] as functions of the gate voltage (VG) for GFETs of
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W = 0.122 μm (i.e., W = 500 dual channels) and L = 0.217 μm (red lines), 0.433 μm (green
lines), and 0.866 μm (blue lines), respectively corresponding to generations k = 10, 11 and
12 of A-type dilute RS sequences with dislocations introduced from generation m = 3,
hopping integrals tA = −2.389 eV, tB = tC = −2.74 eV and tD = −2.63 eV, where the
capacitance per unit area of GFET is C = 10 nF/cm2.

Figure 6. Conductance (g) at (a) kBT = 0.01| t | and (b) kBT = 0.02| t | as functions of the gate voltage
(VG) for GFETs with dislocations and a capacitance C = 10 nF/cm2, W = 0.122 μm (i.e., W = 500
dual channels) and L = 0.217 μm (red lines), 0.433 μm (green lines), and 0.866 μm (blue lines), whose
hopping integrals are tA = −2.389 eV, tB = tC = −2.74 eV and tD = −2.63 eV.

The results reveal a more emphasized V-shaped conductance behavior at lower tem-
peratures, while the electrical conductance diminishes with increasing RS generation, being
almost inversely proportional to the GFET length, in accordance with the Ohm’s law as
well as the length variation measurements carried out in GFET [33].

Finally, let us consider a specific GFET [29] built by an armchair-edged graphene
ribbon placed on a substrate of silicon dioxide (SiO2) of thickness d = 285 nm, i.e., a
geometric capacitance per unit area of C = ε0εr/d ≈ 12.11 nF/cm2. We first calculated the
electrical conductance g of a graphene ribbon having a width of W = 9009 dual channels
(W = 2.2 μm) and a length of L = 4097 zig-zag lines (L = 0.866 μm corresponding to
generation 12 of the RS sequence), which contains 1024 transversal dislocation lines from
a A-type dilute RS lattice with m = 3 and hopping integrals t = −2.7 eV, ts = 1.2 t,
tA = −2.389 eV, tB = tC = −2.74 eV and tD = −2.63 eV as in Figure 6, while the analysis
of system length (L) effects on the conductance was carried out by means of Equation
(16). Additionally, the contact resistance described in ref. [29] is included in the total
conductance (Gtotal) using Equation (15). In Figure 7, we present the source-drain current
(Isd) at T = 300 K as a function of the gate voltage (VG) and graphene ribbon length (L)
for the considered GFET with a source-drain voltage of Vsd = 0.05 volts, where Isd(T)
(red spheres) was obtained from Isd = VsdGtotal and Equation (16) with q = 0.866 μm and
p = L.
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Figure 7. Theoretical source-drain current (red spheres) versus gate voltage (VG) and graphene ribbon
length (L) for a GFET of a width W = 2.2 μm and a capacitance per unit area C = 12.11 nF/cm2, in
comparison with experimental data (cyan spheres) reported from Ref. [28] for L = 1, 2, · · · , 6 μm.

The accordance between the theoretical (IT
sd) and experimental (IE

sd) source-drain
currents can be quantified by means of the standard deviation (σ), given by

σ =

√√√√ 1
N

N

∑
j=1

{
IT
sd[VG(j)]− IE

sd[VG(j)]
}2, (20)

where VG(j) = j − 51 volts is the j-th analyzed gate voltage and IE
sd[VG(j)] are digitalized

experimental data (cyan spheres in Figure 7) from reference [29] with N = 101. The
resulting σ for graphene ribbons of L = 1, 2, 3, 4, 5 and 6 μm are respectively 3.4423,
3.0119, 2.5801, 2.7210, 1.9327 and 1.4795 μA.

Note in Figure 7 the asymmetry of Isd values with respect to VG = 0, whose magnitude
diminishes as the ribbon length increases. This asymmetry is derived from that of the
contact-resistance (Rc) spectrum in ref. [29], which is probably related to the slight doping
of the used graphene ribbon [30]. In fact, the contribution of Rc to Isd diminishes as the
resistance of graphene ribbon (R) grows [see Equation (15)], while R in turn increases with
the ribbon length. Therefore, the asymmetry of Isd respect to VG = 0 should decrease as
the ribbon length grows.

4. Conclusions

The correlation between source-drain current and gate voltage in graphene field-effect
transistors (GFETs) is investigated by means of an atomic-scale tight-binding model, where
mesoscopic graphene ribbons with edge reconstruction defects and transversal dislocations
are addressed by an independent dual-channel transformation, which converts armchair-
edged graphene ribbons into a set of independent dual channels.
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The electronic transport was studied within the Landauer formalism, and a new
transfer matrix method has been further developed for each dual channel with nearest- and
next-nearest-neighbor interactions, including aperiodically placed dislocations following a
dilute Rudin–Shapiro (RS) sequence, which is one of the closest aperiodic arrangements
to the random distribution. The Landauer conductance was confirmed by that obtained
from the Kubo–Greenwood formula (see Appendix B), while the density of states from
the Green’s function has been verified by analytical solutions of Equation (19) for the case
without dislocations.

Quantized electrical conductance spectra are observed even in presence of edge re-
construction defects along mesoscopic graphene ribbons without dislocations, whose
maximum value corresponds to the number of dual channels, while the multi-step behavior
is softened at finite temperatures. In addition, the back gate voltage (VG) creates a shift
of the chemical potential in graphene ribbons, which produces a V-shape correlation be-
tween the source-drain current (Isd) and VG originated from the V-shape DOS spectrum of
graphene around the Dirac point. Finally, the realistic calculation of Isd reveals an excellent
agreement between the theoretical prediction from a single set of parameters and multiple
experimental data obtained from GFETs of six different lengths [29].

The approach of independent dual-channel plus renormalization method presented in
this article can be used to study biosensor devices based on GFETs by considering adsorbed
molecules as Fano impurities [34]. This study is currently in process.
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Appendix A. Independent Dual-Channel Method

Let us consider an armchair-edged graphene ribbon with a width of four atoms and
an arbitrary length of L transversal zig-zag lines described by Hamiltonian (3), which in
the matrix form following the atom numbering of Figure A1a can be written as

H =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

. . . . . . . . .
... . .

. . . . . . .
. . . h t1 0 · · · . . . . . .
. . . t1 h t2

. . .
... . .

.

· · · 0 t2 h
. . . 0 · · ·

. .
. ...

. . . . . . . . . tL−1
. . .

. . . . . . · · · 0 tL−1 h
. . .

. . . . . . . .
. ...

. . . . . . . . .

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (A1)

where

h =

⎛⎜⎜⎝
0 ts 0 0
ts 0 t 0
0 t 0 ts
0 0 ts 0

⎞⎟⎟⎠, t1 =

⎛⎜⎜⎝
0 0 0 0
0 t1 0 0
0 0 0 0
0 0 0 t1

⎞⎟⎟⎠, t2 =

⎛⎜⎜⎝
t2 0 0 0
0 0 0 0
0 0 t2 0
0 0 0 0

⎞⎟⎟⎠, and tL−1 =

⎛⎜⎜⎝
tL−1 0 0 0

0 0 0 0
0 0 tL−1 0
0 0 0 0

⎞⎟⎟⎠ (A2)

being t and ts the interior- and surface-hopping integrals, whose difference is origi-
nated from the edge reconstruction of graphene ribbons [20]. In Equation (A2), tl with
l = 1, 2, · · · , L − 1 are hopping integrals that connect zig-zag lines and through
them transverse dislocations can be introduced. The eigenvalues of matrix h are ± ε1 =

± 1
2

(
t −√

t2 + 4t2
s

)
and ± ε2 = ∓ 1

2

(
t +

√
t2 + 4t2

s

)
.

Let us further introduce a unitary transformation given by

U =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

. . . . . . . . .
... . .

.

. . . u 0 0 · · ·

. . . 0 u 0
. . .

· · · 0 0 u
. . .

. .
. ...

. . . . . . . . .

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
with u =

1√
2

⎛⎜⎜⎝
υ1 − υ2 υ2 − υ1

ε1υ1/ts −ε2υ2/ts −ε2υ2/ts ε1υ1/ts
ε1υ1/ts ε2υ2/ts −ε2υ2/ts −ε1υ1/ts

υ1 υ2 υ2 υ1

⎞⎟⎟⎠, (A3)

where υj =
[
(ε j/ts)

2 + 1
]−1/2

being j = 1 or 2.
Applying this transformation (U) to H we obtain

~
H = UTH U =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

. . . . . . . . .
... . .

. . . . . . .
. . . α β1 0 · · · . . . . . .
. . . β1 α β2

. . .
... . .

.

· · · 0 β2 α
. . . 0 · · ·

. .
. ...

. . . . . . . . . βL−1
. . .

. . . . . . · · · 0 βL−1 α
. . .

. . . . . . . .
. ...

. . . . . . . . .

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (A4)

where
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α =

⎛⎜⎜⎝
ε1 0 0 0
0 ε2 0 0
0 0 −ε2 0
0 0 0 −ε1

⎞⎟⎟⎠, β1 =

⎛⎜⎜⎝
t′1 0 0 t′1
0 t′1 t′1 0
0 t′1 t′1 0

t′1 0 0 t′1

⎞⎟⎟⎠, β2 =

⎛⎜⎜⎝
t′2 0 0 −t′2
0 t′2 −t′2 0
0 −t′2 t′2 0

−t′2 0 0 t′2

⎞⎟⎟⎠

and βL−1 =

⎛⎜⎜⎝
t′L−1 0 0 −t′L−1

0 t′L−1 −t′L−1 0
0 −t′L−1 t′L−1 0

−t′L−1 0 0 t′L−1

⎞⎟⎟⎠
(A5)

being t′ l = tl/2 with l = 1, 2, · · · , L − 1.

Figure A1. (a) Sketch of an armchair-edged graphene nanoribbon with a width of 4 atoms, arbitrary
length L, null on-site energies, hopping integrals t (light blue lines), t1 (violet lines), t2 (red lines),
tL−1 (green lines) and ts = 1.2 t (thick blue lines); (b) by applying a unitary transformation U, the
nanoribbon (a) becomes into two independent dual-channels with on-site energies (±ε1 and ±ε2)
and hopping integrals t1/2 (light violet lines), ±t2/2 (light red lines) and ±tL−1/2 (light green lines).
Numbers inside spheres denote the positions in Hamiltonian matrices (A1) and (A4) respectively
before and after the application of U.

Hence, for a graphene ribbon with a width of four atoms and arbitrary length L,
Hamiltonian H can be visualized as two independent dual channels, as illustrated in
Figure A1b with on-site energies ±ε j and hopping integrals t1/2, ± t2/2 and ±tL−1/2. It
is worth mentioning that the independent dual-channel method presented in this appendix
includes the ribbon edge reconstruction, and a particular case of this method can be found
in reference [35] for ts = t.

Appendix B. Transfer Matrix Method for Dual Channels

Let us consider a dual channel or double chain obtained from the unitary transforma-
tion of Appendix A, as illustrated in Figure A2, whose Hamiltonian can be written as
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H = ε∑
l
(|u, l〉〈u, l| − |d, l〉〈d, l|) + ∑

l
t′ l(|d, l〉〈d, l + 1|+ |u, l〉〈u, l + 1|+ c.c.)

+ ∑
l

t′ l(|d, 2l − 1〉〈u, 2l|+ |u, 2l − 1〉〈d, 2l| − |d, 2l〉〈u, 2l + 1| − |u, 2l〉〈d, 2l + 1|+ c.c.),
(A6)

where t′ l = tl/2 is the hopping integral between transversal lines l and l + 1, |u , l〉 and
|d, l〉 are respectively the Wannier functions at the up and down sites of transversal line
l. In contrast, there is no variation in hopping integrals t′ l = t′ = t/2 in periodic leads.
Moreover, the system possesses an odd number L of transversal lines, since a Rudin–Shapiro
(RS) distribution of bonds is considered.

 

Figure A2. Dual-channel system of 2L sites with hopping integrals ± t′ l connected to two semi-
infinite periodic leads with ± t′, where the on-site energies are εu = ε and εd = −ε. Green dashed
lines indicate unit cells whose wavefunction amplitudes without phases are denoted on the spheres.

In these periodic dual-channel leads, the unit cell of length a is constituted by four
sites and the electronic wavefunction with wavenumber k can be written as

|Ψ(k)〉 = ∑
m

[
u0(k) |u, 0〉+ u1(k) eika/2|u, 1〉+ d0(k) |d, 0〉+ d1(k) eika/2|d, 1〉

]
eikma, (A7)

where m is the index of unit cells. The stationary Schrödinger equation H|Ψ(k)〉 =
E(k)|Ψ(k)〉 leads to⎛⎜⎜⎝

ε 0 2 t′ cos (ka/2) −2 i t′ sin (ka/2)
0 −ε −2 i t′ sin (ka/2) 2 t′ cos (ka/2)

2 t′ cos (ka/2) 2 i t′ sin (ka/2) ε 0
2 i t′ sin (ka/2) 2 t′ cos (ka/2) 0 −ε

⎞⎟⎟⎠
⎛⎜⎜⎝

u0(k)
d0(k)
u1(k)
d1(k)

⎞⎟⎟⎠ = E(k)

⎛⎜⎜⎝
u0(k)
d0(k)
u1(k)
d1(k)

⎞⎟⎟⎠, (A8)

whose eigenvalues or dispersion relations are

E(k) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

E−
+(k) = +

√
ε2 + 4(t′)2 − 4 tε cos (ka/2), if

√
ε2 + 4 (t′)2 ≤ E ≤ |ε − 2 t′|

E+
+(k) = +

√
ε2 + 4(t′)2 + 4 tε cos (ka/2), if |ε + 2 t′| ≤ E ≤

√
ε2 + 4 (t′)2

E+−(k) = −
√

ε2 + 4(t′)2 + 4 tε cos (ka/2), if −
√

ε2 + 4 (t′)2 ≤ E ≤ −|ε + 2 t′|
E−−(k) = −

√
ε2 + 4(t′)2 − 4 tε cos (ka/2), if − |ε − 2 t′| ≤ E ≤ −

√
ε2 + 4 (t′)2

(A9)

where a is the lattice constant indicated in Figure A2. These four dispersion relations of (A9)
are plotted in Figure A3 for t′ = − 0.5| t |, ts = − 1.2| t | and εu = −εd = 1

2

(
| t |+√

t2 + 4t2
s

)
= 1.8 | t | in the first dual channel analyzed in Appendix A.
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Figure A3. Dispersion relations E+±(k) and E−±(k) versus ka for periodic dual-channel leads with
εu = − εd = 1.8| t | and t′ = − 0.5| t |.

Wavefunction amplitudes ul(k) and dl(k) for l = 0 and 1 obtained from Equation (A8)
are summarized in Table A1 for each energy band, shown for example in Figure A3.

Table A1. Amplitudes ul and dl in periodic dual-channel leads with εu = −εd = ε > 0 and t′ < 0.

Energy Band u0 (k) d0 (k) u1 (k) d1 (k)

|ε + 2t′ | ≤ E ≤
√

ε2 + 4(t′)2 −i [ C + ε + E+
+]/S −1 −i [ C + ε + E+

+]/S 1

−
√

ε2 + 4(t′)2 ≤ E ≤ −|ε + 2t′ | −i [C + ε + E+− ]/S −1 −i [ C + ε + E+− ]/S 1√
ε2 + 4(t′)2 ≤ E ≤ |2t′ − ε| i [ C − ε − E−

+]/S 1 −i [ C − ε − E−
+]/S 1

− |2t′ − ε| ≤ E ≤ −
√

ε2 + 4(t′)2 i [ C − ε − E−− ]/S 1 −i [C − ε − E−− ]/S 1

where C = 2t′ cos (ka/2) and S = 2t′ sin (ka/2).

On the other hand, for a dual-channel system of L transversal lines connected to two
periodic leads represented by lines zero and L + 1, the wavefunction of both system and
leads can be written as

|Ψ〉 =
L+1

∑
l=0

(Al |u, l〉+ Bl |d, l〉) (A10)

and then, the stationary Schrödinger equation from Hamiltonian (A6) is given by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

[εu − E] A1 + t′0 A0 + t′1 A2 − t′0B0 + t′1B2 = 0
[εd − E] B1 + t′0B0 + t′1B2 − t′0 A0 + t′1 A2 = 0
[εu − E] A2 + t′1 A1 + t′2 A3 + t′1B1 − t′2B3 = 0
[εd − E] B2 + t′1B1 + t′2B3 + t′1 A1 − t′2 A3 = 0

...
[εu − E] AL−1 + t′L−2 AL−2 + t′L−1 AL + t′L−2BL−2 − t′L−1BL = 0
[εd − E] BL−1 + t′L−2BL−2 + t′L−1BL + t′L−2 AL−2 − t′L−1 AL = 0
[εu − E] AL + t′L−1 AL−1 + t′L AL+1 − t′L−1BL−1 + t′LBL+1 = 0
[εd − E] BL + t′L−1BL−1 + t′LBL+1 − t′L−1 AL−1 + t′L AL+1 = 0

, (A11)

where εu = ε, εd = −ε and t′0 = t′L = t′. Equations (A11) can be rewritten in matrix
form as(

AL+1
BL+1

)
= ML(E) · · ·M2j(E)M2j−1(E) · · ·M0(E)

(
A0
B0

)
= MT(E)

(
A0
B0

)
=

(
m11(E) m12(E)
m21(E) m22(E)

)(
A0
B0

)
, (A12)
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where j = 1, 2, · · · , (L − 1)/2, A0 (B0) and AL+1 (BL+1) are respectively wavefunction
coefficients at the up (down) site of transversal lines zero and L + 1,

M2l(E) =
1

4 ε t2l

(
E2 − ε2 − 4 t2

2l −(E + ε)2 + 4 t2
2l

(E − ε)2 − 4 t2
2l −E2 + ε2 + 4 t2

2l

)
for l = 0, 1, · · · ,

L − 1
2

(A13)

M2s−1(E) =
1

4 ε t2s−1

(
E2 − ε2 − 4 t2

2s−1 −(E − ε)2 + 4 t2
2s−1

−(E − ε)2 + 4 t2
2s−1 E2 − ε2 − 4 t2

2s−1

)
for s = 1, 2, · · · ,

L + 1
2

(A14)

and the total transfer matrix MT including connections to periodic leads ML and M0.
For the case of an electronic plane wave incident from the left lead of Figure A1, the

scattered ones by the system are a reflected wave moving to the left and another transmitted
one going to the right. Hence, the wavefunction coefficients at transversal line zero and
line L + 1 can be respectively written as(

A0
B0

)
=

(
u0 + r u∗

0
d0 + r d∗0

)
and

(
AL+1
BL+1

)
=

(
τ u0eik(L+1)a

τ d0eik(L+1)a

)
, (A15)

where r and τ are respectively the reflection and transmission coefficients satisfying∣∣ r
∣∣2+

∣∣ τ
∣∣2 = 1 . From Equations (A12) and (A15), we have(

u0τeik(L+1)a

d0τeik(L+1)a

)
= MT(E)

(
u0 + u∗

0r
d0 + d∗0r

)
, (A16)

which can be rewritten as(
τeik La

0

)
=

(
u0eika 0
d0eika 1

)−1(m11(E) m12(E)
m21(E) m22(E)

)(
u0 + r u∗

0
d0 + r d∗0

)
. (A17)

Therefore, the transmittance (T) of electronic waves in a dual channel is given by

T(E) = |τ|2 =

∣∣∣∣∣ u0 d∗0 − d0 u∗
0

m11(E) d0u∗
0 + m12(E)

∣∣d0
∣∣2 − m21(E)

∣∣u0
∣∣2 − m22(E) u0 d∗0

∣∣∣∣∣
2

(A18)

where u0 and d0 are given in Table A1.
The electrical conductance (g) at 0 K obtained from Equations (9) and (A18) as a

function of the chemical potential (μ) is shown in Figure A4 for the graphene ribbon of
Figure A1 containing L = 9 transversal lines (see Table A3 for generation k = 3) (a) without
and (b) with a single transversal dislocation tA = 1.1 t, while tB = t. These Landauer
conductance spectra are further compared with those obtained from the Kubo formalism
within the linear response theory. In general, the electric conductivity (σ) can be calculated
by means of the Kubo–Greenwood formula [22],
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Figure A4. Electrical conductance (g) at 0 K in units of g0 = 2e2/h obtained from the Landauer (red
lines) and Kubo–Greenwood formulas using η = 10−3

∣∣ t
∣∣ (blue lines) and η = 10−4

∣∣ t
∣∣ (green lines)

as functions of the chemical potential (μ) for graphene ribbons with W = 4, L = 9, ts = 1.2 t, tB = t,
(a,a′) tA = t and (b,b’) tA = 1.1 t, whose magnifications are shown in (a’) and (b’).

σ(μ,ω, T) =
2 e2�

π m2Ω

∞∫
−∞

dE
fFD(E)− fFD(E + �ω)

�ω
Tr

[
p̂xImG+(z + �ω) p̂xImG+(z)

]
, (A19)

where e and m are respectively the electrical charge and the mass of electron, Ω is the
area of graphene ribbon, and fFD(E) = { 1 + exp[(E − μ)/kBT] }−1 is the Fermi–Dirac
distribution with the chemical potential μ, the Boltzmann constant kB and temperature
T. p̂x = im [Ĥ, x]/� is the projection of the momentum operator along the oscillating
electrical field with frequency ω, and G+(z) with z = E + iη is the retarded one-particle
Green’s function. For the case of ω = T = 0, Equation (A19) can be rewritten as [36].

g(μ, 0, 0) = σ(μ, 0, 0)
W
L =

2 e2�

π m2L2 Tr
[
p̂xImG+(μ) p̂xImG+(μ)

]
. (A20)

In Figure A4 the Kubo conductance spectra are obtained from Equation (A20) for two
imaginary parts of energy η = 10−3

∣∣ t
∣∣ (blue lines) and η = 10−4

∣∣ t
∣∣ (green lines), where

the retarded Green’s function was calculated through G(z) = (z − H)−1 from the Dyson
equation for a Hamiltonian of 36 atoms since W = 4 and L = 9 for a dilute A-type RS
lattice with k = 4 and m = 3 containing only dislocation hopping integrals tA and tB,
whose boundary conditions were obtained from periodic leads of 200,000 transversal lines.
Observe in Figure A4a’,b’ the coincidence between electrical conductance spectra from
Landauer and Kubo formalisms when η → 0 in the latter one.
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Appendix C. Real-Space Renormalization Method for Dilute Rudin–Shapiro

Dual Channels

The Rudin–Shapiro (RS) sequence of generation k, S(k), can be built using the substi-
tution rules (12) or addition rules (13). The latter can be summarized into a single equation
given by

Sα(k) = Sβ(k − 1)⊕ Sγ(k − 1), (A21)

whose subindices α, β and γ denote A, B, C or D-type RS sequence according to Table A2.

Table A2. Addition rules for all type Rudin–Shapiro sequences.

α-Type β-Type γ-Type

A A B
B A C
C D B
D D C

Let us consider an RS dual channel with bond disorder formed by alternating hopping
integrals t′A, t′B, t′C and t′D, instead of letters A, B, C and D in the RS sequences, being
t′α = tα/2 with α = A, B, C or D. Moreover, a dilute RS dual channel can be built using
periodic RS segments of generation m− 1 formed by hopping integrals t′ = t/2 and placing
a single hopping integral defect t′α at the beginning of Sα(m), while subsequent generations
of dilute RS dual channels are constructed following the standard addition rule (A21) and
Table A2. For example, dilute RS dual channels with m = 2 are presented in Table A3.

Table A3. Dilute Rudin–Shapiro dual channels with m = 2.

Generation A-Type B-Type C-Type D-Type

1     

2     

3     

Note: Symbol meaning  .

In this appendix, a new real-space renormalization method is developed for dilute
RS dual channels, as an extension of that for single channels developed in reference [37],
where the freedom degrees of interior sites are removed but their exact participation is
maintained in the results. As an example, we present in Figure A5 this renormalization
procedure for A-type RS dual channels by starting from generation one, which consists
of six sites (blue spheres) with on-site energies εu = ε and εd = − ε, respectively, for up
and down sites, as well as hopping integrals t′ = t/2 (violet lines) and − t′ (red lines). The
central sites located at the second transversal line can be renormalized by reducing the
six-site dual channel into a four-site one with effective on-site energies εA

L (1), εA
L (1), εA

R(1)
and εA

R(1), respectively, for left-up, left-down, right-up and right-down sites, as well as
effective hopping integrals t′h(1), t′h(1), t′v(1), t′v(1), t′d(1) and t′d(1), correspondingly
denoting up horizontal, down horizontal, left vertical, right vertical, decreasing diagonal
and increasing diagonal bonds. Using the addition rule for A-type RS dual channels
given by Equation (A21) and Table A2, this four sites dual channel is concatenated to
another four-site renormalized B-type RS dual channel to build a six-site dual channel of
generation 2, where the on-site energies of central sites are εA

C(2) = εA
R(1) + εB

L(1)− ε and
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εA
C(2) = εA

R(1) + εB
L(1) + ε respectively for up and down ones connected by the hopping

integral tA
C (2) = tA

v (1) + tB
v (1), represented by a double line.

Figure A5. Schematic representation of the renormalization procedure to build an A-type RS dual
channel of generation K connected to two periodic leads of generation K’ (gray spheres), where the
effective on-site energies εα

l (k, z) and hopping integrals tα
j (k, z) are respectively denoted as εα

l (k) and
tα
j (k) for α = A or B, l = L, L, C, C, R or R and j = h, h, v, v, d, d, C or C.

In general, for an α-type RS dual channel of generation k, similar addition and
renormalization procedures were carried out. The effective on-site energies εα

l (k, E) with
l = L, L, R or R and hopping integrals tα

j (k, E), being l = h, h, v, v, d or d, of four-site
dual channel can be obtained from the stationary Schrödinger equation:

(H − EI)|Ψ〉 = 0 (A22)

where I is the identity matrix, H is the Hamiltonian of a concatenated six-site dual channel
built from two dual channels of generations k − 1 and |Ψ〉 = ∑j bj|j〉 is the electronic
wavefunction with j = L, L, C, C, R, or R. Equation (A22) can be rewritten as

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ε
β
L(k − 1, E)− E tβ

v (k − 1, E) tβ
h (k − 1, E) tβ

d (k − 1, E) 0 0

tβ
v (k − 1, E) ε

β
L(k − 1, E)− E tβ

d (k − 1, E) tβ
h (k − 1, E) 0 0

tβ
h (k − 1, E) tβ

d (k − 1, E) εα
C(k, E)− E tα

c (k, E) tγ
h (k − 1, E) tγ

d (k − 1, E)

tβ
d (k − 1, E) tβ

h (k − 1, E) tα
c (k, E) εα

C(k, E)− E tγ
d (k − 1, E) tγ

h (k − 1, E)

0 0 tγ
h (k − 1, E) tγ

d (k − 1, E) ε
γ
R(k − 1, E)− E tγ

v (k − 1, E)

0 0 tγ
d (k − 1, E) tγ

h (k − 1, E) tγ
v (k − 1, E) ε

γ
R(k − 1, E)− E

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

bβ
L

bβ
L

bα
C

bα
C

bγ
R

bγ
R

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
=

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0

0

0

0

0

0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (A23)

whose two central equations can be considered as a set of equations for bα
C and bα

C,
with solutions given by⎧⎨⎩ bα

C = Γα
1(k, E) bβ

L + Γα
2(k, E) bβ

L + Γα
3(k, E) bγ

R + Γα
4(k, E) bγ

R

bα
C = Θα

1(k, E) bβ
L + Θα

2(k, E) bβ
L + Θα

3(k, E) bγ
R + Θα

4(k, E) bγ
R

, (A24)
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where ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Γα
1(k, E) = θα

1 (k, E) [tβ
h(k − 1, E) + φα

2 (k, E) tβ
d (k − 1, E)]

Γα
2(k, E) = θα

1 (k, E) [tβ
d (k − 1, E) + φα

2 (k, E) tβ
h(k − 1, E)]

Γα
3(k, E) = θα

1 (k, E) [tγ
h (k − 1, E) + φα

2 (k, E) tγ
d (k − 1, E)]

Γα
4(k, E) = θα

1 (k, E) [tγ
d (k − 1, E) + φα

2 (k, E) tγ
h (k − 1, E)]

(A25)

and ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Θα
1(k, E) = θα

2 (k, E) [tβ
d (k − 1, E) + φα

1 (k, E) tβ
h(k − 1, E)]

Θα
2(k, E) = θα

2 (k, E) [tβ
h(k − 1, E) + φα

1 (k, E) tβ
d (k − 1, E)]

Θα
3(k, E) = θα

2 (k, E) [tγ
d (k − 1, E) + φα

1 (k, E) tγ
h (k − 1, E)]

Θα
4(k, E) = θα

2 (k, E) [tγ
h (k − 1, E) + φα

1 (k, E) tγ
d (k − 1, E)]

, (A26)

where ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
θα

1 (k, E) =
{

E − εα
c(k, E)− [tα

c (k,E)]2

E−εα
c (k,E)

}−1

θα
2 (k, E) =

{
E − εα

c(k, E)− [tα
c (k,E)]2

E−εα
c (k,E)

}−1 and

⎧⎪⎨⎪⎩
φα

1 (k, E) = tα
c (k,E)

E−εα
c (k,E)

φα
2 (k, E) = tα

c (k,E)
E−εα

c (k,E)

(A27)

with ⎧⎪⎪⎪⎨⎪⎪⎪⎩
εα

c(k, E) = ε
β
R(k − 1, E) + ε

γ
L(k − 1, E)− ε

εα
c(k, E) = ε

β
R(k − 1, E) + ε

γ
L(k − 1, E) + ε

tα
c (k, E) = tβ

v (k − 1, E) + tγ
v (k − 1, E)

. (A28)

Substituting Equation (A24) into (A23), we obtain the stationary Schrödinger equation
of a four-site dual channel given by⎛⎜⎜⎜⎜⎜⎝

εα
L(k, E)− E tα

v(k, E) tα
h(k, E) tα

d(k, E)

tα
v(k, E) εα

L(k, E)− E tα
d(k, E) tα

h(k, E)

tα
h(k, E) tα

d(k, E) εα
R(k, E)− E tα

v(k, E)

tα
d(k, E) tα

h(k, E) tα
v(k, E) εα

R(k, E)− E

⎞⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎝
bα

L

bα
L

bα
R

bα
R

⎞⎟⎟⎟⎟⎟⎠ =

⎛⎜⎜⎜⎜⎜⎝
0

0

0

0

⎞⎟⎟⎟⎟⎟⎠, (A29)

where⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

εα
L(k, E) = ε

β
L(k − 1, E) + Γα

1(k, E) tβ
h(k − 1, E) + Θα

1(k, E) tβ
d (k − 1, E)

εα
L(k, E) = ε

β
L(k − 1, E) + Θα

2(k, E) tβ
h(k − 1, E) + Γα

2(k, E) tβ
d (k − 1, E)

εα
R(k, E) = ε

γ
R(k − 1, E) + Γα

3(k, E) tγ
h (k − 1, E) + Θα

3(k, E) tγ
d (k − 1, E)

εα
R(k, E) = ε

γ
R(k − 1, E) + Θα

4(k, E) tγ
h (k − 1, E) + Γα

4(k, E) tγ
d (k − 1, E)

(A30)
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and ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

tα
h(k, E) = Γα

3(k, E) tβ
h(k − 1, E) + Θα

3(k, E) tβ
d (k − 1, E)

tα
h(k, E) = Γα

4(k, E) tβ
d (k − 1, E) + Θα

4(k, E) tβ
h(k − 1, E)

tα
d(k, E) = Γα

4(k, E) tβ
h(k − 1, E) + Θα

4(k, E) tβ
d (k − 1, E)

tα
d(k, E) = Γα

3(k, E) tβ
d (k − 1, E) + Θα

3(k, E) tβ
h(k − 1, E)

tα
v(k, E) = tβ

v (k − 1, E) + Γα
2(k, E) tβ

h(k − 1, E) + Θα
2(k, E) tβ

d (k − 1, E)

tα
v(k, E) = tγ

v (k − 1, E) + Γα
4(k, E) tγ

h (k − 1, E) + Θα
4(k, E) tγ

d (k − 1, E).

(A31)

These effective on-site energies and hopping integrals are those indicated in Figure A5.
On the other hand, the electronic density of states (DOS) for an α-type RS dual channel

of generation k evaluated at energy E can be written as [22]

DOSα(k, E) = − 1
π

lim
η→0+

L(k)

∑
j=1

Im [Gα
j,j(z)], (A32)

where L(k) = 2 (1 + 2k) is the number of sites in the dual channel and Gα
j,j(z) is the j-th

diagonal element of retarded Green’s function evaluated at z = E + iη. Extending the
real-space renormalization method developed for Fibonacci chains [37,38], the DOSα(k, E)
of (A32) can be rewritten as

DOSα(k, E) = − 1
π lim

η→0+
Im [Mα(k, z) Gα

L,L(k, z) + Pα(k, z) Gα
L,L(k, z) + Qα(k, z) Ga

R,R(k, z)

+Rα(k, z) Gα
R,R(k, z) + Sα(k, z) Gα

L,L(k, z) + Uα(k, z) Gα
L,R(k, z) + Vα(k, z) Gα

L,R(k, z)

+Wα(k, z) Gα
L,R(k, z) + Xα(k, z) Gα

L,R(k, z) + Yα(k, z) Gα
R,R(k, z) + Zα(k, z)],

(A33)

where Mα(k, z), · · · , Zα(k, z) are the renormalization coefficients and Gα
l,j(k, z) with

l, j = L, L, R or R are elements of the Green’s function matrix, with L(L) and R(R)
respectively being the up (down) left and right sites of the renormalized four-site dual
channel, as illustrated in Figure A5. From Equation (A32) and the addition rule (A21),
we have

DOSα(k, E) = DOSβ(k − 1, E) + DOSγ(k − 1, E)− Gα
C,C(k, z)− Gα

C,C(k, z), (A34)

where subindex C denotes the central sites at the union of two renormalized dual channels.
Equation (A34) can be rewritten using Equation (A33) as

DOSα(k, E) = − 1
π lim

η→0+
Im [Mβ(k − 1, z)Gβ

L,L(k, z) + Pβ(k − 1, z)Gβ
L,L(k, z) + Qβ(k − 1, z)Gβ

C,C(k, z)

+Rβ(k − 1, z)Gβ
C,C(k, z) + Sβ(k − 1, z)Gβ

L,L(k, z) + Uβ(k − 1, z)Gβ
L,C(k, z) + Vβ(k − 1, z)Gβ

L,C(k, z)

+Wβ(k − 1, z)Gβ
L,C(k, z) + Xβ(k − 1, z)Gβ

L,C(k, z) + Yβ(k − 1, z)Gβ
C,C(k, z) + Zβ(k − 1, z)

+Mγ(k − 1, z)Gγ
C,C(k, z) + Pγ(k − 1, z)Gγ

C,C(k, z) + Qγ(k − 1, z)Gγ
R,R(k, z) + Rγ(k − 1, z)Gγ

R,R(k, z)

+Sγ(k − 1, z)Gγ
C,C(k, z) + Uγ(k − 1, z)Gγ

C,R(k, z) + Vγ(k − 1, z)Gγ
C,R(k, z) + Wγ(k − 1, z)Gγ

C,R(k, z)

+Xγ(k − 1, z)Gγ
C,R(k, z) + Yγ(k − 1, z)Gγ

R,R(k, z) + Zγ(k − 1, z)− Gγ
C,C(k, z)− Gγ

C,C(k, z)].

(A35)

The Dyson equation of a six-site α-type RS dual channel (see Figure A5 for α = A)
given by (zI − H)G = I can be rewritten as
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

[z − ε
β
L(k − 1)]Gβ

L,j(k − 1, z) = δL,j + tβ
v (k − 1)Gβ

L,j(k − 1, z) + tβ
h(k − 1)Gα

C,j(k, z) + tβ
d (k − 1)Gα

C,j(k, z)

[z − ε
β
L(k − 1)]Gβ

L,j(k − 1, z) = δL,j + tβ
v (k − 1)Gβ

L,j(k − 1, z) + tβ
d (k − 1)Gα

C,j(k, z) + tβ
h(k − 1)Gα

C,j(k, z)

[z − εα
C(k)]G

α
C,j(k, z) = δC,j + tβ

h(k − 1)Gβ
L,j(k − 1, z) + tβ

d (k − 1)Gβ
L,j(k − 1, z) + tγ

h (k − 1)Gγ
R,j(k − 1, z)

+tγ
d (k − 1)Gγ

R,j(k − 1, z) + tα
c (k)Gα

C,j(k, z)

[z − εα
C(k)]G

α
C,j(k, z) = δC,j + tβ

d (k − 1)Gβ
L,j(k − 1, z) + tβ

h(k − 1)Gβ
L,j(k − 1, z) + tγ

d (k − 1)Gγ
R,j(k − 1, z)

+tγ
h (k − 1)Gγ

R,j(k − 1, z) + tα
c (k)Gα

C,j(k, z)

[z − ε
γ
R(k − 1)]Gβ

R,j(k − 1, z) = δR,j + tγ
v (k − 1)Gβ

R,j(k − 1, z) + tγ
h (k − 1)Gα

C,j(k, z) + tγ
d (k − 1)Gα

C,j(k, z)

[z − ε
γ
R(k − 1)]Gβ

R,j(k − 1, z) = δR,j + tγ
v (k − 1)Gβ

R,j(k − 1, z) + tγ
d (k − 1)Gα

C,j(k, z) + tγ
h (k − 1)Gα

C,j(k, z)

(A36)

where j = L, L, C, C, R, or R, and then Equation (A36) represents the 36 equations of six
effective sites. The two central equations of (A36) can be visualized as a system of equations
for Gα

C,j(k, z) and Gα
C,j(k, z), whose solutions are⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

Gα
C,j(k, z) = Γα

1(k, z) Gβ
L,j(k − 1, z) + Γα

2(k, z) Gβ
L,j(k − 1, z) + Γα

3(k, z) Gγ
R,j(k − 1, z)

+Γα
4(k, z) Gγ

R,j(k − 1, z) + δC,j + θα
1 (k, z)δC,j

Gα
C,j(k, z) = Θα

1(k, z) Gβ
L,j(k − 1, z) + Θα

2(k, z) Gβ
L,j(k − 1, z) + Θα

3(k, z) Gγ
R,j(k − 1, z)

+Θα
4(k, z) Gγ

R,j(k − 1, z) + δC,j + θα
2 (k, z)δC,j

. (A37)

Substituting Equation (A37) into (A35) and comparing it to Equation (A33), we obtain
the following iteration relations for renormalization coefficients given by

Mα(k, z) = Mβ(k − 1, z) + Γα
1(k, z) [Ξα

1(k, z) + Uβ(k − 1, z)] + Θα
1(k, z) [Vβ(k − 1, z) + Ωα

1(k, z)] (A38)

Pα(k, z) = Pβ(k − 1, z) + Γα
2(k, z) [Ξα

2(k, z) + Wβ(k − 1, z)] + Θα
2(k, z) [Xβ(k − 1, z) + Ωα

2(k, z)], (A39)

Qα(k, z) = Qγ(k − 1, z) + Γα
3(k, z) [Ξα

3(k, z) + Uγ(k − 1, z)] + Θα
3(k, z) [Wγ(k − 1, z) + Ωα

3(k, z)], (A40)

Rα(k, z) = Rγ(k − 1, z) + Γα
4(k, z) [Ξα

4(k, z) + Vγ(k − 1, z)] + Θα
4(k, z) [Xγ(k − 1, z) + Ωα

4(k, z)], (A41)

Sα(k, z) = Sβ(k − 1, z) + Γα
2(k, z) [Ξα

1(k, z) + Uβ(k − 1, z)] + Γα
1(k, z) [Ξα

2(k, z) + Wβ(k − 1, z)]

+Θα
2(k, z) [Vβ(k − 1, z) + Ωα

1(k, z)] + Θα
1(k, z) [Xβ(k − 1, z) + Ωα

2(k, z)],
(A42)

Uα(k, z) = Γα
3(k, z) [Ξα

1(k, z) + Uβ(k − 1, z)] + Γα
1(k, z) [Ξα

3(k, z) + Uγ(k − 1, z)]

+Θα
3(k, z) [Vβ(k − 1, z) + Ωα

1(k, z)] + Θα
1(k, z) [Wγ(k − 1, z) + Ωα

3(k, z)],
(A43)

Vα(k, z) = Γα
4(k, z) [Ξα

1(k, z) + Uβ(k − 1, z)] + Γα
1(k, z) [Ξα

4(k, z) + Vγ(k − 1, z)]

+Θα
4(k, z) [Vβ(k − 1, z) + Ωα

1(k, z)] + Θα
1(k, z) [Xγ(k − 1, z) + Ωα

4(k, z)],
(A44)

Wα(k, z) = Γα
3(k, z) [Ξα

2(k, z) + Wβ(k − 1, z)] + Γα
2(k, z) [Ξα

3(k, z) + Uγ(k − 1, z)]

+Θα
3(k, z) [Xβ(k − 1, z) + Ωα

2(k, z)] + Θα
2(k, z) [Wγ(k − 1, z) + Ωα

3(k, z)],
(A45)

Xα(k, z) = Γα
4(k, z) [Ξα

2(k, z) + Wβ(k − 1, z)] + Γα
2(k, z) [Ξα

4(k, z) + Vγ(k − 1, z)]

+Θα
4(k, z) [Xβ(k − 1, z) + Ωα

2(k, z)] + Θα
2(k, z) [Xγ(k − 1, z) + Ωα

4(k, z)],
(A46)

Yα(k, z) = Yγ(k − 1, z) + Γα
4(k, z) [Ξα

3(k, z) + Uγ(k − 1, z)] + Γα
3(k, z) [Ξα

4(k, z) + Vγ(k − 1, z)]

+Θα
4(k, z) [Wγ(k − 1, z) + Ωα

3(k, z)] + Θα
3(k, z) [Xγ(k − 1, z) + Ωα

4(k, z)],
(A47)
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Zα(k, z) = Zβ(k − 1, z) + Zγ(k − 1, z) + θα
1 (k, z) [Qβ(k − 1, z) + Mγ(k − 1, z)− 1]

+θα
2 (k, z) [Rβ(k − 1, z) + Pγ(k − 1, z)− 1] + φα

2 (k, z) [Yβ(k − 1, z) + Sγ(k − 1, z)],
(A48)

with

Ξα
ρ(k, z) = Γα

ρ(k, z) [Qβ(k − 1, z) + Mγ(k − 1, z)− 1] + Θα
ρ(k, z) [Yβ(k − 1, z) + Sγ(k − 1, z)] (A49)

and
Ωα

ρ(k, z) = Θα
ρ(k, z) [Rβ(k − 1, z) + Pγ(k − 1, z)− 1], (A50)

where ρ = 1, 2, 3 or 4. The initial conditions for this renormalization method are⎧⎪⎪⎨⎪⎪⎩
Mα(1, z) = Pα(1, z) = Qα(1, z) = Rα(1, z) = 1 + (ξ2− + ξ2

+) t2
α

Uα(1, z) = −Vα(1, z) = Wα(1, z) = −Xα(1, z) = 2(ξ2− − ξ2
+) t2

α

Sα(1, z) = −Yα(1, z) = 2(ξ2− + ξ2
+) t2

α

Zα(1, z) = (ξ− + ξ+)

(A51)

and ⎧⎪⎪⎪⎨⎪⎪⎪⎩
tα
h(1, z) = −tα

h(1, z) = −tα
d(1, z) = tα

d(1, z) = (ξ− − ξ+) t2
α

tα
v(1, z) = −tα

v(1, z) = (ξ− + ξ+) t2
α

εα
L(1, z) = εα

R(1, z) = (ξ− + ξ+) t2
α − ε

εα
L(1, z) = εα

R(1, z) = (ξ− + ξ+) t2
α + ε

, (A52)

where ξ± = (z ± ε)−1. The elements of Green’s function in Equation (A33) are numerically
calculated from the Dyson equation, written as an 8 × 8 matrix for the dual channel of the
K-th generation connected to two periodic leads at its ends, as illustrated at the end of
Figure A5.
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Abstract: Ultra-fine hydrogen produced by electrochemical water splitting without carbon emission
is a high-density energy carrier, which could gradually substitute the usage of traditional fossil
fuels. The development of high-performance electrocatalysts at affordable costs is one of the major
research priorities in order to achieve the large-scale implementation of a green hydrogen supply
chain. In this work, the development of a vanadium-doped FeBP (V-FeBP) microsphere croissant
(MSC) electrocatalyst is demonstrated to exhibit efficient bi-functional water splitting for the first time.
The FeBP MSC electrode is synthesized by a hydrothermal approach along with the systematic control
of growth parameters such as precursor concentration, reaction duration, reaction temperature and
post-annealing, etc. Then, the heteroatom doping of vanadium is performed on the best FeBP MSC
by a simple soaking approach. The best optimized V-FeBP MSC demonstrates the low HER and
OER overpotentials of 52 and 180 mV at 50 mA/cm2 in 1 M KOH in a three-electrode system. In
addition, the two-electrode system, i.e., V-FeBP || V-FeBP, demonstrates a comparable water-splitting
performance to the benchmark electrodes of Pt/C || RuO2 in 1 M KOH. Similarly, exceptional
performance is also observed in natural sea water. The 3D MSC flower-like structure provides a
very high surface area that favors rapid mass/electron-transport pathways, which improves the
electrocatalytic activity. Further, the V-FeBP electrode is examined in different pH solutions and
in terms of its stability under industrial operational conditions at 60 ◦C in 6 M KOH, and it shows
excellent stability.

Keywords: water splitting; V-FeBP; heteroatom doping; hydrothermal approach; soaking approach

1. Introduction

Hydrogen is an efficient green-energy resource with its high gravimetric energy density
and carbon-free nature. Hydrogen has emerged as a promising substitution for fossil fuels,
which can then gradually decrease climate change and global warming [1–5]. Hydrogen
also offers excellent transportability and is convenient to store in a compressed gas and
liquid form, much like natural gas and oil. Currently, noble-metal-based electrocatalysts
such as Pt/Pd and RuO2/IrO2 are the benchmark electrodes for water splitting. However,
the practical production of ultra-fine hydrogen by water electrolysis is hindered due to
the limited availability of these elements and high costs [6–8]. The development of highly
active electrocatalysts at an affordable cost remains to be one of the major research priorities
for the green hydrogen supply chain.

Over the last decade, transition metals (TMs) such as Co, Ni, Cu, Fe, W, Mo, Mn, V, etc.,
combined with several non-metallic elements including phosphorus, selenium, carbon, sul-
fur, nitrogen, etc., have been widely researched as efficient water-splitting catalysts [9–15].
The TMs possess fewer filled d-orbitals and their combination with non-metallic elements
can offer superior intrinsic water-splitting capabilities and significantly enhance HER and
OER kinetics [16,17]. Among them, iron (Fe) is one of the most earth-abundant elements
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and can offer good stability; thus, the iron-based electrodes can be a cost-effective alter-
native for the practical industrialization of water splitting. Fe-based compounds and
structures demonstrated effective adsorption/desorption of reaction intermediates in the
overall water-splitting process [9]. For example, the ultra-thin FeP nanosheets exhibited
an excellent electrocatalytic oxygen-evolution performance with the Fe defects on the FeP
nanosheets, which facilitated the adsorption of oxygenated intermediates and a low overpo-
tential [18]. The Fe2O3/FeP heterostructure demonstrated excellent OER with the reduced
reaction barrier due to the large surface area and lower charge-transfer resistance [5].

Meanwhile, phosphorus (P) is one of the most widely studied non-metallic elements
that has been frequently compounded with TMs in various combinations, and remarkable
advances have been made up to now [19–22]. More recently, boron (B) has emerged as
another potential non-metallic element that can be combined with TMs due to its multi-
centered bonding characteristics and significant charge-transfer nature [16,19,23–25].The
metallic sites can be electronegative and thus can offer improved intrinsic electrocatalytic
kinetics [26]. In addition, the insertion of B into the TM matrix can stabilize the atomic
configurations and thus can offer enhanced stability [27]. However, the combination of B
and P together with the TM has been very rarely studied up to now. As an example, the Co-
B-P catalyst demonstrated significantly improved adsorption and desorption capabilities
due to the faster charge-transfer kinetics [19], and the good balance between B and P in the
TM matrix can induce interesting synergetic effects such as lowering the reaction-energy
barrier and increasing the rate of the catalytic process.

At the same time, heteroatom doping is another technique that can be utilized for
improved water-splitting performance by increasing the number of active catalytic sites and
modifying the electronic states [28,29]. The heteroatom doping of metallic elements such as
W, Ru, Mo, Cr and V into the existing material matrix has demonstrated improved water-
splitting performances [30–33]. Among these, V doping is a promising candidate due to its
multiple valence states ranging from +2 to +5 that can induce strong electronic interactions
with other metal cations. Thus, the incorporation of V can facilitate improved intrinsic
catalytic activity by increasing the number of active sites and the structural flexibility,
resulting in improved overall water-splitting performances [34]. In addition, V-doping has
been barely studied. To this end, the fabrication of well-balanced B and P with Fe and the
incorporation of V into the FeBP matrix can be an interesting attempt at improving HER
and OER kinetics. With the V-doped FeBP, enhanced electrode stability can be obtained
by protecting the metallic cores due to the difference in the electronegativity [35,36]. The
V-doped FeBP electrocatalysts can be a cost-effective water-splitting electrocatalyst.

In this study, the FeBP electrocatalyst was fabricated by the systematic parameter
control of the hydrothermal approach, and then the heteroatom doping of vanadium was
demonstrated by the soaking approach as seen in Figure S1 for efficient overall water
splitting for the first time. The V-FeBP MSC demonstrates a bi-functional capability for the
HER and OER operations. The two-electrode configuration of V-FeBP || V-FeBP shows a
comparable performance as compared to the benchmark electrodes of Pt/C and RuO2 in
1 M KOH. The V-FeBP MSC demonstrates the low 2-E overpotential of 1.48 V as compared
to the 1.46 V of Pt/C and RuO2. In addition, the 2-E system demonstrates nearly the same
performance in real sea water as compared with the benchmarks.

2. Experimental Section

2.1. V-FeBP Electrode Fabrication

For the fabrication of the V-FeBP electrode, nickel foam (NF) was used as a substrate
after the ultrasonication in 6 M HCl for 20 min. Figures S2 and S3 show the morphological
and elemental analyses of the bare NF. The Fe(NO3)3·9H2O, H3BO3 and NaH2PO2·H2O
were utilized as precursors for the Fe, B and P. The chemicals utilized for the fabrication of
the V-FeBP electrode were analytical grades of high purity (Sigma-Aldrich, St. Louis, MO,
USA). The FeBP electrode was firstly optimized by the hydrothermal approach in terms
of the molarity of precursors, concentration ratio, reaction time, and temperature. The
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CH4N2O (urea) was utilized as a surface-active agent to induce the 3D microstructure for-
mation. The precursor solution was placed into a Teflon-lined autoclave with the NF, which
was followed by baking at different temperatures and durations. After the FeBP electrode
optimization, the vanadium (V) was doped by a soaking approach. The V concentration,
soaking duration and temperature were considered for the V-doping optimization.

2.2. Morphological, Elemental, and Optical Characterizations

A scanning electronic microscope (SEM, COXEM, Daejeon, Korea) was utilized for the
morphology analyses of the various FeBP and V-FeBP electrodes. Energy-dispersive X-ray
spectroscopy (EDS, Thermo Fisher, Waltham, MA, USA) was adapted to characterize the
elemental phases of the electrodes. The Raman measurement was performed in a NOST
system (Nostoptiks, Gyeonggi-do, Korea), equipped with a 532 nm laser, spectrograph (AN-
DOR, SR-500, Belfast, UK), and charge-coupled device (CCD). The X-ray diffraction (XRD,
D8 Advance, Bruker, Billerica, MA, USA) patterns were collected under the illumination of
Cu Kα (λ = 1.5406 Å) at a scan rate of 2 ◦/min.

2.3. Electrochemical Characterization

The 3-electrode (3-E) electrochemical characterizations of the FeBP and V-FeBP elec-
trodes were performed with the target electrode as a working electrode, Pt plate as a counter
electrode and Ag/AgCl as a reference in an electrochemical workstation (Wizmac, Daejeon,
Korea). The reversible hydrogen electrode (RHE) potential (E) was based on the following
relation for the HER and OER: E [V vs. RHE] = E + 0.059 × pH + 0.197 (Ag/AgCl). The
polarization curves were obtained using linear-sweep voltammetry (LSV) at a scan rate of
5 mV/s between 0.2 and −0.6 V for the HER and 1.2 and 2.2 V for the OER in 1 M KOH. No
iR compensation was adapted in any of the electrochemical characterizations and the data
were plotted as received. The electrochemical impedance spectroscopy (EIS) was measured
in the range of 100 kHz to 0.1 Hz at the voltage corresponding to 10 mA/cm2 vs. RHE
for the HER and OER catalytic turnover region with an amplitude of 5 mV as shown in
Figure S4. Cyclic voltammetry (CV) was performed at different scan rates ranging from 40
to 180 mV/s in a non-faradic region between 0.1 and 0.3 V for the HER and 1.04 and 1.14 V
for the OER. From the CV plots, the anodic and cathodic currents were obtained at specific
potentials for HER and OER. The electrochemical double-layer capacitance (Cdl) plots were
obtained based on ΔJ = (Ja − Jc)/2 as shown in Figures S5 and S6. The slope of the Cdl
plot was used to estimate the electrochemical surface-active area (ECSA) in Figure S7. The
different Cdl values for the HER and OER reactions suggest different reaction processes.
In addition, the 3-E and 2-E water-splitting performances were measured in different pH
waters using 1 M KOH (alkaline), 0.5 M H2SO4 (acidic), and 1 M PBS (neutral). The natural
sea water was collected from the Yellow Sea (Incheon, Korea) and river water was obtained
from the Han River (Seoul, Korea).

3. Results and Discussion

In this work, the FeBP electrodes were firstly optimized, and the vanadium (V) doping
was optimized on the best FeBP. Firstly, the Fe concentration (FeN3O9·9H2O) variation
was performed between 0.1 and 3 mM for the FeBP electrode optimization as shown in
Figure 1. Generally, the microspherical structures were fabricated as seen in Figure 1a–d
and larger-scale images can be found in Figure S8. The microspheres were constructed with
highly dense layers of croissant-like structures as seen in Figure 1(a-1–d-1). Thus, it was
named ‘microsphere croissant (MSC)’ for the various layers of croissant bread. Along with
the increased FeN3O9·9H2O concentration, the density of MSCs was gradually increased as
seen Figures 1a–d and S8. The size of the MSC was up to 20~30 μm. The MSC morphology
with the layer-like structures can be largely advantageous for catalytic reactions due to the
significantly increased surface area, allowing effective ion access and reactions [37]. The
formation of the highly layered 3D structure of Fe-B-P electrocatalyst can be described as
below in Equations (1)–(3).
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Fe(NO3)3·9H2O + H3BO3 + NaH2PO2·H2O + CH4N2O + NH4F + n·H2O
(Precursor solution)

(1)

Fe(NO3)3·9H2O + H2O → Fe3+ + 3NO3
− + 10H+ + 10OH− (2)

2H3BO3 + 2H2O → 2[B(OH)4]− + 2H+ (3)

NaH2PO2·H2O → NaH2PO2 + H2O → Na+ + H2PO2
− + H+ + OH− (4)

NH4F +H2O → NH4
+ + F− + H+ + OH− (5)

CH4N2O + H2O → 2NH3 + CO2 ↑ → 2NH3 + 2H2O → 2NH4
+ + 2OH− (6)

The overall deposition process is:

Fe3+ + 2[B(OH)4]− + H2PO2
− + 3NO3

− + Na+ + 14H+ + 14OH− + 3NH4
++ F− →

Fe-B-P + 3NO3
− + Na+ + 14H+ + 22OH− + 3NH4

+ + HF + 2H2O (7)

For the fabrication of the FeBP electrode, all the precursors were taken as shown
in Equation (1). The Fe, B and P were formed by the corresponding precursors as seen
in Equations (2)–(4). The Fe(NO3)3·H2O (iron (III) nitrate nonahydrate) generates the
Fe3+ in Equation (2) and the H3BO3 (boric acid) produces the B[(OH)4]− as the reaction
intermediates in Equation (3). The NaH2PO2 yields the H2PO2

− complex compound in
Equation (4). Then, NH4F breaks down into NH4+ and F− in Equation (5). The generated
NH4

+ ions can help to stabilize the pH in the solution and the highly electronegative F−
ions help to form H bonds, which can increase the solution conductivity and increase the
reaction speed in the ionic solution. Further, CO(NH2)2 (urea) splits into 2NH3 and CO2
↑ in Equation (6). In this process, the generated 2NH3 reacts with the water molecules
to produce two ammonium (NH4

+) and two hydroxyl (OH−) ions in Equation (6). As
discussed, the ammonium and hydroxyl ions can also boost the solution conductivity and
reaction speed. Finally, the possible fabrication reaction can be described as shown in
Equation (7), where the main precursors take part in the formation of FeBP. The boric acid
and the formation of HF during the reaction can react with water (HF + H2O → H3O + F−)
and helps to form more hydronium ions. During the reaction, the formation of hydronium
ions induces the formation of bubbles. The bubble formation helps in layered crystal
growth that offers a highly electrochemically active surface area.

Figure 1e presents the At.% plots of Fe, B and P in the Fe concentration variation
set. The At.% showed a gradually increased incorporation of Fe atoms with the increased
Fe molarity. B was also more incorporated. However, P showed a gradually decreased
incorporation, perhaps due to the high affinity of Fe and B. Additional full-range EDS
spectra are provided in Figure S9. Figure 1f shows the Raman spectra of FeBP MSCs with the
characteristic peaks at 172, 242, 269, 549, and 936 cm−1. The Raman contour plots are shown
in Figure 1(f-1–f-3). The highest Raman peaks demonstrated by the 1 mM Fe indicates
the highest local crystallinity of FeBP MSC structures. Raman intensity was decreased for
the other Fe concentrations. The highly local-crystalline FeBP MSC with microsheets can
provide faster electron transfer and increased intrinsic electrocatalytic activity by lowering
charge-transfer resistance [13]. In terms of electrochemical performance, the HER and OER
LSV curves of the FeBP MSC electrodes are provided in Figure 1g,i with the corresponding
overpotential values in Figure 1(g-1,i-1). The HER reaction in an alkaline medium can
be described by the Volmer, Heyrovsky and Tafel steps, where the metal active sites can
react with the H2O and generate a metal–hydride bond to produce H2 [35,38]. Volmer step:
H2O + M + e− → M-H* + OH−, Heyrovsky step: M-H* + H2O + e− → M + OH− + H2,
Tafel step: 2M-H* → 2M + H2. The Volmer reaction is the production of M-H*, followed
by the Heyrovsky step. The Tafel steps explain the whole process of producing H2. In
the water electrolysis process, the HER is a crucial half-reaction to produce hydrogen
at the cathode through a two-electron transfer process with the generation of hydroxyl
(OH−) ions. In contrast, the OER entails four-proton–electron transfer reactions at the
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anodic metallic atomic sites [39]. OH− + * → HO* + e−, HO* + OH− → O* + H2O + e−,
O* + OH− → HOO* + e−, HOO* + OH− → * + O2(g) + H2O + e−. Starting from the
hydroxyl (OH−) generated from the HER, O2 is evolved through the protonation of HOO*
coupled with the regeneration of 2H2O at the active sites. In general, the electrical current
splits the water molecules into hydrogen and oxygen in alkaline water electrolysis in
the presence of metal (M) sites [39]. In the HER and OER reactions, the strong M-H*
and M-OH bindings are the key components of the catalytic surface and thus, the strong
binding nature of H atoms and hydroxyl ions with a large surface area is important in
water electrolysis. The FeBP MSC with the 1 mM Fe demonstrated the best HER and
OER performances with the lowest overpotential of 105 and 220 mV at 50 mA/cm2, as
summarized in Figure 1(g-1,i-1). The 1 mM Fe demonstrated the highest double-layer
capacitance (Cdl) values of 1.8 and 2.1 mF/cm2 for the HER and OER, as seen in Figure 1h,j,
which suggests the largest electrochemical surface area (ECSA) of the 1 mM Fe. The
improved performance of the FeBP MSC can be attributed to the improved local-crystalline
quality and the balance between the ternary Fe, B and P elements with the MSC morphology,
which can boost the catalytic activity in an alkaline environment [40]. The MSC structure
formed with the appropriate number of Fe, B and P atoms can offer rich active sites for the
H and OH− groups, and such a hierarchical structure can benefit the high reaction rate
due to the large electrochemical surface area and the acceleration of charge transfer [16]. In
addition, the P and B groups can act as electron donors to the d-orbitals of transition metals
in the FeBP system, resulting in a high electron concentration of the Fe atoms, which can
lower the reaction barriers for the H2O and OH− [33].

In addition to the Fe concentration variation (related data Figures S5–S10), the 100 ◦C reac-
tion temperature (related data Figures S11–S14), 20 mM urea (related data Figures S15 and S16),
30% B and 70% P (FeB30P70) (related data Figures S17–S21), and 100 ◦C post-annealing
treatment (related data Figures S22–S26) were found to offer the best optimized perfor-
mance. Figure S19 shows the XRD patterns of FeBP, FeB and, FeP. The two common peaks
at 44.4 and 51.8◦ correspond to the (111) and (200) planes of the nickel substrate in the
XRD patterns [41]. Generally, the FeBP showed broader peaks with a lower intensity as
compared with the FeP and FeB in Figure S19, which could be due to the increase in the
short-range polycrystalline phases of FeBP. Generally, the polycrystalline phase can indicate
a low electron transfer and high resistance. Thus, a lower electrochemical performance
can be expected. However, a recent study showed that the short-range polycrystalline
or amorphous phases can be beneficial to the improved electrochemical performance in
water electrolysis [42,43]. The polycrystalline phase can offer abundant active sites and
higher intrinsic electrochemical activity due to the structural flexibility and stability of
the electrocatalysts.

Figure 2 shows the vanadium (V)-doped FeBP MSC electrodes after the 2nd-stage post-
annealing temperature optimization. The best FeBP electrode was taken for the vanadium
(V) doping by controlling the doping temperature between 25 and 80 ◦C in Figures S27–S29,
the vanadium concentration between 0.05 and 0.4 mM in Figures S30–S32, and the soaking
duration between 15~120 min in Figures S33–S35. The 0.2 mM V in the 15 min soaking
reaction at 25 ◦C demonstrated the best HER and OER performances in Figure S35 without
any change in the morphology. An adequate amount of V incorporation can induce the
water-dissociation capacity and can decrease the energy barrier and reduce the impedance
of charge transfer. In addition, post-annealing at an appropriate temperature can improve
the crystallinity of electrodes by the reduction in point and line defects with the thermal
diffusion of atoms [44,45]. In terms of the 2nd post-annealing duration optimization, the
15 min duration showed the best result in Figures S36–S38. Along with post-annealing
at various temperatures for 15 min, the 50~100 ◦C samples showed similar morphologies
before and after the annealing in Figure 2(a–b-2). However, the high-temperature-annealed
samples showed a slight deformation of croissant layers at 150 ◦C and more deformation at
200 ◦C in Figure 2(c-2–d-2). The temperature of 200 ◦C also had a much lower density of the
microsphere croissant (MSC) in Figure 2d. Excess diffusion energy at a high temperature

507



Nanomaterials 2022, 12, 3283

can damage crystallinity due to defect formation and can separate the MSC from the NF
during the annealing process. Further, the Raman analyses demonstrated the best intensity
with the 50 ◦C sample, as clearly seen in Figure 2(e–e-3). It clearly demonstrates that the
50 ◦C sample had better crystallinity, which helps to obtain stable electrochemical activity.
In addition, the 50 ◦C sample demonstrated uniform distributions of Fe L, B K, P K, and V
L peaks, indicating the even diffusion of vanadium into the FeBP matrix, as shown by the
EDS maps and line profiles in Figure 2(f–f-4,g).

Figure 1. Fe concentration variation between 0.1~3 millimolar (mM) for the fabrication of FeBP MSC
electrocatalysts at 100 ◦C for 12 h. A total of 20 mmol of CH4N2O, 6 mM NaH2PO2.H2O and 6 mM
H3BO3 were used. (a–d) SEM images of FeBP electrodes. (a-1–d-1) Magnified SEM micrographs.
(e) Atomic% graph. (f) Raman spectra of FeBP. (f-1–f-3) Contour plots of Raman peaks. (g,i) LSV
measurements in 1 M KOH. (g-1,i-1) Overpotential bar chart at 50 mA/cm2. (h) and (j) Cdl values for
HER and OER.
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Figure 2. Post-annealing temperature variation (2nd annealing) of vanadium (V)-doped FeBP MSC
electrodes between 50~200 ◦C for 15 min. The best FeBP was fabricated at 100 ◦C for 12 h with the
1 mM Fe, 3.6 mM H3BO3, 8.4 mM NaH2PO2 and 20 mM CH4N2O. The best FeBP was post-annealed
(1st) and doped with V by a soaking approach in 0.2 mM V solution for 15 min at room temperature.
(a–d) SEM micrographs. (a-1–d-1,a-2–d-2) Magnified SEM images. (e) Raman plot. (e-1–e-3) Contour
plots of Raman peaks. (f–f-4) EDS maps of Fe L, B K, P K and V L. (g) Corresponding EDS line profiles.

509



Nanomaterials 2022, 12, 3283

Figure 3 shows the electrochemical characterizations of the V-FeBP MSC electrodes at
the post-annealing optimization in terms of LSV, Tafel, EIS and Cdl. As shown in Figure 3a,e,
the V-FeBP electrode annealed at 50 ◦C demonstrated the best HER and OER performances,
and the performance gradually became worse with the increased temperature. The 50 ◦C
sample demonstrated the lowest overpotentials of 52 mV and 210 mV at 50 mA/cm2 for the
HER and OER, as summarized in Figure 3(a-1,e-1). The bar plots in Figure 3(a-1,e-1) clearly
show the overpotential values, which followed the sequence of 50 < 100 < 150 < 200 ◦C.
The improved HER and OER performances could be due to the reduced lattice defects and
better electrocatalytic activity following the appropriate heat treatment for an appropriate
duration [37]. After the V doping and post-annealing optimization, the surface structure
of the electrode can reorganize, and thus can introduce more active sites on the catalytic
surface [46]. Additional active sites can speed up the electrochemical HER and OER reaction
processes by increasing the conductivity to obtain better HER and OER performances. The
V doping of the FeBP can largely improve the conductivity and electron density to enhance
the electrocatalytic reaction. The addition of V can tune the electronic structure and activate
more active sites. The partial electron transfer is possible from the V2+ to Fe2+ ions, which
might help to improve the adsorption capacity of hydrogen protons and hydroxyl groups
and improve the HER and OER processes [47]. The HER and OER Tafel analyses are shown
in Figure 3b,f. The Tafel slopes can be acquired from the linear range of the HER and
OER curves as shown in Figure 3b,f. The Tafel slope values in Figure 3(b-1,f-1) indicate
the degree of the reaction and charge-transfer rates. The lower slope values indicate a
higher electron transfer and thus a greater reaction rate. The 50 ◦C sample demonstrated
the lowest HER and OER Tafel slope values of 98 and 72 mV/dec, as summarized in
Figure 3(b-1,f-1). The HER and OER EIS measurements were performed to understand the
transport characteristics of the V-FeBP electrodes. The HER and OER EIS were measured at
different overpotential voltages based on the fixed current of 20 mA/cm2 for the consistency
between samples. The EIS measurements showed different Rct values at different voltages
around the turnover region, as seen in Figure S4 [1]. The higher voltage application showed
smaller Rct values and vice versa. In both the HER and OER EIS plots, the charge-transfer
resistance (Rct) was gradually decreased with the lower annealing temperatures, and the
V-FeBP electrode annealed at 50 ◦C demonstrated the lowest (Rct) of 25.3 and 26.4 Ω for
the HER and OER EIS, which indicates that the 50 ◦C sample demonstrated the lower
conductivity and outstanding charge-transport characteristics [1]. Further, the double-layer
capacitance (Cdl) measurements based on the CV plots indicated the highest electrochemical
active surface area of the 50 ◦C sample with 1.84 and 1.95 mF/cm2 in Figure 3d,h. After
doping, the electrochemical surface area of the V-FeBP MSC was significantly increased,
indicating a higher electrochemical activity of electrode. The CV curves and anodic and
cathodic current densities are provided in Figures S40 and S41.
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Figure 3. 3-electrode (3-E) electrochemical performance of the post-annealing temperature variation
set (V-FeBP MSC electrodes). (a,e) HER and OER polarization curves of V-FeBP electrodes in 1 M
KOH. (a-1,e-1) Overpotentials at 50 and 300 mA/cm2. (b,f) Tafel slopes derived from the polarization
curves. (b-1,f-1) Tafel slope values. (c,g) HER and OER Nyquist plots obtained at the fixed current of
20 mA/cm2. (d,h) HER and OER Cdl values. All the electrochemical measurements were plotted as
received without iR drop compensation.

Figure 4 shows the 3-E electrochemical performance comparison of V-FeBP and bench-
mark electrodes of Pt/C and RuO2 in alkaline, acidic, and neutral waters. Different pH
waters were prepared by 1 M KOH (pH 14), 0.5 M H2SO4 (pH 0) and 1 M PBS (pH 7.4). The
morphological and elemental analyses of the benchmark electrodes of Pt/C and RuO2 are
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provided in Figures S42 and S43. Overall, the V-FeBP and benchmark electrodes demon-
strated quite stable operations in alkaline, acidic, and neutral waters in Figure 4a–f. At the
same time, the benchmark electrodes demonstrated better HER and OER performances
in all three solutions, as clearly seen in Figure 4(a-1–f-1). Both V-FeBP and the benchmark
electrodes demonstrated similar trends in terms of performance with the overpotentials
in alkaline < acidic < neutral waters, indicating that both electrode configurations demon-
strated the best performances in 1 M KOH water. The higher performance in KOH can be
attributed to the high electrochemical conductivity due to the ionization of OH− [48]. KOH
can offer high current density and electrode stability. In the electrochemical reaction process,
the cation K+ plays a crucial role in lowering the activation barrier for the dissociation of
H2O into OH− + H+ + e−. KOH dissociates into K+ and OH− in water and H2O can be
dissociated more easily into OH− and H+ [49]. The lower HER and OER performances in
the acidic solution could be due to the slow reaction rate with the electrode degradation
in the low-pH water [50]. Similarly, the lowest performances in the neutral media could
be due to the low ion migration in PBS solution, which could have resulted in the lowest
kinetics during the HER and OER operations [3]. The lack of hydrogen protons or hydroxyl
ions can obstruct the mass transport and cause extra energy consumption to dissociate
water molecules under neutral conditions [51]. In short, the V-FeBP demonstrated good
electrochemical performances with all the optimizations in terms of the LSV, Tafel, EIS,
Cdl, TOF and stability. This could be due to the good balance between the V, Fe, B and P
components and the good crystalline quality, along with the unique microsphere croissant
(MSC) morphology as discussed. Additionally, the HER and OER steady-state current
observations were performed by the comparison of the LSV and CA currents in a 3-E
system in Figures S44 and S45. This was to show the stability of the electrodes at different
current densities [52]. The V-FeBP annealed at 50 ◦C demonstrated stable operations at
various voltages as summarized in Figures S44 and S45, indicating a good stability of the
V-FeBP electrode. One thing to notice here is that the V-FeBP achieved a comparable OER
result in 1 M KOH in Figure 5d, indicating that the 2-E operation of V-FeBP electrodes can
largely benefit from the good OER performance.

Figure 5 shows the 2-E electrochemical performance of V-FeBP and benchmark elec-
trodes in alkaline, acidic, and neutral media and the stability test. In the 2-E configura-
tion, the Pt/C ‖ RuO2 were used as the cathode and anode, and two V-FeBP electrodes
were adapted as bi-functional electrodes, i.e., V-FeBP ‖ V-FeBP. Generally, the 2-E water-
splitting performance trend was similar to the 3-E, i.e., alkaline < acidic < neutral waters,
in Figure 5a–c. The specific overpotentials at 50 and 1500 mA/cm2 are summarized in
Figure 5(a-1–c-1). The overpotentials were 1.46 and 1.48 V at 50 mA/cm2 and then reached
2.34 and 2.49 V at 1500 mA/cm2 in 1 M KOH for the Pt/C ‖ RuO2 and V-FeBP ‖ V-FeBP in
Figure 5(a-1). The overpotentials were 1.49 and 1.51 V at 50 mA/cm2 and 2.53 and 2.86 V
at 1500 mA/cm2 in 0.5 M H2SO4 in Figure 5(b-1). Similarly, the overpotentials were 1.51
and 1.56 V at 50 mA/cm2 and 2.76 and 3.68 V at 1500 mA/cm2 in 1 M PBS in Figure 5(c-1).
The benchmark configuration demonstrated better water-splitting performances over the
V-FeBP ‖ V-FeBP configuration due to the superior intrinsic electrochemical properties
of Pt/C and RuO2 for the HER and OER operations. Notably, the bi-functional config-
uration of V-FeBP demonstrated 2.18 V as compared with 2.06 V of the Pt/C ‖ RuO2 at
1000 mA/cm2 as identified in Figure 5a, which is a quite comparable performance to the
benchmarks. This indicates that V-FeBP ‖ V-FeBP can demonstrate a compatible water-
splitting performance as compared with the Pt/C ‖ RuO2 in 1 M KOH water, with the costs
of the electrode materials being several orders less.
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Figure 4. 3-E electrochemical performance comparison of V-FeBP and benchmark electrodes (Pt/C
and RuO2) in alkaline, acidic, and neutral waters. (a–c) HER curves in 1.0 M KOH, 0.5 M H2SO4,
1 M PBS. (a-1–c-1) Corresponding overpotential bar plots at 50 and 600 mA/cm2. (d–f) HER curves.
(d-1–f-1) Corresponding overpotential bar plots.

513



Nanomaterials 2022, 12, 3283

Figure 5. 2-E electrochemical performance in alkaline, acidic and neutral media and stability test.
(a–c) 2-E LSV curves in 1 M KOH, 0.5 M H2SO4 and 1 M PBS. (a-1–c-1) Overpotentials at 50 and
1500 mA/cm2. (d) 2-E LSV plots in natural sea and river waters. (e) 2-E LSV in 1 and 6 M KOH.
(e-1) Overpotentials at 50 and 300 mA/cm2. (f,g) Stability test of V-FeBP for 12 h in 1 M (25 ◦C)
and 6 M KOH (60 ◦C) at 1000 mA/cm2. (h) 2-electrode repeatability test of V-FeBP before and after
1000 cycles in 1 M KOH.

The 2-E performance of V-FeBP ‖ V-FeBP and Pt/C ‖ RuO2 in natural sea and river
waters are shown in Figure 5d. The V-FeBP ‖ V-FeBP demonstrated a comparable overpo-
tential of 1.63 V at 50 mA/cm2 as compared to the 1.65 V of Pt/C ‖ RuO2 in sea water. The
river water showed a very low current for both electrode configurations. The sea water
generally demonstrated a better performance due to the presence of numerous Na+ and
Cl− ions, which can increase the conductivity in the water, and thus the water-splitting
performance can be improved. Meanwhile, the river water also includes various kinds of
ion species such as Ca+, Mg+, Br−, HCO3

−, SiO2, SO4
−, Cl−, F−, etc. [53]. These anions
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and cations in the river water can slow down the reaction process and lower the overall
current density. While the elemental compositions in both sea and river waters are similar,
the majority of the ionic species in sea water ions are Na+ and Cl− (over 90%) and HCO3

−,
Ca+, SiO2, SO4

− constitute over 90% of the ionic species in river waters. In addition, the
V-FeBP ‖ V-FeBP demonstrated a slightly improved water-splitting performance in 6 M
KOH at 60 ◦C as compared to the 1 M KOH at 25 ◦C as seen in Figure 5e. The overpotential
values are shown in Figure 5(e-1). The V-FeBP ‖ V-FeBP demonstrated quite a stable current
in 1 M KOH at 25 ◦C and in 6 M KOH at 60 ◦C at 1000 mA/cm2 in Figure 5f,g, which
indicates a good stability of V-FeBP in industrial water-splitting conditions. The stability
test at the high current of 1000 mA/cm2 for 12 h did not show any significant difference,
but there was a slightly increasing trend, likely due to the oxidation of metallic atoms and
surface modifications, as shown in Figure 5f. Similarly, the chronoamperometry test did
not show any degradation in the harsh industrial condition of 6 M KOH, indicating the
excellent stability of V-FeBP, as shown in Figure 5g. The V-FeBP ‖ V-FeBP also demon-
strated excellent repeatability after 1000 cycles in 1 M KOH, as shown in Figure 5h. The
two-electrode activity after 1000 cycles showed a very negligible difference in performance,
which clearly shows that the V-FeBP has good repeatability after a long operation. In
addition, the HER and OER turnover frequency (TOF) of the post-annealing temperature
variation set of the V-FeBP electrocatalysts was evaluated for the vanadium and iron active
sites at 150 mV/cm2, as shown in Figure S46. The TOF indicates the number of H2 and O2
molecules generated per atomic site per unit of time at the turnover. The TOF can be used
to indicate the intrinsic water-splitting activity of each catalytic atomic active site under a
specified reaction condition [38,54]. As summarized in Figure S46, the V-FeBP annealed
at 50 ◦C demonstrated the highest HER and OER TOF values of 3.32 and 2.10 site−1 s−1.
In addition, the 2-E LSV and CA comparison of V-FeBP ‖ V-FeBP is shown in Figure S47,
and the steady-state LSV and CA currents showed minor differences, as summarized in
Figure S47c,d, indicating a good stability and stable operations at various voltages. The
comparison of the two-electrode performance with the state-of-the-art Fe-based electrodes
and transition-metal-based electrodes at 50 mA/cm2 in 1 M KOH are shown in Figures S48
and S49 and Table 1 and Table S1. The V-FeBP was 2nd in the overpotential comparisons.
Further, the three-electrode comparison with the state-of-the-art transition-metal-based
electrodes at 10 mA/cm2 in 1 M KOH is summarized in Figure S50 and Table S2. Again,
the V-FeBP was one of the best.

Table 1. Comparison of 2-electrode performance with the state-of-art Fe-based electrodes at density
of 50 mA/cm2 in 1 M KOH.

Electrocatalysts Electrolyte Solution Overpotential [V] at 50 mA/cm2 Year Reference

FeNiSe 1 M KOH 1.36 2022 [55]
V/FeBP 1 M KOH 1.48 - (This work)

Ni-Fe-MoN NTs 1 M KOH 1.62 2018 [56]
NiFe LDH@DG10 1 M KOH 1.65 2017 [57]

Fe-Ni5P4/NiFeOH-350 1 M KOH 1.66 2021 [9]
Fe7.4%-NiSe 1 M KOH 1.68 2019 [58]

NFC@CNSs-700 1 M KOH 1.70 2021 [59]
R-Fe-Ni2P 1 M KOH 1.75 2020 [60]

(FeO)2.(MoO2)3/MoO2 1 M KOH 1.76 2020 [61]
Ni-Fe-P/NF0 1 M KOH 1.77 2019 [62]
Fe-Cu@CN3 1 M KOH 1.83 2021 [63]
Fe-Ni3 S2/NF 1 M KOH 1.84 2020 [64]

CoFeO NFs/NPCNT 1 M KOH 1.86 2019 [65]

4. Conclusions

A unique microsphere croissant (MSC) configuration of a V-FeBP electrode was demon-
strated on a form of bare nickel substrate. The FeBP MSC was first optimized in terms
of various synthesis parameters, and then the vanadium doping was further optimized.
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Generally, the well-balanced F-B-P elements showed better electrochemical performances
over the FeB and FeP. The post-annealing played an important role in improving the crys-
tallinity of FeBP MSCs. Overall, the V-FeBP electrode demonstrated quite a comparable
performance as compared with the benchmark electrodes with the low overpotential of
52 and 210 mV at 50 mA/cm2 for the HER and OER in a three-electrode configuration in
1 M KOH. The V-FeBP || V-FeBP also demonstrated a comparable overpotential of 1.48 V
at mA/cm2 as compared with the PtC || RuO2. This clearly indicates that V-FeBP can
offer a compatible water-splitting performance in 1 M KOH water. In addition, the V-FeBP
MSC demonstrated excellent stability and repeatability under industrial water-splitting
conditions. This study presents an efficient approach based on the combination of the
transition metal Fe combined with the non-metallic elements B and P, and the heteroatom
doping of V, which can offer an alternative option for large-scale water electrolysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12193283/s1, Figure S1: (a) Schematic representation of V-doped FeBP microsphere
croissant (MSC) structure fabrication, namely V-FeBP MSC electrocatalyst. The V-FeBP MSC were
fabricated by the combination of hydrothermal method and soaking approach. (a-1) V-doped FeBP
MSC by the soaking approach., Figure S2. (a)–(c) SEM images of bare Ni foam (NF), Figure S3.
(a)–(a-2) EDS maps of Ni and O. (b)–(b-1) Elemental line-profiles from the arrow location in (a).
(c) EDS spectrum and atomic percentage of NF, Figure S4. Electrochemical impedance spectroscopy
(EIS) measured at different voltages for the best V-FeBP. (a) EIS for HER. (b) EIS for OER. The EIS
measurements showed different Rct values at different voltages around the turnover region. The
higher voltage application showed the smaller Rct values and vice versa. Thus, the EIS was measured
at a fixed current of 20 mA/cm2 for the consistency between samples. The EIS was measured between
100 kHz to 0.1 Hz with an amplitude of 5 mV, Figure S5. (a)–(d) HER CV curves of various FeBP
electrocatalyst with Fe concentration variation set. The CV curves were measured in the non-faradic
region where there is no charge transfer reaction occur in between 0.2 and 0.3 E below 1.023 V
based on the ERHE = E + 0.059 × pH + 0.197 (Ag/AgCl). The actual reverse sweeping voltage (E)
lies between −0.723 and −0.823 V. The scan rate was varied from 40 to 180 mV/s at the interval
of 20 mV/s, Figure S6. (a)–(d) OER CV curves of various V-FeBP catalyst with Fe concentration
variation set. The CV scan rate is varied from 40 to 180 mV/s. The CV measurements were taken
in a non-faradic region from 1.04 to 1.14 E below 1.23 V based on ERHE = E + 0.059 × pH + 0.197
(Ag/AgCl). The actual forward sweeping voltage (E) was between 0.017 and 0.117 V, Figure S7. (a)
and (d) HER and OER anodic and cathodic current density vs scan rate plots. (b) and (e) HER and
OER double layer capacitance (Cdl) plots. The Cdl plots were obtained from the anodic and cathodic
current density graphs: ΔjH0.25 = (Ja -Jc)/2 and ΔjO1.09 = (Ja -Jc)/2, where Ja and Jc is the anodic and
cathodic current. (c) and (f) Bar plots of Cdl values. The HER and OER Cdl are obtained from the
extracting slope of Cdl plots in (b) and (e). The HER and OER Cdl values represent the HER and OER
electrochemical surface-active area (ECSA), Figure S8. (a)–(d) SEM images of FeBP electrode fabricated
with Fe concentration variation, Figure S9. (a)–(d) EDS spectra of Fe concentration variation set with
corresponding atomic percentage in the given table, Figure S10. Reaction temperature variation
for the FeBP electrocatalyst fabrication. The reaction temperature is varied between 80 and 140 ◦C.
(a)–(d) SEM images. (a-1)–(d-1) Enlarged SEM images for the corresponding samples. (e) EDS spectra
of 100 ◦C electrode. (f)–(f-3) SEM and corresponding EDS phase maps of Fe, B and P. (g) Raman
spectra for FeBP. (h) and (i) Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
performance in 1 M KOH. (h-1) and (i-1) HER and OER overpotential values at 50 mA/cm2, Figure
S11. (a)–(c) EDS spectra of reaction temperature variation set. Tables show the atomic and weight
percentage of Fe, B and P. (d) Atomic % of Fe, B and P, Figure S12. (a)–(d) HER CV curves of various
V-FeBP electrocatalyst with reaction temperature variation set measured in the non-faradic region
between 0.2 and 0.3 E. The scan rate was varied from 40 to 180 mV/s at the interval of 20 mV/s,
Figure S13. (a)–(d) OER CV curves of various V-FeBP catalyst with the reaction temperature variation.
The CV scan rate is varied from 40 to 180 mV/s, Figure S14. (a) and (c) HER and OER anodic and
cathodic current density vs scan rate plots. (b) and (d) HER and OER double layer capacitance (Cdl)
plots. (c) and (f) Bar plots showing Cdl values, Figure S15. (a) and (b) Polarization curves of HER and
OER for the FeBP electrodes with the urea concentration variation, Figure S16. (a)–(c) SEM images of
FeBP electrode fabricated with B and P concentration variation. (a-1)–(c-1) Enlarged SEM images for
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the corresponding electrodes. Other images are in the main figures, Figure S17. B and P concentration
variation at 100 ◦C for 12 h. The total molarity of B and P was fixed at 20 mM and the ratio was varied
accordingly: i.e., the B30P70 indicates 3.6 mM B and 8.4 mM of P. The Fe concentration was fixed at 1
mM. (a)–(d) SEM images for FeBP MSC electrocatalysts. (a-1)–(d-1) Enlarged SEM images. (e) Atomic
% plot. (f) Raman spectra. (f-1)–(f-3) Contour plots of Raman peaks. (g) and (i) HER and OER LSV
curves. (g-1) and (i-1) Overpotential values at 50 mA/Cm2 for HER and OER. (h) and (j) HER and
OER Cdl values, Figure S18. (a)–(g) EDS spectra of B and P concentration variation set as labeled
and corresponding tables of the atomic and weight percentage of Fe, B and P, Figure S19. X-ray
diffraction (XRD) analysis of FeB, FeP and FeBP. Generally, the FeP and FeB demonstrated sharper
peaks and the FeBP demonstrated broad peaks. This could be due to the short-range polycrystalline
phase of FeBP, Figure S20. (a)–(g) HER CV curves of B and P concentration variation set as labeled.
(h) Linear plots for the anodic and cathodic current density versus scan rates of the CV. (i) HER
double layer capacitance (Cdl) plots, Figure S21. (a)–(g) OER CV curves of B and P concentration
variation set as labeled. (h) Linear plots of anodic and cathodic current density versus scan rates of
the CV plot. (i) OER double layer capacitance (Cdl) plots, Figure S22. Post annealing temperature
variation between 100 and 500 ◦C. The best sample (1 mM Fe, 20 mM CH4N2O, 3.6 mM H3BO3 and
8.4 mM NaH2PO2. H2O) fabricated at 100 ◦C for 12 hrs was adapted for annealing. (a)–(d) SEM
images. (a-1)–(d-1) and (a-2)–(d-2) Enlarged SEM images. (e)–(e-3) SEM images and its corresponding
EDS maps of Fe K, B K and P K. (f) EDS line profile plot corresponds to yellow line. (g) Atomic
percentage plot. (h)–(h-3) Raman spectra and contour plots, Figure S23. (a)–(d) EDS spectra of the
post-annealing temperature variation set. Inset tables show the atomic and weighting percentages
of Fe, B, and P, Figure S24. Electrochemical performance of post annealing temperature variation
set. (a) and (e) HER and OER polarization curves of FeBP electrodes in 1 M KOH. (a-1) and (e-1)
HER and OER overpotential bar graphs at 50 and 300 mA/cm2. (b) and (f) Tafel slopes derived from
polarization curves. (b-1) and (f-1) Tafel slope values. (c) and (g) HER and OER Nyquist plots. (d)
and (h) HER and OER Cdl values, Figure S25. (a)–(d) HER CV curves of post annealing temperature
variation as labeled. (e) Linear plots for the anodic and cathodic current density versus scan rates
of the CV. (f) HER double layer capacitance (Cdl) plots, Figure S26. (a)–(d) OER CV curves of post
annealing temperature variation as labeled. (e) Linear plots for the anodic and cathodic current
density versus scan rates of the CV. (f) OER Cdl plots, Figure S27. (a)–(d) SEM images of V-FeBP
electrodes, V-doped with soaking approach at different temperature as labelled. (a-1)–(d-1) Enlarged
SEM images of the corresponding electrodes, Figure S28. (a)–(d) EDS spectra and corresponding
atomic percentage tables of the V-FeBP electrodes by the soaking temperature variation, Figure S29.
(a) and (b) HER and OER polarization curves of the V-FeBP electrodes by the soaking temperature
variation. The room temperature (RT) sample demonstrated the best HER and OER performances,
Figure S30. (a)–(d) SEM images of V-FeBP electrode fabricated with the V concentration variation.
(a-1)–(d-1) Enlarged SEM images for the corresponding electrodes, Figure S31. (a)–(d) EDS spectra
and corresponding atomic percentage tables of the V concertation variation set, Figure S32. (a) and (b)
HER and OER LSV curves of the V-FeBP electrodes with the V concentration variation. The 0.2 mM
sample demonstrated the best HER and OER performances, Figure S33. (a)–(d) SEM images of V-FeBP
electrodes fabricated with the soaking duration variation. (a-1)–(d-1) Enlarged SEM images for the
corresponding electrodes, Figure S34. (a)–(d) EDS spectra and corresponding atomic percentage
tables of the soaking time variation set, Figure S35. (a) and (b) HER and OER polarization curves
of the V-FeBP electrodes with the soaking time variation. The 25-min sample demonstrated the
best HER and OER performances, Figure S36. (a)–(d) SEM images of V-FeBP electrode fabricated
with post annealing duration variation at 100 ◦C annealing temperature. (a-1)–(d-1) Enlarged SEM
images for the corresponding electrodes, Figure S37. (a)–(d) EDS spectra and corresponding atomic
percentage tables of the post annealing duration variation set, Figure S38. (a) and (b) Polarization
curves of HER and OER for the V-FeBP electrodes of the post annealing duration variations set.
The 15-mim sample demonstrated the best HER and OER performances, Figure S39. (a)–(d) EDS
spectra and corresponding atomic percentage tables of the post annealing temperature variation set
followed by vanadium (V) doping (V-FeBP), Figure S40. (a)–(d) HER CV plots of post annealing
temperature variation set (V-FeBP). (e) Linear plot for the anodic and cathodic current density Vs scan
rate. (f) HER double layer capacitance (Cdl) plots, Figure S41. (a)–(d) OER CV plots of post annealing
temperature vernation set (V-FeBP). (e) Linear plot for the anodic and cathodic current density Vs
scan rate. (f) OER Cdl plots, Figure S42. (a)–(a-1) SEM images of Pt/C electrode. (b) EDS spectra with
the atomic and weight percentage. For the Pt/C electrode fabrication, 20 mg of Pt/C and 60 μL of 5%
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Nafion (117 solutions, Sigma-Aldrich, St. Louis, MO, USA) were dispersed into an ethanol and DI
water mixture solution (2 mL, 50:50 solution). The mixture solution was then ultrasonicated for 30
min for uniform dispersion. The bare Ni foam was then immersed in the solution for 30 min. The
Pt/C electrode was dried at ambient, Figure S43. (a)–(a-1) Morphological analysis of RuO2 electrode.
(b) EDS spectra and atomic and weight percentage. To fabricate the RuO2 electrode for the OER
reference, 40 mg of RuO2 and 60 μL of 5% Nafion (117 solutions, Sigma-Aldrich, St. Louis, MO,
USA) were dispersed into the 2 mL mixture of ethanol and DI water at the volume ratio 50:50. The
mixture was ultrasonically mixed for 30 min. The Ni foam was then dipped in the dispersion solution
for 30 min followed by being dried in the air, Figure S44. HER LSV and CA current comparison of
the best electrode V-FeBP (50 ◦C) in 1 M KOH. (a) HER polarization curves. (b) CA response at
−0.034, −0.059, −0.082 and −0.101 V. (c) Bar plot comparison of current density for LSV and CA.
(d) Percentage difference, Figure S45. OER LSV and CA current comparison of the best electrode
V-FeBP (50 ◦C) in 1 M KOH. (b) CA response at 1.42, 1.45, 1.47 and 1.49 V. (c) Bar plot comparison
of current density for LSV and CA. (d) Percentage difference, Figure S46. HER and OER turnover
frequency (TOF) of post annealing temperature variation set (V-FeBP). (a)–(b) Vanadium active sites
at 150 mV/cm2. (c)–(d) Fe active sites at 150 mV/cm2, Figure S47. 2-E LSV and CA comparison of the
V-FeBP ‖ V-FeBP in 1 M KOH. (a) HER polarization curves. (b)–(c-1) CA responses at 1.55, 1.65, 1.81,
1.93, 2.05, 2.18, 2.30, and 2.42 V. (c)–(c-1) Bar plots comparison of current density for the LSV and CA.
(d) Percentage difference, Figure S48. Comparison of 2-electrode performance with the state-of-art
Fe-based electrodes at the current density of 50 mA/cm2 in 1 M KOH. Related to Table 1 in the
main text, Figure S49. Comparison of 2-electrode performance with the all state-of-art electrodes
at the current density of 50 mA/cm2 in 1 M KOH. Related to Table S1, Figure S50. Comparison of
3-electrode performance with the all state-of-art electrodes at the current density of 10 mA/cm2 in
1 M KOH. (a) HER. (b) OER Related to Table S2, Table S1. Comparison of 2-electrode performance
with the state-of-art transition metal-based electrodes at density of 50 mA/cm2 in 1 M KOH, Table
S2. Comparison of 3-electrode performance with the state-of-art transition metal-based electrodes at
density of 10 mA/cm2 in 1 M KOH. The references [66–92] are cited in Supplementary Materials.
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Abstract: MoS2 nanoscrolls that have inner core radii of ∼250 nm are generated from MoS2 monolay-
ers, and the optical and transport band gaps of the nanoscrolls are investigated. Photoluminescence
spectroscopy reveals that a MoS2 monolayer, originally a direct gap semiconductor (∼1.85 eV (opti-
cal)), changes into an indirect gap semiconductor (∼1.6 eV) upon scrolling. The size of the indirect
gap for the MoS2 nanoscroll is larger than that of a MoS2 bilayer (∼1.54 eV), implying a weaker
interlayer interaction between concentric layers of the MoS2 nanoscroll compared to Bernal-stacked
MoS2 few-layers. Transport measurements on MoS2 nanoscrolls incorporated into ambipolar ionic-
liquid-gated transistors yielded a band gap of ∼1.9 eV. The difference between the transport and
optical gaps indicates an exciton binding energy of 0.3 eV for the MoS2 nanoscrolls. The rolling up
of 2D atomic layers into nanoscrolls introduces a new type of quasi-1D nanostructure and provides
another way to modify the band gap of 2D materials.

Keywords: rolled structure; 1D structure; MoS2; scrolled MoS2; band gap; ionic liquid gating

1. Introduction

Two-dimensional (2D) atomic layers of graphene and transition metal dichalcogenides
(TMDs) have been widely investigated for future applications [1]. Among TMDs, materials
having semiconductor properties, such as MoS2 and WS2, have received a great amount
of attention as materials that complement gapless graphene. The structural modifications
of 2D materials, such as ripples, and folded and rolled structures, were also studied [2–4].
Since a rolled structure has a large surface area in a small volume and can transport
materials through the hollow core, the nanoscrolls of 2D materials have potential for energy
storage, sensors, microrockets, and photodetectors [5]. The rolling up of graphene [4,6–8],
h-BN [9], and TMDs into nanoscrolls [10–21] was achieved, and the properties of nanoscrolls
are of interest from theoretical and experimental viewpoints. In particular, nanoscrolls
spirally wrapped from 2D sheets provide another possibility to tune the band gap of
2D materials. Theory predicts band structure changes in graphene nanoscrolls [22] and
black phosphorus [23]. Chirality and radius are the most relevant factors to determine
the electronic structure of nanoscrolls. One can also infer from previous studies on MoS2
nanotubes [24] where the band gap decreased with decreasing diameter that a change in the
band gap of MoS2 can be expected upon scrolling. However, experimental studies of the
band gap of MoS2 nanoscrolls often reported contradictory results. Metallic transport with
a zero band gap was claimed for a scrolled MoS2 [13], and a small red shift of 30–60 meV
in the A peak (direct band gap) compared to a MoS2 monolayer was reported from the
photoluminescence (PL) spectroscopy of MoS2 nanoscrolls [10,16].
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In this paper, we produced MoS2 nanoscrolls that had inner core radii of ∼250 nm
by rolling up MoS2 monolayers, and investigate their optical and transport band gaps
using PL and ambipolar transport in ionic-liquid-gated transistors. Combined with atomic
force microscopy (AFM) to determine the structures of the nanoscrolls complemented
with Raman spectroscopy, we provide a comprehensive characterization of the properties
of MoS2 nanoscrolls and verify the possibility to tune the band gap compared to the
MoS2 monolayer.

2. Materials and Methods

Experiments were performed on MoS2 monolayers prepared with either chemical
vapor deposition (CVD) or mechanical exfoliation. CVD was carried out in a two-zone
quartz tube furnace with sulfur powder (∼1 g) loaded into a low-temperature T zone heated
to 400 ◦C and MoO3 film (∼50 nm) into a high-T zone heated to 800 ◦C. The CVD growth
produced triangular crystals (ca. 25 μm edges) of MoS2 on SiO2 substrates. Exfoliated
MoS2, on the other hand, was obtained with a gold-assisted exfoliation technique [25] that
yields monolayers with much larger lateral dimensions than ∼10 μm.

The method used to produce scrolls from monolayers follows the one originally
introduced by Xie et al. [4]. A droplet of isopropyl alcohol (IPA) solution (IPA:deionized
water volume ratio of 1:3) was placed on top of MoS2 on the substrate. For exfoliated MoS2,
a 1 mM KOH in IPA solution was used to facilitate rolling up the monolayer.

Raman and PL measurements were conducted using a home-built confocal microscope
system. A 532 nm (2.33 eV) beam of a diode-pumped solid-state (DPSS) laser was used
as an excitation source. The scattered or emitted light was dispersed with a Jobin-Yvon
Horiba iHR550 spectrometer (2400 grooves/mm for Raman and 300 grooves/mm for PL)
and detected with a liquid-nitrogen-cooled back-illuminated charge-coupled-device (CCD)
detector. In order to access the low-frequency range down to 5 cm−1, volume holographic
filters (OptiGrate Corp, Oviedo, FL, USA) were used to reject the Rayleigh-scattered light.
Laser power was kept below 100 μW (focal spot ∼1 μm2) to avoid damaging the samples.
The PL spectrum of the scrolled MoS2 was fitted using the multipeak Lorentzian fitting
analysis of OriginPro 2016 software (Northampton, MA, USA) by setting the initial positions
of A series (Axx, A−, A) and B exciton peaks to the known positions for a monolayer
MoS2 [26].

Transistors incorporating rolled-MoS2 were fabricated on SiO2 (300 nm)/Si substrates.
The source and drain electrodes were patterned with conventional electron-beam lithog-
raphy. Ti (20 nm)/Au (100 nm) electrodes were then deposited for transistors with back-
gating, and Cr (30 nm)/Au (120 nm) for transistors with ionic liquid-gating to avoid
the strong electrochemical reaction of Ti. Diethylmethyl(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)imide (DEME-TFSI) was used as the ionic liquid. Ionic liquids
have hygroscopicity, and moisture penetrates easily. Moisture penetration lowers the
charge density of the ionic liquid and provides a channel for leakage current. To minimize
this effect, the device was heated in a low vacuum for 12 hours at 370 K and then cooled for
2 hours at 200 K. Transistor characteristics with ionic liquid gating were then studied at
250 K using a vacuum probe station and a Keithley 4200 semiconductor characterization
system in the core facility center for quantum characterization/analysis of two-dimensional
materials and heterostructures. Backgated transistors were investigated using a Quantum
Design PPMS that could reach temperatures down to 2 K.

3. Results and Discussion

3.1. Structure of Scrolled MoS2

In total, 15 MoS2 scrolls were produced with droplets of IPA solution, 2 of which were
from CVD-grown MoS2 and 13 from exfoliated monolayers. Figure 1a,b present optical
images of typical scrolls produced from CVD-grown MoS2 and exfoliated monolayer,
respectively. Figure 1a shows MoS2 scrolls from the center towards the edge of a triangular
MoS2 crystal. This suggests that the orientation of the nanoscroll was parallel to the edge
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and to the armchair direction, consistent with a previous report [13]. The formation energy
for rolled-up MoS2 scrolling in armchair orientation is lower than that for the zigzag and
other chiralities [13]. MoS2 nanoscrolls were studied on samples prepared from CVD-grown
MoS2 [10,13–16]; here, we also conducted research with scrolls prepared from exfoliated
MoS2. CVD-grown MoS2 on a SiO2 substrate often possesses strain as it is synthesized at
high temperature and its thermal expansion coefficient is ∼1000 times larger than that of
the SiO2 substrate [11]. Due to the built-in strain, CVD-grown MoS2 is easily separated
from the substrate and scrolled using the IPA solution. For exfoliated MoS2, however, a
small amount of KOH must be added to the IPA solution to help in the separation of 2D
sheet from the substrate by etching SiO2. Figure 1b shows an optical image of an exfoliated
MoS2 before scrolling (top), and an optical image of a MoS2 nanoscroll after rolling up with
a droplet of IPA + KOH solution (bottom). The nanoscroll was rolled about 10 μm from the
upper edge of the 2D sheet along the direction of the red arrow shown in Figure 1b.

Figure 1. (a) Optical image of a nanoscroll produced from CVD-grown MoS2. (b) Optical image of an
exfoliated MoS2 before (top) and after scrolling (bottom). (c,d) AFM 3D images of each nanoscroll in
(a,b). (e,f) Schematic diagrams of internal structures and cross-sectional profiles of each following the
red line shown in the AFM 3D images. (e) Inset shows an ideal circular scroll with an Archimedean
spiral structure.

The structure of the MoS2 nanoscrolls was studied with atomic force microscopy (AFM)
for all 15 nanoscrolls. Three-dimensional AFM images are displayed in Figure 1c,d for the
nanoscrolls shown in Figure 1a,b with the cross-sectional profiles of each in Figure 1e,f.
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As reported for rolled-up graphene [6], the scrolls are distorted from the ideal circular–
cylindrical form (inset of Figure 1e). The MoS2 nanoscroll shown in Figure 1c had an
elliptical–cylindrical structure in the cross-section due to the interaction with the underlying
substrate (Figure 1e), with a height (∼150 nm) to width (∼400 nm) ratio of ∼0.4. On the
other hand, the MoS2 nanoscroll displayed in Figure 1d shows a collapsed ribbonlike
structure. The height along this nanoscroll was nonuniform, with an average height
(∼60 nm) to width (∼1300 nm) ratio of ∼0.05. Among the 15 investigated nanoscrolls,
3 showed an elliptical structure with a height/width ratio larger than 0.1, 7 had a collapsed
ribbonlike structure, and the others showed different shapes (such as a partially collapsed
structure) that did not fall exactly into these two categories (elliptical or collapsed).

The number of stacking layers in nanoscrolls can be estimated by considering both the
dimension of the MoS2 prior to scrolling and the cross-sectional profile of the nanoscroll after
scrolling [6]. Using the interlayer spacing of MoS2 nanoscrolls t � 0.65 nm [10], the MoS2
nanoscroll in Figure 1a,c was estimated to consist of MoS2 that was rolled for ∼10 turns. By
comparing the height of 10 stacked MoS2 rolls (2 × 0.65 nm ×10 layers = 13 nm) to the height
of the elliptical MoS2 nanoscroll (∼150 nm), it is reasonable to assume that a large hollow core
was present in the nanoscroll. For the collapsed MoS2 nanoscroll shown in Figure 1b,d, the
height of the estimated number of stacking layers (4 layers giving 5.2 nm) was much smaller
than the height of the collapsed scroll (∼60 nm), implying the presence of a hollow core within
the collapsed scroll. Schematic illustrations of the internal structures of the MoS2 nanoscrolls
are given in Figure 1e,f.

To compare hollow core sizes for different shapes of scrolls, we considered the scrolls
to have the form of an Archimedean spiral in the inset of Figure 1e, and regarded the
innermost radius rin as the hollow core radius. Following the approach in [6], we obtained
rin � 140 and 410 nm for the MoS2 nanoscrolls in Figure 1c,d, respectively. The average rin
of all 15 MoS2 nanoscrolls was �260 nm. Estimated hollow core radii of collapsed ribbonlike
structures tend to be larger than those of elliptical structures, with a critical radius for
collapse at around rin � 250 nm. Carbon nanoscrolls [6] and carbon nanotubes [27] also
collapse as the radius of the hollow core increases.

Nanoscrolls theoretically have a radius that minimizes the sum of elastic and surface
energies of the system. The following relation shows how the surface energy per unit area
γ, bending stiffness D, and the length of 2D sheet B influence the rin of the nanoscroll [28]

2γt
D

=
1

rin
− 1√

(Bt/π) + r2
in

(1)

With γ � 400 mJ/m2, D � 1.6×10−18 J for MoS2 [29], and B � 5 μm, the calculation
leads to rin � 3 nm. This value is much smaller than the average rin � 260 nm from our
experiments or rin � 80–350 nm reported so far from MoS2 nanoscrolls prepared with
organic solvents [13–16]. However, recent studies determined the effective bending stiffness
of 2D monolayers in aqueous solution to be approximately three orders of magnitude
higher than the value in vacuum [30,31] due to thermal fluctuations and static ripples.
Assuming an effective bending stiffness of �10−15 J in water/IPA, i.e., 1000 times larger
than D � 10−18 J for MoS2 in vacuum, Equation (1) results in rin ≥ 100 nm, which is
consistent with our observation.

3.2. Band Gap of Scrolled MoS2

The optical and transport band gaps of scrolled MoS2 were determined from the PL
spectroscopy and ionic-liquid gating of a FET device, respectively. Figure 2a presents the
PL spectrum of the MoS2 nanoscroll shown in Figure 1a measured at Spot P2 with the PL
spectra of mono-, bi-, and trilayer MoS2 sheets for comparison. The multipeak Lorentzian
fitting of the PL spectrum of monolayer MoS2 exhibited Axx (biexciton, 1.83 eV), A− (trion,
1.86 eV), A (1.89 eV), and B (2.01 eV) exciton peaks. A and B excitons are related to the
direct gap transitions between the conduction and the spin-split valence band [26]. For the
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MoS2 nanoscroll, in addition to the Axx, A−, A and B exciton peaks, a peak also appeared
at ∼1.60 eV that could be associated with the I peak from an exciton in the indirect gap.
The direct band gap of monolayer MoS2 changes into an indirect band gap in few-layer
MoS2, and as the number of layers increases, the indirect gap decreases due to the quantum
confinement effect that is common in nanosystems [32]. In Figure 2a, the I peak is shown at
1.54 and 1.40 eV for bi- and trilayer MoS2, respectively. The I peak was influenced by the
interlayer coupling strength, and blue-shifted when the interaction was weak, as reported
for folded and twisted MoS2 [3,33]. Therefore, an I peak at ∼1.60 eV, observed for MoS2
nanoscrolls, implies a weaker interlayer interaction in rolled MoS2 compared to that in
Bernal-stacked bilayer MoS2. For scrolled MoS2, S atoms of the top layer may sit randomly
relative to the S atoms of the bottom layer, resulting in a stronger repulsion between S
atoms and a larger interlayer distance, i.e., a weaker interlayer interaction. PL spectra were
measured at eight spots on two different MoS2 nanoscrolls, and the indirect band gap was
in the range of 1.60 ± 0.05 eV. In addition, one can notice a relatively weaker A− peak for
the MoS2 scroll compared to the monolayer MoS2 sheet. The A− (trion) peak, related to the
binding of a free electron to the A exciton, is strong when excess charge is present due to
doping. Impurities or defects in SiO2 substrate result in a strong A− peak for monolayer
MoS2 [34]. For the MoS2 nanoscroll, the A− peak was weaker as a significant portion of the
scroll is separated from the substrate.

Figure 2. (a) PL spectrum of MoS2 nanoscroll (red) presented along with PL spectra of mono- (black),
bi- (blue) and trilayer (purple) MoS2. Multipeak Lorentzian fittings are produced for the PL spectra
of the scrolled MoS2 and MoS2 monolayer, and cyan solid lines represent fitted curves. (b) Schematic
diagram of the ionic-liquid-gated transistor and an optical image of scrolled MoS2 transistor. White
scale bar indicates 1 μm (top). Transfer characteristics of MoS2 nanoscroll and MoS2 monolayer
transistors presented in semilogarithmic (middle) and in linear scales (bottom).

To further investigate the band gap of scrolled MoS2, ionic-liquid-gated transistors
were fabricated on MoS2 nanoscrolls and on a MoS2 monolayer for reference. Figure 2b
displays the transfer curves for an MoS2 nanoscroll (rin � 300 nm, ∼3 stacked rolls) and
MoS2 monolayer transistors, presented with semilogarithmic (middle) and linear scales
(bottom). A schematic diagram and microscopic image of the ionic-liquid-gated transistor
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are given at the top of Figure 2b, where the channel length was 800 nm. Ionic liquid
DEME-TFSI was used as the gate dielectric. Because of the extremely large capacitance
(�8 μF/cm2 [35]) of the electric double layer that had accumulated on the MoS2 surface,
the transport gap could be directly extracted from the transfer characteristics [36]. For a
MoS2 nanoscroll transistor, the dependence of source-drain current IDS (measured at a
source-drain voltage VDS = 1 V) on the gate voltage VG shows ambipolar behavior, and the
transistor is in the off state when the Fermi level is located in the band gap of the nanoscroll.
We found the threshold voltages for electron and hole conduction at Ve

th � −0.7 V and
Vh

th � −2.6 V, respectively, which yielded a transport gap ΔVgap = e(Ve
th − Vh

th) = 1.9 eV
for the scrolled MoS2. The transport gap (1.9 eV) of the MoS2 nanoscroll was larger than
the optical gap (1.6 eV) by 0.3 eV, reflecting the exciton binding energy. Owing to increased
dielectric screening in the MoS2 nanoscroll, the exciton binding energy can be smaller than
the value (0.45 eV) reported for a MoS2 monolayer on a SiO2 substrate [37].

In comparison, the transfer characteristics of the MoS2 monolayer did not show
ambipolar behavior, which is consistent with previous studies [38–40]. Sulfur vacancies
induce hole-trap states inside the band gap of the MoS2 monolayer, 300–400 meV above the
top of the valence band, and prevent hole conduction in exfoliated MoS2 monolayers. For
few-layer MoS2, the defect states are located deep in the valence band, and it is possible to
observe ambipolar transport [38,40]. The transport gap (∼1.9 eV) of the MoS2 nanoscroll,
determined from Figure 2b, was larger than the transport gap (∼1.6 eV [38]) of the MoS2
bilayers, and smaller than the band gap (2.36–2.71 eV [41,42]) of the MoS2 monolayers. The
ambipolar transport observed for the MoS2 nanoscroll implies that defect states due to
sulfur vacancies are located inside the valence band.

3.3. Back-Gated Field Effect Transistor Based on Scrolled MoS2

We also studied MoS2 nanoscrolls in a typical back-gated FET device fabricated on
SiO2/Si substrate with source and drain electrodes (Ti/Au) patterned on top of scrolls. The
inset of Figure 3a presents an optical image of a MoS2 nanoscroll FET, where electrodes
were deposited on the rolled MoS2 shown in Figure 1a. Figure 3a shows the transfer curves
of the device measured at different temperatures between 2 and 300 K. When the backgate
voltage varied in the range of −80 ≤ VG ≤ 70 V, only n-type transport was observed
for the nanoscroll FET, reflecting a much smaller back-gate capacitance (∼10 nF/cm2)
compared with the ionic liquid gating. The source-drain current increased with increasing
temperature, indicating the semiconducting nature of scrolled MoS2.

In Figure 3b, the field effect mobility, estimated for electron transport according to
the 1D mobility equation μ1D = (ΔG/ΔVG) · (L2/C1D), is displayed as a function of
temperature. Here, G is the conductance, and the channel length is L � 3 μm. The
capacitance is given by C1D = 2πεε0L

cosh−1[(rout+tox)/rout]
, where ε (3.9) is the dielectric constant

of SiO2 and ε0 is the permittivity of vacuum, with tox (300 nm) being the thickness of SiO2.
For the MoS2 nanoscroll with rout � 145 nm, we have C1D � 3.7 × 10−16 F. The mobility at
300 K was estimated to be ∼8.8 cm2/Vs, an order of magnitude greater than the typical
value of ∼1 cm2/Vs for our CVD-grown MoS2 monolayers. The enhancement of mobility
of the MoS2 nanoscroll was first attributed to most of scroll’s surface being away from the
substrate. Layers lifted from the substrate could avoid charge traps and be free from the
influence of the substrate roughness and surface polar phonon scattering. In addition, since
the outer layer was directly connected to the inner layer, all layers within the scroll could
be available as current channels, unlike in multilayered 2D materials with high interlayer
resistance. On the other hand, μ1D, estimated from the highest transconductance in the
transfer curve, increased with T, as shown in Figure 3b, while the mobility of the MoS2
monolayer in a metallic conduction regime decreases with T, as mobility is limited by
phonons at high temperatures [43]. However, the mobility of the MoS2 monolayer, when
extracted in an insulating regime at lower gate voltages that locate the Fermi energy inside
the band gap, showed a much lower value and increased with temperature [43]. Therefore,
the transfer curves in Figure 3a are in the insulating regime with the Fermi energy inside the
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band gap for the range of VG applied, and the mobility was underestimated, particularly
for lower temperatures. Scrolled MoS2 can be less doped, as most of the scroll’s surface is
away from the substrate and affected less by charged impurities on the substrate.

Figure 3. (a) Transfer characteristics of a MoS2 nanoscroll FET, measured at different temperatures
between 2 and 300 K. Inset presents an optical image of the transistor. (b) Estimated field-effect
electron mobility of the MoS2 nanoscroll as a function of temperature.

3.4. Raman Spectra of Scrolled MoS2

Figure 4a displays Raman spectra of the MoS2 nanoscroll shown in Figure 1a mea-
sured at Spots P1, P2, and P3, together with the Raman spectrum of a MoS2 monolayer
as a reference. Raman-active E1

2g and A1g modes are observed in both monolayer and
rolled MoS2. Compared to the E1

2g (∼405 cm−1) and A1g (∼385 cm−1) peaks of the MoS2

monolayer, E1
2g was red-shifted, and A1g is blue-shifted for the MoS2 nanoscroll, leading

to a larger frequency difference between the two modes. This behavior is consistent
with previous Raman studies on MoS2 nanoscrolls [10,13,14,16]. Raman spectroscopy
performed on 56 different spots from 15 different MoS2 nanoscrolls resulted in average
central positions of E1

2g and A1g modes at 383.6 ± 0.4 and 404.4 ± 0.6 cm−1, respectively,
rendering the average frequency difference between the two modes to be 20.8 ± 0.7 cm−1.
The frequency distance between these modes is widely used to identify the number of lay-
ers in thin MoS2, as the distance increases with the number of layers from ∼18.8 (mono),
22.4 (bi) to 24.8 cm−1 (bulk) [44].

The value (∼20.8 cm−1) observed for MoS2 nanoscrolls was between those of the
MoS2 monolayer and bilayer. Considering that the average number of concentric layers
in our nanoscrolls was ∼4, the observed distance between the two modes indicates
a weaker interlayer interaction for the MoS2 nanoscroll compared to the few Bernal-
stacked MoS2 layers, which is consistent with our PL results in Figure 2a. In folded or
twisted MoS2, a narrower distance between the two modes than that for the same layer
number of Bernal-stacked MoS2 was reported and attributed to the weaker interlayer
interactions [3,45].

The frequency difference between the E1
2g and A1g modes for all 56 measurements

is plotted in Figure 4b as a function of rout. No clear dependence was observed for the
height/width ratio or the number of stacking layers in the nanoscroll; the distance between
the two peaks tended to increase with increasing rout. The increase in rout led to a decrease
in strain due to the reduced curvature that, however, would be expected to show the
opposite dependence. Suspended MoS2 monolayers under strain show a decrease in peak
separation as the strain is reduced [46]. Instead, a larger rout may facilitate some parts of
the layers to be Bernal-stacked, giving rise to a stronger interlayer interaction and wider
distance between the two Raman peaks.
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Figure 4. (a) Raman spectra of the MoS2 nanoscroll measured at Spots P1, P2, and P3 indicated in
Figure 1a. rout estimated for each spot is indicated. The Raman spectrum of MoS2 monolayer is
also shown for reference. (b) Frequency difference between E1

2g and A1g modes as a function of
rout estimated for 56 different spots on 15 different MoS2 nanoscrolls. The solid line is the fitted
slope. (c) Low-frequency (≤45 cm−1) Raman spectra of MoS2 monolayer and the MoS2 nanoscroll,
measured at Spots P1, P2 and P3.

Figure 4c shows the ultralow-frequency (≤45 cm−1) Raman spectra of the MoS2
monolayer and the MoS2 nanoscroll measured at Spots P1, P2 and P3. For the MoS2
monolayer, there was no peak in the frequency range. On the other hand, for the MoS2
nanoscroll (P1 spot), a sharp peak was observed at ∼28 cm−1 with the full width at half
maximum (FWHM) of ∼1 cm−1, and small peaks were located at 22.5, 34.5 cm−1. For Spot
P2, there was a sharp peak at ∼22.5 and a broad peak at 34.5 cm−1 with FWHM of ∼1
and 10 cm−1, respectively; for Spot P3, only a weak peak was seen at ∼22.5 cm−1. For
multilayer MoS2, shear (C mode) and layer breathing modes (LB mode) were observed in
this low frequency range [47]. For MoS2 nanoscrolls, LB modes at 21, 26, 38 cm−1 were
reported [16]. Our results indicate that there can be LB or C mode coupling between the
concentric layers of MoS2 nanoscrolls. These modes are sensitive to the number of layers
and stacking configurations [45]; therefore, the peaks appear at different frequencies for
different spots depending on the detailed configuration and topology of the nanoscroll.

4. Conclusions

In summary, we formed MoS2 nanoscrolls from both CVD-grown and exfoliated
MoS2 monolayers that had inner core radii of ∼250 nm, and investigated their optical
and transport band gaps. PL spectroscopy reveals that the MoS2 monolayer, originally a
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direct band-gap semiconductor (∼1.85 eV (optical)), changed into an indirect band-gap
semiconductor (∼1.6 eV) upon scrolling. The size of the indirect gap for MoS2 nanoscrolls
was larger than that of the MoS2 bilayer (∼1.54 eV), implying a weaker interlayer interaction
between the concentric layers in the nanoscroll compared to that in few Bernal-stacked
MoS2 layers. We also determined the transport band gap (∼1.9 eV) of MoS2 nanoscrolls
by fabricating and characterizing ambipolar ionic-liquid-gated transistors. The difference
between the transport and optical gaps suggests an exciton binding energy of 0.3 eV for
MoS2 nanoscrolls. Rolling up 2D atomic layers into nanoscrolls introduces a new type of
quasi-1D nanostructure and provides another way to tune the band gap of 2D materials.
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Abstract: The recent report of a p-type graphene(Gr)/carbon-nanotube(CNT) barristor facilitates
the application of graphene barristors in the fabrication of complementary logic devices. Here,
a complementary inverter is presented that combines a p-type Gr/CNT barristor with a n-type
Gr/MoS2 barristor, and its characteristics are reported. A sub-nW (∼0.2 nW) low-power inverter
is demonstrated with a moderate gain of 2.5 at an equivalent oxide thickness (EOT) of ∼15 nm.
Compared to inverters based on field-effect transistors, the sub-nW power consumption was achieved
at a much larger EOT, which was attributed to the excellent switching characteristics of Gr barristors.

Keywords: complementary inverter; low power; graphene/carbon-nanotube junction; barristor

1. Introduction

Complementary metal oxide semiconductor (CMOS) devices have led to the devel-
opment of science and technology using silicon. The density of integrated circuits (IC)
gradually increased and the size of devices decreased, leading to Moore’s Law which
showed that the integration of ICs doubled every two years. However, as silicon faced
physical limitations for device scaling, new alternatives were needed [1]. Low-dimensional
materials, such as nanotubes and layered materials are capable of channel dimension
scaling and have excellent physical properties, presenting potential as new semiconductor
materials [2–4]. In particular, graphene (Gr), which opened the research field of two-
dimensional (2D) layered materials, has excellent electrical properties and its mobility can
be up to ∼100,000 cm2/Vs [5,6]. However, the absence of a band gap in graphene has
limited its application in logic devices [7,8]. Transition metal dichalcogenides (TMDCs),
such as MoS2 and WS2, have a band gap of about 1–2 eV. They have an indirect band gap
in the bulk form and a direct band gap in the monolayer [9,10]. They have, therefore, been
popular objects for study of their transport properties and incorporation into field-effect
transistor (FET) structures [11–14]. However, the field-effect mobility was insufficient to be
commercialized, and digital inverters based on TMDCs operated at high supply voltages
causing high power consumption [15–17]. In addition, the majority of TMDCs were n-type,
induced by structural defects and interfacial charge impurities. The lack of p-type 2D
semiconductors also restricted the realization of CMOS logic function in 2D electronics [18].

In order to use graphene as the channel of a switching device, the graphene barristor,
making use of the Schottky barrier at the junction between graphene and a semiconductor
material, was invented [19]. The Schottky barrier formed in the junction between graphene
and semiconductor, such as Si, TMDC, or organic semiconductor, etc., was modulated by
changing the Fermi energy EF of graphene by applying a voltage to a gate electrode. Since
the reverse current increased exponentially as the Schottky barrier height decreased, the
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graphene barristors exhibited excellent switching characteristics with a low subthreshold
swing (SS) [19,20]. However, most Gr/TMDC barristors were also n-type because of the
n-type nature of TMDCs, hindering the development of CMOS systems using Gr/TMDC
barristors. Recently, by combining graphene with a semiconducting single-walled carbon
nanotube (CNT), a p-type Gr/CNT barristor was demonstrated with an on–off current
ratio of 106 and a high mobility of μ ∼ 5350 cm2/Vs [21]. A low subthreshold swing of
70 mV/dec with an equivalent oxide thickness (EOT) of 15 nm was reported. In addition,
high conductance of the CNT allowed Gr/CNT barristors to function at much lower
supply voltages of 10–100 mV, making them promising candidates for low-power CMOS
devices [21].

In this paper, a complementary inverter was fabricated using a p-type Gr/CNT bar-
ristor, combined with a n-type Gr/MoS2 barristor. The potential of the device as a low
power complementary inverter was investigated and compared with previously reported
low-power inverters based on low-dimensional materials.

2. Materials and Experimental

Complementary inverters were fabricated based on Gr/CNT and Gr/MoS2 barris-
tors. Single-walled carbon nanotubes (SWCNTs), straight and longer than 10 μm, were
grown sparsely by chemical vapor deposition (CVD) on a quartz substrate employing
ferritin as a catalyst [22,23]. Graphene, MoS2, and hexagonal boron nitride (h-BN) were
prepared by mechanical exfoliation. Figure 1 illustrates the fabrication process of the com-
plementary inverter using p-type Gr/CNT and n-type Gr/MoS2 Schottky junctions. The
fabrication involved several transfer processes via the polymethylmethacrylate (PMMA)
transfer method [24]. Firstly, SWCNTs were transferred from the quartz substrate to a
SiO2(300 nm)/Si substrate and a CNT, isolated from other nanotubes, was identified using
atomic force microscopy (AFM) and Raman spectroscopy (Figure 1a). The diameter dt
of the SWCNTs was about 1.3 nm, determined from the Raman response of the radial
breathing mode (RBM) by using dt = 224(cm−1)/ωRBM(cm−1) [25]. Graphene was then
transferred onto the CNT to form a Gr/CNT junction (Figure 1b). On the other hand, a
Gr/MoS2 junction was generated on a different SiO2/Si substrate in a similar fashion, and
transferred adjacent to the Gr/CNT junction (Figure 1c). Conventional e-beam lithogra-
phy was then used to create Cr(20 nm)/Au(20 nm) electrodes, as indicated in Figure 1d.
Finally, a large 15 nm-thick h-BN flake was transferred covering both the Gr/CNT and
the Gr/MoS2 junctions and used as gate dielectric, followed by the deposition of top-gate
electrodes (Figure 1e). An AFM cleaning technique [26] was implemented to remove resid-
ual impurities on the material’s surface before each transfer process as the property of a
barristor is very sensitive to the property of the junction.

For the operation of the complementary inverter, an input voltage Vin was applied
through top-gates connected to each other. A positive VDD was applied to the graphene
constituting the Gr/CNT junction, and the other graphene comprising the Gr/MoS2 junc-
tion was grounded. This circuit connection allowed both barristors to be reverse-biased. An
output voltage Vout was then measured at the electrodes connected to the CNT and MoS2,
as shown in Figure 1e. Inverter characteristics were studied using a vacuum probe station
and a Keithley 4200 semiconductor characterization system in Core Facility Center for
Quantum Characterization/Analysis of Two-Dimensional Materials and Heterostructures.
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Figure 1. Fabrication processes of a complementary inverter based on Gr/CNT and Gr/MoS2

barristors. (a) A semiconducting CNT is transferred from a quartz to a SiO2(300 nm)/Si substrate.
(b) A Gr/CNT junction is formed by the transfer of graphene onto the CNT. (c) A Gr/MoS2 junction,
prepared on a different substrate, is moved next to the Gr/CNT junction. (d) Metal (Cr/Au) electrodes
are patterned and deposited. (e) A large h-BN flake is transferred onto the junctions to be used as a
top-gate insulator and top-gate electrodes are deposited.

3. Results

Figure 2a shows a scanning electron microscope image of the Gr/MoS2 and Gr/CNT
junctions used in a complementary inverter, where the thickness of the MoS2 was ∼7 nm
and the diameter of the semiconducting CNT was ∼1.3 nm. A series connection of n-type
Gr/MoS2 and p-type Gr/CNT barristors inverted the input signal Vin to its inverse Vout.
Figure 2b presents the voltage transfer characteristics (VTC) of the complementary inverter,
obtained by varying VDD from 1 V to 0.1 V at intervals of –0.1 V. A clear inversion of
the input voltage was observed for the range of VDD applied. When the input voltage
was lower than –3.9 V, Vout � VDD, while, for Vin ≥ −2.4 V, the output voltage was
inverted to Vout � 0. The device operated under a negative input voltage as the threshold
voltages of both p-and n-barristors had negative values, as shall be seen later. The inset of
Figure 2b replots the VTC at VDD = 0.4 V in a semilogarithmic scale. The ratio between
the maximum and the minimum of Vout was ∼103, and increased to ∼104 at VDD = 1.0 V,
100 times larger than that reported earlier for a complementary inverter based on Gr/Si
barristors [19]. This implies high on/off current ratios of Gr/MoS2 and Gr/CNT barristors,
and ensures a lower static power consumption at off-state. The threshold voltage of the
inverter (VM), where Vout = VDD/2, was shifted to the left from –2.7 V to –3.6 V as VDD
decreased from 1 V to 0.1 V. The shift can be accounted for by the reverse bias-induced
barrier lowering [27]. Figure 2c displays the voltage gain, defined as

∣∣∣Vout
Vin

∣∣∣, as a function of
Vin, shown for several VDD between 0.4 and 1.0 V. The gain increased from 1.4 to 5 with
the increase of VDD from 0.4 V to 1.0 V. The gain further increased to ∼ 12 at VDD = 1.6 V
(data not shown). A larger VDD resulted in a larger gain due to the suppression of the
contact barriers between semiconductors and metal electrodes at larger VDD. However, as
the power consumed by the inverter increases with VDD, VDD should be minimized and
efforts have been made to lower the VDD in logic devices [28]. The abruptness of the gain is
indicated by the full width at half maximum (FWHM) being in the range of 120 and 230 mV.
Figure 2d presents the power consumption of the inverter as a function of Vin, extracted by
the expression, P = VDD × IDD. Here, IDD is the current through the inverter. The power
consumption was the largest between –3.9 V < Vin < –2.4 V, where a transition occurred in
the magnitude of resistance between the p-type Gr/CNT and n-type Gr/MoS2 barristors,
i.e., an indeterminate state. Consumed power is related to VDD, and the power consumption
diminished with decreasing VDD. Although the static power consumption was negligible
at ∼0.1 nW, the peak power consumption was about 30 nW at VDD = 1 V, and reduced
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down to ∼1 nW at VDD = 0.4 V. Optimization, such as the adjustment of the threshold
voltages for each barristor and the reduction of EOT, can still improve the characteristics of
the inverter, but the observed switching power of 1 nW at VDD = 0.4 V is lower than, or
comparable to previously reported low-power complementary inverters [29–33]. The low
power operation is a consequence of the barristor characteristics. The barristor controls
the current exponentially via modulation of the Schottky barrier height by changing the
Fermi level of graphene. Thus, fast switching is possible even at a low voltage bias. The
results before optimization already show that the complementary inverter based on p-type
Gr/CNT and n-type Gr/MoS2 barristors possesses the potential as a low power inverter
with a moderate gain, operating at a low VDD.
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Figure 2. Inverter characteristics. (a) Scanning electron microscope image of Gr/MoS2 (left) and
Gr/CNT (right) junctions used in a complementary inverter. Dotted lines indicate the location of
2D layers and CNT. Both junctions are covered by a 15 nm-thick h-BN flake. (b) Voltage transfer
characteristics of the complementary inverter at different VDD. The inset shows the voltage transfer
curve at VDD = 0.4 V in a semilogarithmic scale. (c) Voltage gain as a function of the input voltage
Vin. (d) Power consumption of the complementary inverter versus Vin in a semilogarithmic scale.

By applying a back-gate voltage, VBG, through a SiO2(300 nm)/Si substrate, the perfor-
mance of the inverter can be improved. Although the top-gate Vin tunes the work function
of graphene, the back-gate voltage can modulate the work function of the semiconductors
(CNT and MoS2) constituting the bottom of each junction on the substrate. Figure 3a
exhibits VTC curves for VDD = 0.5 V, measured at different VBG. As VBG was decreased
from 5 V to –30 V, i.e., in the direction of hole-doping to the CNT and MoS2, VM moved to
the right from –3.7 V to –2.3 V, reflecting the shifts of threshold voltage for each barristor.
Figure 3b shows how the voltage gain versus Vin changes with VBG. The voltage gain
increased with decreasing VBG, providing a gain of 2.7 and 2.5 at VBG = –15 V, –30 V, respec-
tively. The FWHM of the gain was around 160 meV. Interestingly, as shown in Figure 3c, the
power consumption of the complementary inverter was reduced by 100 times as VBG was
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decreased from 5 V to –30 V. At VBG = –30 V, the peak power consumed in the inverter was
∼0.2 nW. Thus, a low-power (0.2 nW) complementary inverter with gain of 2.5, operating
at a low VDD = 0.5 V, was demonstrated with an EOT of ∼15 nm, combining a p-type
Gr/CNT barristor with a n-type Gr/MoS2 barristor.

Figure 3. Inverter characteristics modulated with back-gate voltage VBG. (a) Voltage transfer charac-
teristics of the complementary inverter at VDD = 0.5 V, obtained by varying VBG. (b) Voltage gain as
a function of the input voltage Vin, measured at different VBG. (c) Power consumption of the inverter
versus Vin. Peak power is reduced down to 0.2 nW at VBG = − 30 V.

The characteristics of the complementary inverter and the dependence on VBG can
be understood from the characteristics of individual barristors comprising the inverter.
Figure 4a,b shows transfer characteristics of the p-type Gr/CNT and the n-type Gr/MoS2
barristors, obtained by varying VBG, respectively. The application of VBG changed the
Schottky barrier height between the graphene and the semiconductor (CNT or MoS2) by
adjusting the Fermi energy of the semiconductor, and shifted the threshold voltages in the
transfer curves for each barristor. At the same time, the application of VBG changed the
resistance of the semiconductor itself by electrostatic doping. The total resistance of the
barristor is the sum of the resistance of Gr, Gr/semiconductor junction, and the semicon-
ductor, Rtotal = RGr + Rjunction + Rsemi, where RGr is negligible due to the semimetallic
nature of the graphene. Therefore, a negative VBG, which decreased the resistance of CNT
by hole doping, resulted in a higher on-current, on/off ratio, effective mobility and reduced
SS [21]. Note for the Gr/MoS2 barristor, a negative VBG worked in the opposite way in
Figure 4b, increasing the resistance of MoS2. Figure 4c displays the subthreshold swing of
each barristor, SS = d(VTG)/d(logIDS), as a function of VBG. SS increased with increasing
VBG for the p-type Gr/CNT barristor, and decreased for the n-type Gr/MoS2 barristor,
reflecting the change of Rsemi. SS of each barristor crossed each other at VBG � −20 V with
the value of SS � 160 mV/dec. The larger gain of the complementary inverter observed
between −30 V ≤ VBG ≤ −15 V (Figure 3b) can be attributed to the fact that both p-and
n-type barristors have as small SS as possible in the range of VBG. On the other hand, the
dependence of the power consumption on VBG can be associated with the threshold voltage
of each barristor. The power consumption of a complementary inverter is expected to be
lower if each component is located more in the deep subthreshold region at VM. Therefore,
adjustment of the threshold voltages, VTp and VTn, for p-and n-components, respectively,
is preferred for the optimization of the inverter. The application of VBG does not allow
individual control over VTp and VTn and shifts both in the same direction. However, the
degrees of change in EF with respect to VBG are different for the CNT and the MoS2, and
the application of VBG can alter the relative distance between threshold voltages, VTn − VTp.
Denoted in the upper axis of Figure 4c, VTn − VTp is reduced from 2.6 V to 1.5 V upon the
decrease of VBG from 0 to −30 V. The adjustment of VTn − VTp enabled the transition of
the inverter to occur at lower current for VBG =-30 V, reducing the power consumption
of the complementary inverter down to ∼0.2 nW. In Figure 4d, the transfer curves of the
Gr/CNT and the Gr/MoS2 barristors are displayed together for selected VBG. Notice that
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the intersection of the transfer curves occurred at a lower current regime for VBG =–30 V.
Figure 4e presents effective field-effect mobility of each barristor, extracted from the transfer
curves shown in Figure 4a,b, and their dependence on VBG. The mobility of the Gr/CNT
barristor was calculated according to the 1D mobility equation, μ1D = L

cg VDS

dIDS
dVTG

, with L
being the length of the junction and cg being the capacitance per unit length. The mobility of
Gr/MoS2 was estimated from the 2D mobility equation, μ2D = L

W cg VDS

dIDS
dVTG

, with W being
the width of the junction and cg being the capacitance per unit area. When varying VBG
from −30 V to +10 V, the effective mobility of the Gr/CNT barristor decreased from ∼1300
to ∼400 cm2/Vs, while μ for the Gr/MoS2 barristor increased from ∼0.4 to ∼4.7 cm2/Vs.
This behavior in the effective mobility is explained by the increase in the resistance of CNT
(MoS2) at a positive (negative) VBG, making the switching of Rjunction less significant. Here,
we find the mobility of Gr/MoS2 is much lower than Gr/CNT barristor, but the mobility
of Gr/MoS2 can be improved up to ∼100 cm2/Vs by reducing charged impurities [34,35].
Knowing the mobility and the threshold voltage of each barristor component, one can
deduce the threshold of the complementary inverter with the following equation [36],

VM =
VTn +

√
kp
kn
(VDD + VTp)

1 +
√

kp
kn

, (1)

kn,p = (
W
L
)n,p μn,p Cox.

Here, μn,p is the mobility of either n-or p-barristor, and Cox is the capacitance of the
top-gate insulator per unit area. Using this equation, VM is estimated to be −2.1 V, −2.3 V,
−2.6 V, and −3.3 V when VBG is −30 V, −15 V, −5 V, and 0 V, respectively. These values are
in good agreement with the threshold voltage, VM, observed in Figure 3a.

Table 1 summarizes previous reports on low-power complementary inverters based on
low-dimensional materials. We find several sub-nW low-power complementary inverters
realized with CNT- [32] or TMDCs-FETs [30,33]. Inverters using the TMDCs-FETs operated
at relatively higher VDD due to their higher contact resistance than CNT, and the inverter
based on CNT-FETs exhibited a lower power consumption of ∼0.1 nW. The value is
smaller than ∼0.2 nW, observed in our inverter made of Gr/CNT and Gr/MoS2 barristors.
However, the low-power complementary inverters employing FETs required much lower
EOT compared to our device, for example at EOT ∼0.7 nm for the inverter realized with
CNT-FETs. EOT indicates the thickness of silicon oxide that provides the same electrical
performance as that of the dielectric material being used. In principle, thinner gate oxide
leads to a smaller SS, reducing the power consumption of the device. Therefore, the
low power consumption (∼0.2 nW) achieved with a larger EOT of 15 nm for our device
represents the excellent switching characteristics of Gr barristors, and further improvement
can be expected by lowering the EOT. A theoretical analysis showed that SS of ∼50 mV/dec
can be achieved in a graphene barristor with EOT ≤ 1 nm, overcoming the limitation
of 60 mV/dec in conventional FETs [34]. Apart from our work, there have been several
demonstrations of inverters based on graphene barristors incorporating Si [19], organic
semiconductors [31], or cobaltite [37] as p-type semiconductors. However, these p-type Gr
barristors showed relatively poor subthreshold swing (SS ≥ 500 mV/dec) compared to that
(SS � 150 mV/dec) of the p-type Gr/CNT barristor, and limited the performance of the
complementary inverter. On the other hand, in order to make a low-power inverter with a
high gain, not only SS values of p-and n-components should be low, but transfer curves
of p-and n-components should also intersect in the deep subthreshold region [38]. In this
research, we relied on VBG to partly adjust the threshold voltages of each component. A
chemical doping of graphene [39], or separate electrostatic doping to each component can
allow more precise control over the threshold voltages. In addition, such control over the
threshold voltage can make the device to operate at the same input and output voltage
ranges, essential for the circuit integration.
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Table 1. Comparison between low-power complementary inverters.

p-Type n-Type VDD [V] EOT [nm] Gain Power [nW] Ref

Si MoS2 1 18 2 2 [29]
MoTe2 MoS2 1 7 2 0.4 [30]
CNT CNT 0.2 0.7 9 0.1 [32]
CNT MoS2 5 100 1.3 – [40]
WSe2 WS2 1.5 2.5 40 1 [33]
Gr/Si Gr/Si 2 – 1.2 – [19]

Gr/DNTT Gr/ZnO:N 2 6.5 8 > 10 [31]
Gr/BSCO Gr/MoS2 2 10 1.6 – [37]
Gr/CNT Gr/MoS2 0.5 15 2.5 0.2 This work
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Figure 4. (a) Drain-source current, IDS, versus VTG of the Gr/CNT barristor, obtained from various
VBG. A reverse drain-source bias, VDS, of –0.5 V is applied to the CNT so that holes cross the Schottky
barrier from graphene to CNT. (b) Transfer curves of the Gr/MoS2 barristor, measured at different
VBG. VDS = 0.5 V is applied to the MoS2, allowing electrons to cross the Schottky barrier from
graphene to MoS2. (c) Subthreshold swing of the Gr/CNT and Gr/MoS2 barristors, deduced from
transfer curves for different VBG. (d) Transfer curves of the Gr/CNT and the Gr/MoS2 barristors
displayed together for selected VBG. The intersection of the transfer curves occurred at a lower current
regime with decreasing VBG. (e) Estimated field-effect mobility as a function of VBG. See the left axis
for the Gr/CNT barristor and the right axis for the Gr/MoS2 barristor.

Finally, we compare our device with a low-power inverter recently demonstrated
using negative capacitance based FETs (NCFETs) by integrating a ferroelectric layer within
the gate stack [41]. The complementary inverter with MoS2 and WSe2 NCFETs reported
the lowest power consumption of 0.07 nW for the forward sweep and 0.17 nW for the
reverse sweep [41]. However, the hysteresis of the inverter, theoretically existing as a result
of polarization switching, is a serious obstacle to their practical use. Inverters based on
graphene barristors are free from such problem of the ferroelectric negative capacitance
and there is much room for the improvement with the reduction of EOT.
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4. Conclusions

In conclusion, combining a p-type Gr/CNT barristor with a n-type Gr/MoS2 barristor,
a complementary inverter was fabricated and its characteristics were investigated. The
complementary inverter exhibited a low switching power consumption of ∼0.2 nW and a
moderate gain of ∼2.5 at VDD = 0.5 V and at EOT of ∼15 nm. This sub-nW complementary
inverter was achieved at much larger EOT compared to the inverters based on FETs,
which was attributed to the excellent switching characteristics of Gr barristors. The p-type
Gr/CNT barristor used in this experiment displayed an on–off current ratio of 105 and a
high mobility of ∼1300 cm2/Vs with a subthreshold swing of 150 mV/dec with an EOT of
15 nm. The emergence of a p-type Gr/CNT barristor with an excellent switching property,
not available for Gr/TMDCs barristors, opens the possibility of logic devices based on
graphene barristors.
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Abstract: Two-dimensional (2D) organic−inorganic perovskites have great potential for the fabri-
cation of next-generation photodetectors owing to their outstanding optoelectronic features, but
their utilization has encountered a bottleneck in anisotropic carrier transportation induced by the
unfavorable continuity of the thin films. We propose a facile approach for the fabrication of 0D
ZnO quantum dot (QD)/2D (PEA)2PbI4 nanosheet hybrid photodetectors under the atmospheric
conditions associated with the ZnO QD chloroform antisolvent. Profiting from the antisolvent, the
uniform morphology of the perovskite thin films is obtained owing to the significantly accelerated
nucleation site formation and grain growth rates, and ZnO QDs homogeneously decorate the surface
of (PEA)2PbI4 nanosheets, which spontaneously passivate the defects on perovskites and enhance
the carrier separation by the well-matched band structure. By varying the ZnO QD concentration,
the Ion/Ioff ratio of the photodetectors radically elevates from 78.3 to 1040, and a 12-fold increase in
the normalized detectivity is simultaneously observed. In addition, the agglomeration of perovskite
grains is governed by the annealing temperature, and the photodetector fabricated at a relatively
low temperature of 120 ◦C exhibits excellent stability after a 50-cycle test in the air condition without
any encapsulation.

Keywords: 2D perovskite; ZnO quantum dot; antisolvent method; photodetector; outstanding stability

1. Introduction

Photodetection provides a feasible approach for interpreting the unreadable optical
information by converting it into electrical signals, which has been sparking burgeoning
interests for widespread applications, such as optical telecommunication, environmen-
tal monitoring, biomedical imaging, distributing sensor networks, and the internet of
things [1–4]. The rapid expansion of information technology has been fueling the demand
for high-performance photodetectors with a high signal-to-noise ratio, sensitivity, response
speed, spectrum selectivity, and stability, which were proposed as “5S” figure-of-merits for
the evaluation of photodetection capability [5]. Perovskites have emerged as promising
photoactive materials with a combination of advantages over conventional semiconduc-
tors, including easy solution processability, a large absorption coefficient, a long carrier
diffusion length, and high carrier mobility [6,7]. Inheriting from the excellent photoelectric
capacities of their three-dimensional (3D) counterparts, 2D perovskites have been recently
developed with a considerably improved atmospheric stability owing to the protection of
hydrophobic organic chain spacers enclosed in [MX6]4− metal halide octahedra [8], which
is believed to be a savior for long-term stable perovskite-based photodetection [9]. As of
now, research on the 2D perovskite-based photodetectors is still in the early embryonic
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stage, and their application suffers from a huge hindrance in the fabrication of continuous
thin films from isolated nanosheets [10]. Recently, the one-step antisolvent method has
been reported as a successful attempt for manufacturing high quality (PEA)2PbI4 thin
films at relatively low temperatures owing to the accelerated nucleation and grain growth
governed by polarity and saturated vapor pressure [11]. As a typical Ruddlesden—Popper
(RP) phase perovskite, the Van der Waals interactions between layers within (PEA)2PbI4
nanosheets can restrict the charge-carrier transportation along out-of-plane direction [12],
which remains a critical challenge of the undesirable performance in comparison to that of
3D perovskite photodetectors.

Perovskite photoactive thin films have been successfully fabricated via various ap-
proaches, i.e., chemical vapor deposition [13], mechanical exfoliation [14], electrochemical
deposition [15–17], and spinning coating [18]. Alternative fabrication techniques allow
the construction of heterostructures by introducing foreign low-dimensional materials,
offering an efficient route for improving the optoelectronic response of the resulting per-
ovskite thin films. For instance, the Cs2AgBiBr6/WS2/graphene vertical heterostructure
photodetectors demonstrated orientationally intensified charge transfer [19]. In addition,
direct incorporation of low-dimensional materials with a high conductivity (i.e., graphene
QDs [20] and MXene nanosheets [21]) can well balance the simplicity of fabrication and
efficient charge transfer, which is commonly accompanied with inevitably knotty issues of
the extra noise in dark and lattice miss-match in the hybrid photoactive layers. Meanwhile,
ZnO QDs possess various advantages, including large resistance in the dark, high electron
mobility, and a wurtzite structure [22], and the improved crystallization of CsPbBr3 thin
films was observed by blending with ZnO QDs [23], providing an adequate filler for the
fabrication of high-performance photodetectors. In this work, we demonstrate novel 0D
ZnO QD/2D (PEA)2PbI4 nanosheet hybrid photodetectors fabricated via a facile antisol-
vent method under atmospheric conditions. The homogeneous decoration of ZnO DQs
on a 2D (PEA)2PbI4 nanosheet surface instantaneously realizes the defect passivation and
construction of carrier transfer paths within the photoactive layers. With a well-balanced
ZnO concentration, the normalized detectivity (D*) of the 0D/2D hybrid perovskite pho-
todetector radically increases to 15.40 × 109 Jones with an excellent Ion/Ioff ratio of 1040.
Temperature effect on the performance of photodetectors is attributed to the morpholog-
ical evolution of the hybrid perovskite thin films, and superior stability of the device is
observed within 50 test cycles, offering an auspicious way to overcome the breakthrough
of 2D perovskite photodetectors for the “5S” requirements.

2. Materials and Methods

Chemicals and Reagents: Zinc acetate dihydrate (C4H6O4Zn·2H2O, 99.0%; Sinopharm
Group Chemical Reagent Co., Ltd. A. R, Shanghai, China), potassium hydroxide (KOH,
85%; Aladdin, Shanghai, China), methanol (CH3OH, 99.5%; Sinopharm Group Chemical
Reagent Co., Ltd. A. R, Shanghai, China), chloroform (CH3Cl, 99.0%; Sinopharm Group
Chemical Reagent Co., Ltd. A. R, Shanghai, China), phenethylammonium iodide (PEAI,
99.5%; Xi’an Polymer Light Co., Xi’an, China), lead iodide (PbI2, 99.0%; Sinopharm Group
Chemical Reagent Co., Ltd. A. R, Shanghai, China), and N, N-Dimethylformamide (DMF,
99.0%; Sinopharm Group Chemical Reagent Co., Ltd. A. R, Shanghai, China). All chemical
reagents mentioned above were used directly, without any further purification.

Material Synthesis: The ZnO quantum dots (QDs) were prepared through an opti-
mized solvothermal method as reported in our previous work [24]. Specifically, 1.9582 g
of zinc acetate dihydrate was dissolved in 46 mL of methanol and heated up to 60 ◦C.
Meanwhile, 0.8528 g of KOH was dissolved in 46 mL of methanol and dropped into the
zinc acetate dihydrate methanol solution for 8–12 min. The mixed solution kept stirring for
2.15 h under 60 ◦C, and was washed twice by the precipitation method. After synthesis,
the resulting ZnO QDs were dispersed in 6 mL of chloroform. The (PEA)2PbI4 precursors
were prepared in the atmosphere at room temperature. Specifically, the mixture of 199.2 mg
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PEAI and 184.0 mg PbI2 was dissolved in 1 mL of DMF, and the solution was treated with
ultrasonication for 20 minutes at room temperature.

Device Fabrication: Prior to spin-coating, each glass substrate with a size of 2.5 × 2.5 cm2

was ultrasonicated in anhydrous ethanol (99.0%) and acetone (99%) for 20 minutes, respec-
tively. Subsequently, 100 μL of (PEA)2PbI4 precursor solution was initially dropped on
the glass substrate, and 100 μL of chloroform antisolvents with various contents of ZnO
QDs: 0 mg/mL (PD1), 0.032 mg/mL (PD2), 0.048 mg/mL (PD3), 0.097 mg/mL (PD4),
0.194 mg/mL (PD5), 0.388 mg/mL (PD6), and 0.776 mg/mL (PD7). After incubation
for 1 min, the photoactive thin films were spin-coated layer-by-layer at 800 rpm for 20 s
and 2000 rpm for 30 s, respectively. After coating 3 layers, the samples were annealed
at 120 ◦C for 1 min between spin-coating for each layer and were finally treated with a
10 min annealing at an identical temperature to improve crystallization. To investigate the
annealing temperature effect, the samples fabricated with a 0.097 mg/mL of chloroform
antisolvent were annealed on a hot plate in the atmosphere at room temperature (PD8),
80 ◦C (PD9), 100 ◦C (PD10), and 140 ◦C (PD11). Finally, a pair of 80 nm-thick Au electrodes
with a spacing distance of 200 μM was deposited via thermal evaporation.

Device Characterization: The morphologies of ZnO QD-decorated (PEA)2PbI4
nanosheets were characterized by a transmission electron microscope (TEM, JEM-1400
Plus, JEOL, Tokyo, Japan), and scanning electron microscope (SEM) images of each sample
were obtained by a Regulus8100 system (Hitachi, Tokyo, Japan). The elemental analysis
of the samples was carried out by an energy dispersive X-ray spectroscopy system (EDS,
Regulus8100, Hitachi, Tokyo, Japan), and the surface morphological characterization was
realized with atomic force microscopy (AFM, Dimension Icon, Bruker, Karlsruhe, Germany).
The crystallinity of the samples was analyzed by X-ray diffractometer (XRD, D8 Advance,
Bruker, Karlsruhe, Germany; D/MAX-RB, Rigaku, Tokyo, Japan). The absorption spectra
were recorded on a UV/vis spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan), and the
steady-state photoluminescence (PL) spectra were required by a spectrofluorophotometer
(RF-6000, Shimadzu, Kyoto, Japan) with an excitation light of 350 nm. The time-resolved
PL (TRPL) spectra of (PEA)2PbI4 thin films were recorded with a spectrofluorometer (Fluo
Time 300, PicoQuant, Berlin, Germany) with a pumping laser of 375 nm and a probing laser
of 526 nm. The photoelectric performances of all devices were measured with a semicon-
ductor characterization system (4200, Keithley, Cleveland, OH, USA), and a monochrome
adjustable light source (CME-OPS1000, Microenerg, Beijing, China) was engaged as an
illumination source.

3. Results and Discussion

Figure 1 shows the effect of ZnO QD concentrations on the morphological evolution
of the zero-dimensional (0D) ZnO QD and 2D (PEA)2PbI4 nanosheet hybrid thin films.
The fabrication process of ZnO QD/(PEA)2PbI4 nanosheet photodetectors is depicted in
Figure 1a. Briefly, the ZnO QD/(PEA)2PbI4 thin films were fabricated by blending ZnO
QD chloroform solution with various concentrations after dropping 100 μL PEAI and PbI2
mixture on glass substrate. According to previous works, highly crystallized 2D perovskite
nanosheet thin films with a continuous morphology could be hardly achieved [25], and
an effective approach for improving crystallinity was reported by adding antisolvents
during thin film growth due to the accelerated nucleation site formation and grain growth
rates [26]. Providing the distinctive polarity (μC = 1.06 D) of chloroform over that of DMF
(μD = 3.82 D) [11], the nucleation site formation and grain growth rates were significantly
boosted, and thus, the packed morphology of the pristine (PEA)2PbI4 nanosheet thin
films was obtained, as shown in Figure 1b. As shown in Figure S1a, the ZnO QDs are
well-decorated on the surface of the (PEA)2PbI4 nanosheet with an average diameter of
~6.22 nm after blending into the (PEA)2PbI4 nanosheet precursor solution. In addition,
(PEA)2PbI4 nanosheets generally crystallized in the monoclinic space group C2/m with
lattice parameters a = 3.25 nm, b = 0.61 nm, and c = 0.62 nm [27], and wurtzite ZnO
with relatively smaller lattice parameters a = b = 0.32 nm and c = 0.52 nm [28], allowing

544



Nanomaterials 2022, 12, 4217

preferential adsorption of ZnO QDs on (PEA)2PbI4 nanosheets. As a result, ZnO QDs were
evenly decorated on the (PEA)2PbI4 nanosheets, as clearly witnessed in Figure S1b, and
bright diffraction spots of (200) and (020) planes [29] in the selected area electron diffraction
(SAED) pattern evidenced the existence of (PEA)2PbI4 in the mixed solution, as shown in
Figure S1c. As shown in Figures 1 and S1d, the packed and continuous surface morphology
was comparably observed for each ZnO QD/(PEA)2PbI4 nanosheet sample, with a variation
of ZnO QD concentrations between 0 and 0.776 mg/mL. Meanwhile, the neglectable
effect of ZnO QDs on the surface morphology can also be witnessed with a similar root-
mean-squared roughness (RRMS) for the devices blending with various concentrations of
0 mg/mL (14.4 nm) and 0.097 mg/mL (17.1 nm), as shown in Figure S1e–f.

Figure 1. (a) Schematic diagram of the fabrication process of ZnO QD decorated (PEA)2PBI4

nanosheet photodetectors via antisolvent method. (b–g) Scanning electron microscope (SEM) im-
ages of the ZnO QD/(PEA)2PBI4 nanosheet samples with various proportions of ZnO QD: PD1
(0 mg/mL), PD2 (0.032 mg/mL), PD3 (0.048 mg/mL), PD4 (0.097 mg/mL), PD5 (0.194 mg/mL), and
PD6 (0.388 mg/mL).
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To further investigate the effect of ZnO QD, the developments of optical properties and
crystal structures were systematically investigated with diverse concentrations between 0
and 0.776 mg/mL, as shown in Figure 2. As shown in Figure 2a, the elements N, I, Pb, O,
and Zn were evenly observed throughout the whole surface of the PD4 device fabricated
with 0.097 mg/mL ZnO QD antisolvent solution, indicating a uniform distribution of ZnO
QD in the hybrid thin films. In terms of the elementary composition of the samples, the
existence of (PEA)2PbI4 was verified with the occurrence of the Kα1 peak at 0.392 keV of
N, Mα1 peak at 2.346 keV of Pb, and Lα1 peak at 3.94 keV of I regardless of the ZnO QD
concentration [30], and the Lβ1 peak at 1.035 keV of Zn [31] can only be witnessed with the
hybrid thin films blending with 0.097 mg/mL ZnO QDs, as shown in Figure 2b,c. For each
sample, the characteristic peaks at 5.5◦, 10.9◦, 16.4◦, 21.9◦, 27.4◦, 33.0◦, and 38.7◦ can be
assigned to the periodical diffraction peaks of (001) series of reflections ((00x), x = 2, 4, 6),
(010), (012), and (014) peaks [32], as shown in Figure 2d. Practically, (002) peaks strikingly
appeared in comparison with other peaks, manifesting a preferential crystallization of
the thin films [33]. As revealed in Figure 2e, the noticeable exciton absorption peak of
(PEA)2PbI4 [34] was constantly observed at 517 nm in the absorbance spectrum for each
sample, suggesting an identical bandgap of ~2.364 eV the hybrid thin films irrespective
of the ZnO QD concentration as conformed with the Tauc plots shown in Figure S2. Cor-
respondingly, the near band emission for each sample was similarly witnessed at 526 nm
without any shifting as exhibited with room temperature photoluminescence (PL) spectra
in Figure 2f, and the peak intensity gradually elevated along with the increased ZnO QD
concentration as observed in Figure 2f, which can be possibly induced by intensified irradia-
tive combination with the reduced defect state density due to the surface passivation with
ZnO QDs [35]. To verify the hypothesis, time-resolved photoluminescence (TRPL) spectra
of the photodetectors fabricated without (PD1) and with ZnO QD (PD4) were characterized,
as shown in Figure 2g. The TRPL curves were well fitted by a multiexponential function
with three decay components τ1 (the excitation relaxation), τ2 (the interaction between
excitons and phonons), and τ3 (the recombination of excitons with defects) [36]:

I(t) = A1exp(−t/τ1) + A2exp(−t/τ2) + A3exp(−t/τ3) (1)

where A1, A2, and A3 denote the proportionality factor for each decay period. The average
decay lifetime (τavg) of the device can be given with [37]:

τAvg = A1 × τ1 + A2 × τ2 + A3 × τ3 (2)

As summarized in Table 1, the τ1 and τ2 were comparable for the devices, and the
significant decrease in τavg from 5.16 ns (PD1) to 0.94 ns (PD4) was primarily ascribed to
the restricted recombination of excitons with defects [38], which can be beneficial for the
carrier transportation within the photodetectors. As shown in the inset in Figure 2g, the
continuous morphology of the thin films was observed with the PD4 device, and strong
green irradiation under UV light illumination verified the high quality of the spin-coated
thin films.

Table 1. Summary of TRPL decay fitting characteristics for the photodetectors PD1 and PD4 based
on the decay functions.

PD1 PD4

τ1 (ns) 0.69 0.53
τ2 (ns) 3.10 3.27
τ3 (ns) 45.67 -
B1 (%) 53.52 84.82
B2 (%) 38.62 15.18
B3 (%) 7.87 -
τavg (ns) 5.16 0.94
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Figure 2. (a) Energy dispersive X-ray spectroscopy (EDS) element maps of the photodetector PD4.
Energy dispersive X-ray spectroscopy (EDS) spectra of the photodetectors (b) PD1 and (c) PD4.
(d) Corresponding X-ray diffraction (XRD) spectra. (e) Absorbance and (f) room-temperature PL
spectra of the devices. (f–1) The contour maps of wavelength dependent PL for the devices. (g) Time-
resolved photoluminescence (TRPL) spectra of the photodetectors PD1 and PD4. (Inset) The optical
images of the sample under UV illumination (left) and white light (right).

547



Nanomaterials 2022, 12, 4217

Figure 3 shows the evolution of photoelectric performance of the hybrid ZnO QD/(PEA)2PbI4
nanosheet photodetectors as a function of ZnO QD concentrations, and the configuration of
the device is depicted in Figure 3a. In order to deeply study the role of ZnO QD, the energy
band diagram of the device is shown in Figure 3b. The conduction band minimum (EC) and
valence band maximum (EV) of ZnO are 4.35 and 7.72 eV [39], and (PEA)2PbI4 possesses
relatively higher EC (3.48 eV) and EV (5.71 eV) [40]. Thus, enhanced carrier separation can
be correspondingly expected from (PEA)2PbI4 nanosheets to ZnO QDs under light illumi-
nation, overcoming the hindrance of charge transfer between isolated nanosheets within
the thin films. As revealed in Figure 3c, the current in dark (Ioff) of devices linearly elevated
depending on the bias voltage without any barrier formation, and Ioff was comparable
among photodetectors, suggesting that incorporation of ZnO QD would not introduce extra
noise. As shown in Figure 3d, the elevated photocurrent (Ion) was observed at each voltage
with the increased ZnO QD concentrations from 0 to 0.097 mg/mL, resulting in a noticeable
increase in Ion from 0.46 to 4.55 nA at 10 V under 500 nm illumination owing to improved
carrier transportation induced by the efficient defect passivation and photoexcited electron
separation. With the further increased concentration, the Ion gradually deteriorated to
0.76 nA when the concentration reached 0.776 mg/mL, as shown in Figure 3e, which can
because the formation of undesirable ion scattering sites as a result of the aggregation
of exceeded ZnO QDs at grain boundaries of (PEA)2PbI4 severely hindered the carrier
transportation [41]. Correspondingly, the Ion/Ioff ratio, an important metric to evaluate the
antinoise capacity of photodetectors, radically increased by 13-folds from 78.3 to 1040 in
comparison with the pristine device, as shown in Table 2. The responsivity (Rs) can be
expressed as [42]:

RS =
Ion − Ioff

P × S
(3)

where P represents the light intensity (1.97 mW cm−2), and S is the active area between
the two electrodes (0.016 cm−2). As shown in Figure 3f, the Rs is developed as a function
of the ZnO QD concentrations, leading to the optimized Rs of 143.94 μA W−1 for the PD4
device. Given that the shot noise generally determines the total noise in photodetectors,
the normalized detectivity (D*) becomes a crucial metric for the evaluation of the devices,
which can be given with [43]:

D∗ = Ion − Ioff
P

×
√

1
2 × e × S × Ioff

(4)

where e denotes the elementary charge (1.6 × 10−19 C). In contrast to the pristine device
(PD1), the D* of the PD4 device obviously elevated from 1.31 × 109 to 1.54 × 1010 Jones, as
shown in Figure 3f, and the D* gradually decreased along with the further increased ZnO
QD concentration due to the strictly deteriorated Ion. The conversion efficiency of incident
photons into electrons for photodetectors can be determined by the external quantum
efficiency (EQE) [44]:

EQE =
hc
eλ

× Rs × 100% (5)

where h, c, and λ represent the Planck’s constant, the velocity of light in a vacuum, and the
wavelength of irradiated light, respectively. Similar to Rs, the EQE markedly boosted from
0.0035% to 0.0357% when the ZnO QD concentration increased from 0 to 0.097 mg/mL, and
the deterioration in EQE was observed with further increased concentration as evidenced
with Figure S3a.
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Figure 3. The photoelectric performance of the devices. (a) Scheme of the configuration and (b) the
energy-band diagram of the ZnO QD/(PEA)2PBI4 nanosheet photodetector. I-V characteristics of
the devices (c) in the dark (Ioff) and (d) under illumination (Ion) of 500 nm UV light (1.97 mW cm−2).
(e) The Ion and Ion/Ioff ratio of each device. (f) Responsivity (Rs) and normalized detectivity (D *) of
each device with different contents of ZnO QDs.

Table 2. Summary of the Rs, D*, Ion/Ioff ratio, τrise, and τfall of each photodetector at 10 V bias voltage
and under 500 nm light illumination.

Photodetectors
Rs

(μA/W)
D*

(×109 Jones)

Ion/Ioff

Ratio
τrise

(ms)
τfall

(ms)

PD1 14.21 1.32 78.3 95.8 106.8
PD2 100.73 9.48 564 69.1 46.7
PD3 142.40 13.50 809 126.7 53.0
PD4 143.94 15.40 1040 53.3 87.0
PD5 67.45 6.82 437 69.0 87.7
PD6 36.99 3.93 265 42.9 89.0
PD7 23.77 2.46 173 69.1 88.2
PD8 39.81 1.73 48.6 53.3 86.6
PD9 88.31 3.96 113 37.3 72.8
PD10 130.88 9.87 473 53.4 82.1
PD11 131.11 8.88 381 53.2 92.3

The development of photoelectric performance for the photodetectors depending on
the ZnO QD concentrations was further investigated at various spectrum wavelengths from
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300 to 600 nm and testing periods, as shown in Figure 4. As observed in Figure 4a, the effect
of ZnO QD concentrations on the Rs was consistently witnessed throughout the whole
response spectra between 300 and 550 nm, and the Rs of the device PD4 was consequently
superior to the photodetectors at each wavelength. Particularly, the optimized Rs was
obtained at 500 nm for most devices, and the Rs of the devices PD4 (374.57 μA W−1) at
300 nm was evidently higher than that at 500 nm (143.94 μA W−1), which can be ascribed to
the additional photogenerated carriers from ZnO QDs under UV illumination. As a result,
the similar behaviors of D* and EQE were observed depending on the variation of spectrum
wavelengths, as shown in Figure S3b,c, indicating that blending with ZnO QDs can be an
advantageous strategy for the improved performance for the 2D perovskite photodetectors
over a broad wavelength range. As shown in Figure S3d, the Ion/Ioff ratio of the device PD4
was always higher than that of the device PD1, and the decreased ratios below 375 nm were
derived from the unfavorable excitation at much lower light intensities. The photodetector
PD4 remained at excellent stability with a negligible deterioration after a continuous test of
50 cycles in the air, as evidenced in Figure 4b. The τrise (the period for the current elevated
from 10% to 90% of the Ion) and τfall (the period for the current declined from 90% to 10%
of the Ion) of each photodetector was within 150 ms, as shown in Figure 4c–i. Compared
with the pristine device, the photodetectors fabricated with ZnO QDs exhibited faster τrise
and τfall, suggesting accelerated carrier mobility within the hybrid thin films.

The evolution of the morphological and optical characteristics of ZnO QD/(PEA)2PbI4
nanosheet hybrid thin films fabricated with an identical ZnO QD concentration of 0.097 mg/mL
was investigated with a variation of annealing temperatures from room temperature to
140 ◦C, as shown in Figure 5. As shown in Figure 5a–c, the uniform and dense morphology
was evenly observed at each temperature, and agglomeration gradually occurred along
with the increased temperature, which can be beneficial for the crystallization of the hybrid
perovskite thin films [45–47]. Above 120 ◦C, the severe truncation was observed between
grains, as shown in Figure 5d, which can be induced by the partially melt crystallization of
(PEA)2PbI4 [48]. As shown in Figure 5e, there was a slight red shift of the exciton absorption
peak as a function of annealing temperature, and thus, the bandgap gradually decreased
from 2.368 eV to 2.362 eV due to the expansion of grain size [49], as shown in Figure 5f.
As observed in Figure 5g, the PL peak initially descended depending on the annealing
temperature induced by the intensified surface scattering along with morphological de-
velopment, and peak intensity slightly ascended above 120 ◦C as a result of decreased
roughness along with the melt crystallization [50]. In addition, the characteristic peaks
were similarly observed without any shift depending on annealing temperatures, and the
(002) peak increased after annealing in comparison with the thin films fabricated at room
temperature, suggesting a preferential crystallization along [002], as evidenced in Figure 5h.

The temperature effect on the photoelectric performance of the ZnO QD/(PEA)2PbI4
nanosheet hybrid photoreactors is shown in Figure 6. As shown in Figure 6a, the Ioff was
slightly higher at relatively lower temperatures within the whole bias range due to the
denser morphology, and superior Ion was constantly obtained with the PD4 device at each
bias as observed in Figure 6b, manifesting a sufficient temperature for the high crystallinity
(PEA)2PbI4 thin films at 120 ◦C. Therefore, the Ion at 10 V was elevated by 3.6-folds
from room temperature to 120 ◦C, and the Ion/Ioff ratio correspondingly increased by
21.4-folds as shown in Figure 6c. Depending on the annealing temperature, a comparable
trend was witnessed with the Rs, D*, and EQE, as shown in Figure 6d–e. The increase
was likewise observed for each metric as a function of temperature, and slight decreases
occurred above 120 ◦C. As evidenced in Figures 6f and S4, the response time was similar
for the devices fabricated at various temperatures, suggesting that the ZnO concentration
played a more critical role in the response speed than the annealing temperature. As shown
in Figure 7, the photodetector fabricated at 120 ◦C exhibited an optimized performance
and a slowly declining response for each device depending on the wavelength derived
from the effect of ZnO QDs. Correspondingly, the Rs, D *, and EQE of the PD4 device
were 374 μA W−1, 4.01 × 1010 Jones, and 0.1548% at 300 nm, respectively. As summarized
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in Table 3, the ZnO QD/(PEA)2PbI4 nanosheet hybrid photodetector PD4 possessed an
outstanding performance among perovskite photodetectors [51–59], offering an approach
for the fabrication of high-performance perovskite photodetectors with excellent stability.

Figure 4. (a) The responsivity (Rs) of the photodetectors within a broadband spectrum wavelength.
(b) Transient response of the device PD4 within multiple test cycles. Single-period response of the
photodetectors (c) PD1, (d) PD2, (e) PD3, (f) PD4, (g) PD5, (h) PD6, and (i) PD7 under 500 nm light
irradiation at 10 V bias voltage.
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Figure 5. SEM images of the ZnO QD/(PEA)2PBI4 nanosheet devices fabricated with a 0.097 mg/mL
ZnO QD chloroform antisolvent at different annealing temperatures: (a) room temperature (PD8),
(b) 80 ◦C (PD9), (c) 100 ◦C (PD10), and (d) 140 ◦C (PD11). (e) Absorbance spectra and (f) Tauc plots
of the samples. (g) The PL spectra and (g-1) the contour maps of wavelength-dependent PL for the
devices. (h) XRD spectra of each sample.

Table 3. Comparison of the photodetector performance created from different perovskite materials.

Materials
Ioff

(nA)
Bias
(V)

Ion/Ioff

Ratio
D*

(×109 Jones)
Ref.

CH3NH3PbI3 1 1 3.05 900 [51]
CsPbBr3 0.488 2 1.7 × 106 0.456 [52]

(PA)2(MA)Pb2I7 ~0.1 10 >103 29.2 [53]
MAPbI3 >102 15 1100 12 [54]

(PEA)2PbI4, MoS2 ~103 3 500 8.09 [55]
BDAPbI4 >10−2 10 / ~1 [56]

MAPbI3-xBrx 4 4 <10 20 [57]
EA4Pb3Cl10 / 5 ~104 3.06 [58]
(PEA)2PbI4 ~10−3 5 10.8 1070 [59]

(PEA)2PbI4, ZnO 4.37 × 10−3 10 1040 15.40 This Work
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Figure 6. The photoelectric performance of the photodetectors fabricated at various annealing
temperatures. I-V characteristics of the devices (a) in the dark and (b) irradiated under 500 nm
UV light (1.97 mW cm−2). (c) The plots of Ion and Ion/Ioff ratio for each device. (d) Rs, D*, and
(e) external quantum efficiency (EQE) of each device fabricated at distinct temperatures. (f) The
transient response within a single period for the photodetector PD.

 

Figure 7. The spectrum dependent (a) responsivity (Rs), (b) normalized detectivity (D*), (c) external
quantum efficiency (EQE), (d) Ion/Ioff ratio plots with different annealing temperature.
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4. Conclusions

In summary, the 0D ZnO quantum dot (QD)/2D (PEA)2PbI4 nanosheet hybrid pho-
todetectors were fabricated via a facile ZnO QD chloroform antisolvent method under
atmospheric conditions. Benefiting from the distinctive difference in polarity between
the antisolvent and precursor solutions, the crystallization of the (PEA)2PbI4 thin films
was effectively improved as a result of the accelerated nucleation site formation and grain
growth rates. The uniform ornamentation of ZnO QDs on (PEA)2PbI4 nanosheets provided
an in situ surface passivation for the surface defects as evidenced by the TRPL decay fitting,
and the carrier transportation within the perovskite thin films was concurrently enhanced
with the intensified charge separation induced by the well-balanced energy band levels. As
a consequence, the photoelectric performance of ZnO QD/(PEA)2PbI4 nanosheet hybrid
photodetectors sensitively developed with a variation of ZnO QD concentrations, resulting
in excellent D * of 1.54 × 1010 Jones and Ion/Ioff ratio of 1040 for the device fabricated with
the 0.097 mg/mL ZnO QD antisolvent.

The annealing temperature-dependent behavior of photoconductive devices orig-
inated from the surface morphological evolution of the perovskite thin films, and the
photodetector fabricated at 120 ◦C maintained a fast response speed within 100 ms and
outstanding atmospheric stability after a 50-cycle test, offering a facile yet effective strategy
for the ever-increasing demand for highly sensitive and long-term stable photodetection
based on low-dimensional perovskites.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nano12234217/s1, Figure S1: (a,b) Transmission electron
microscope (TEM) images with different magnifications of ZnO QD decorated (PEA)2PBI4 nanosheets.
(c) The selected area electron diffraction (SAED) pattern of the nanosheets. (d) Scanning electron
microscope (SEM) images of the ZnO QD/(PEA)2PBI4 nanosheet sample blended with a proportion
of 0.776 mg/mL ZnO QDs. Atomic force microscopy (AFM) images of the samples with different
ZnO QD concentrations: (e) PD1 (0 mg/mL) and (f) PD4 (0.097 mg/mL); Figure S2: Tauc plot of
the device blended with different proportions of ZnO QDs. Figure S3: (a) The plots of external
quantum efficiency (EQE) for each device with different contents of ZnO QDs acquired at 500 nm.
(b) The spectrum-dependent normalized detectivity (D *), (c) external quantum efficiency (EQE), and
(d) Ion/Ioff ratio plots with different contents of ZnO QDs. Figure S4: The single-period responses of
the devices fabricated at (a) 80 ◦C (PD9), (b) 100 ◦C (PD10), and (c) 140 ◦C (PD11), respectively.
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Abstract: In recent years, graphene has shown great application prospects in tunable microwave
devices due to its tunable conductivity. However, the electromagnetic (EM) properties of graphene,
especially the dynamic tunning characteristics, are largely dependent on experimental results, and
thus are unable to be effectively predicted according to growth parameters, which causes great diffi-
culties in the design of graphene-based tunable microwave devices. In this work, we systematically
explored the impact of chemical vapor deposition (CVD) parameters on the dynamic tunning range
of graphene. Firstly, through improving the existing waveguide method, the dynamic tunning range
of graphene can be measured more accurately. Secondly, a direct mathematical model between
growth parameters and the tunning range of graphene is established. Through this, one can easily
obtain needed growth parameters for the desired tunning range of graphene. As a verification, a
frequency tunable absorber prototype is designed and tested. The good agreement between simula-
tion and experimental results shows the reliability of our mathematic model in the rapid design of
graphene-based tunable microwave devices.

Keywords: graphene; CVD; tunning range; mathematic model; waveguide method

1. Introduction

Carbon-based materials are an important member of the material family, and their
inherent excellent physical or chemical properties have attracted extensive attention in
various disciplines and fields. Graphene, a planar monolayer of carbon atoms arranged
in honeycomb structures, has recently sparked intense and multidisciplinary research
since the advent of free-standing graphene in 2004 [1]. In terms of electromagnetic (EM)
field, graphene provides a new perspective to realize active surfaces because the charge
density on graphene can be electrically controlled by applying a DC voltage, which
makes it outstanding in research on dynamic tunable devices, such as switches [2], reg-
ulators [3–5], plasma [6,7], stealth [8,9], beam steering [10–15], and absorbers [16–19].
Therefore, graphene has rapidly become a hot spot in the fields of materials, energy, and
information technology.

The early research on graphene was mostly theoretical simulation, and its EM model-
ing was based on Kubo’s formula [20]. During the design process, the researchers more
or less ignored the feasibility of the experimental realization. Owing to the progress in
manufacturing high-quality and large-scale graphene, microwave active devices based
on graphene have been studied widely and constantly with experimental breakthroughs.
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In 2010, roll-to-roll production of 30-inch graphene films using the chemical vapor de-
position (CVD) approach was reported [21]. In 2015, the work from Bilkent University
successfully modulated the conductivity of graphene at the decimeter scale using graphene
sandwich structure (GSS) [22]. The emergence of these key technologies further prompted
researchers to gradually shift the focus of graphene research from pure theoretical design
to the combination of theory and experiment. In particular, microwave and millimeter-
wave devices based on graphene have made certain progress in the world due to practical
application requirements [14–19,23,24].

In the microwave range, graphene can be considered a frequency-independent resistive
film [15], and its tunable sheet resistance can be controlled by applying bias voltage through
GSS. This characteristic has been widely applied to the modeling and design of graphene-
based microwave tunable devices, such as wavefront controllers [15], absorbers, [18,19],
attenuators [25], etc. The tunning range of graphene not only provides the basis for the
simulation and design of these works but also serves as an important basis for experimental
feasibility, but the tunning range of graphene in these works shows apparent differences,
which causes doubts in researchers’ minds and is not conducive to the further application
of graphene in microwave devices. In our previous work [26], the relationship between
growth parameters and static sheet resistance of graphene was simply introduced. Many
researchers are also committed to the study of the synthesis and also the physicochemical
properties of graphene [27,28]. Raman, SEM and statistical techniques are applied to
characterize the properties of graphene, such as the number of layers, growth uniformity,
and so on. The microwave tunning property of graphene is largely dependent on its
synthesis conditions, namely, the growth parameters for CVD process. However, the
relationship between the dynamic tunning range of graphene and the growth parameters,
which is of great importance to improve the design efficiency of graphene-related tunable
devices, has never been studied in previously reported works. The main difficulty faced
by the study of the relationship between the graphene tunning range and the growth
parameters is twofold. Firstly, unlike the static sheet resistance of graphene, which can
easily be obtained by the four-probe method, the dynamic sheet resistance of graphene
cannot be accurately measured by existing methods because of the essential sandwich
structure. Secondly, the CVD method is a sophisticated and time-consuming process, which
brings trouble to either data collection or data processing.

To address these problems, in this work, firstly, with the help of transmission line
theory, the measuring method of GSS is improved to help us obtain more precise tunning
ranges of graphene. Secondly, the influence of growth parameters on the dynamic tunning
property of graphene is investigated both qualitatively and quantitatively. To better reflect
the numerical relation between the tunning and growth parameters, several statistical
methods, including orthogonal experiment design [29,30] and multivariate nonlinear fit-
ting [31,32], are adopted, based on which quantitative relations are given to easily obtain
the desired tunable characteristic of graphene. At the end of this work, a tunable microwave
absorber prototype is designed and used to verify the accuracy and availability of our
model. The method adopted in this work is good guidance for following graphene-related
works and has positive significance for promoting the combination of basic research and
application research of two-dimensional (2D) materials.

2. Materials and Methods

Copper (25 μm) and CVD furnace (OTF 1200-X) were purchased from Hefei Kejing
Material Technology Co. Ltd., Hefei, China, Hydrochloric acid (HCl, 36%) and nitric
acid (HNO3, 70%) were purchased from Nanjing Wanqing Co. Ltd., Nanjing, China,
Hydrogen (H2, 99.999%) and Methane (CH4, 99.999%) were purchased from Nanjing
Shangyuan Co. Ltd., Nanjing, China, Polyvinyl chloride (PVC, 70 μm) was purchased from
Shanghai Lingmin Trading Co. Ltd., Shanghai, China, Diaphragm paper (NKKTF4030) was
purchased from Guangdong Canrd New Energy Technology Co. Ltd., Guangzhou, China.
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Ionic liquid (methoxyethyldiethylmethylammomium bis((trifluoromethyl)sulfonyl)-
imide, C10H20F6N2O5S2, CAS: 464927-84-2) was purchased from Lanzhou Institute of
chemical physics. Wire mesh (125 μm, 0.5 Ω/sq) and Polydimethylsiloxane (PDMS, 1 mm)
are purchased from CS New Materials Co., Ltd., Jining, China.

Large-area graphene is synthesized by CVD on copper foil. Copper foil is placed
on a quartz holder in a CVD furnace. The mechanism of CVD on copper foil and the
growth curve are shown in Figure 1a,b. After terminating the growth by stopping the
flow of methane, the samples were cooled down to room temperature. Then we laminated
70-μm-thick PVC sheets on graphene-coated copper foils. Following the lamination, the
copper foils were etched in diluted nitric acid solution and dried overnight to reduce the
chemical doping of nitric acid on graphene. In order to meet the needs of subsequent
measurements, the schematic diagram of the copper foil used to synthesize graphene is
shown in Figure 1c. The size of each copper foil is 50 × 150 mm2, which can be cut into
two pieces, subsequently, the two pieces can be combined into a GSS, typical photographs
of synthesized graphene are shown in Figure 1d.

Figure 1. (a) Schematic diagram of CVD on copper foil. (b) Growth curve of graphene. (c) Schematic
diagram of copper foil used to grow graphene. (d) Typical photographs during the synthesis of
graphene. Upper: etching the copper foil in acid. Lower: obtained graphene samples on PVC substrate.

As shown in Figure 2a,b, the GSS structure made of PVC, graphene, and ionic liquid
is used to realize dynamic control of graphene sheet resistance [15,18,19,22]. PVC acts
as the transfer carrier of graphene. The diaphragm paper is used as the carrier of ionic
liquid, then the positive and negative electrodes are applied to upper graphene and lower
graphene respectively. The ions of the electrolyte (ionic liquid) have very low mobility;
therefore, they cannot respond to the electric field of microwaves. When the electrostatic
field bias is applied, the electrolyte layer polarizes and ionic double layers form on the
graphene–electrolyte interface with opposite polarizations, then the sheet resistance of GSS
can be tuned due to the electrostatic doping on graphene electrodes [22].
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Figure 2. (a) Schematic diagram of the waveguide method. (b) Schematic diagram of GSS used to
regulate graphene square resistance. (c) The equivalent circuit of the waveguide method.

During the measurement, each GSS is measured four times for reducing test error by
changing the relative position between GSS and waveguide.

The absorption rate of the graphene-based absorber was tested by the waveguide
method, and the waveguide used is WR62 (11.9–18 GHz). The absorption rate A is calcu-
lated through

A = 1 − R − T = 1−|S11|2−|S21|2, (1)

where S11 and S21 are reflection and transmission coefficients. Due to the metallic ground
structure of designed absorber, the transmission is blocked. As such, S21 equals zero, so A
is calculated through only S11 parameters.

3. Results

3.1. Improvement of Waveguide Method

The dynamic tunning range of graphene is measured through the waveguide method,
as shown in Figure 2a, which is a kind of noncontact measurement method. It should
be noted that the dynamic tunning range is unable to be measured by the commonly
used four-probe method [17,26] because the conductive part (graphene) is wrapped by
its transfer substrate. The waveguide used for measuring the dynamic sheet resistance of
graphene is WR90 (8.2–12.4 GHz) and the vector network analyzer used is purchased from
Agilent Co. Ltd., Santa Clara, CA, USA, (ZNB-40, 10–40 GHz).

To accurately obtain the sheet resistance of graphene, we improved the calculation
process of the previously reported waveguide method [33,34] with the help of transmission
line theory. The equivalent circuit of the waveguide method is shown in Figure 2c. Under
the main mode (TE10) of the waveguide in our study (WR90), the complex propagation
constant γ and characteristic impedance Z of the medium (air, PVC, paper) in the cross-
section of the waveguide can be expressed by the following Formulas (2)–(4):

γ(ω) = jβ(ω), (2)

β(ω) =

√(ω

c

)2
εr −

(π

a

)2
, (3)

Z(ω) =
ωμ0

β(ω)
. (4)
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in which c is the speed of light, εr is the relative permittivity of the waveguide-filled
medium, μ0 is the free space permeability, β(ω) is the phase constant, and t is the thickness
of various mediums along the waveguide direction. The thickness of air part (35 mm) can
be found in the datasheet of WR90 waveguide. The thicknesses of PVC and paper are
70 μm and 50 μm, respectively, and the relative permittivity of air, PVC, and paper are 1, 3,
and 2.5, respectively.

The different transfer matrices are connected in cascade to obtain the response of the
entire waveguide section as shown in Formulas (5)–(7):

TTotal = TAirTPVCTGrapheneTPaperTGrapheneTPVCTAir. (5)

where

TAir,PVC,Paper =

(
cos h(γt) Zsin h(γt)

sin h(γt)/Z cos h(γt)

)
(6)

The total transmission matrix TTotal can be obtained from the measured
scattering parameters [35]:

Ttotal =

(
((1 + S 11)(1 − S 22) + S12S21)/(2S 21) ZAir((1 + S 11)(1 + S 22)− S12S21)/(2S 21)

((1 − S 11)(1 − S 22)− S12S21)/(2S 21ZAir) ((1 − S 11)(1 + S 22) + S12S21)/(2S 21)

)
. (7)

After obtaining Ttotal, we can derive the following relationship:

TGrapheneTPaperTGraphene = T−1
PVCT−1

AirTTotalT−1
AirT−1

PVC. (8)

Traditionally, the influence of diaphragm paper and PVC is neglected [33,36]. Under
such conditions, (8) can be simplified as

TGrapheneTGraphene = T−1
AirTTotalT−1

Air. (9)

The sheet resistance of graphene can be easily calculated; however, it also brings
certain errors, which is not conducive to future calculations using other types of graphene
transfer carriers and ionic liquid carriers.

Here, we do not ignore the influence of PVC and paper and use the definition of matrix
calculation to solve the formula. Assuming that

TGraphene =

(
T1 T2

T3 T4

)
, TPaper =

(
T01 T02

T03 T04

)
, T−1

PVCT−1
AirTTotalT−1

AirT−1
PVC =

(
T05 T06

T07 T08

)
, (10)

From the previous description, it can be seen that T01–T08 are all known values, while
T1–T4 are the unknowns to be solved. According to (8), we can obtain the values of T1–T4
by listing and solving the following Equation (11):⎧⎪⎪⎨⎪⎪⎩

T1(T1T01 + T2T03)+T3(T1T02 + T2T04) =T05
T2(T1T01 + T2T03)+T4(T1T02 + T2T04) =T06
T1(T3T01 + T4T03)+T3(T3T02 + T4T04) =T07
T2(T3T01 + T4T03)+T4(T3T02 + T4T04) =T08

(11)

It should be noted that there are four groups of roots of the equation, which need to be
decided by judgment. Theoretically, according to the form of the transmission matrix of
graphene, (T1, T2; T3, T4) should satisfy the form of (1, 0; 1/RS, 1). Thereout, we can select
the solution with practical physical significance, so that the sheet resistance of graphene
can be obtained by RS = 1/T3.

As a verification of the improved method, we simulated the S parameters correspond-
ing to Rs = 300, 500, and 800 Ω/sq and substitute them into (7), then the retrieved sheet
resistance can be obtained through (9) or (11). In Figure 3a, the sheet resistance can be
correctly calculated by our improved method, in contrast, appear deviations could be
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observed while using the traditional method, especially with the increase in frequency.
For completeness, the retrieved result corresponding to RS = 500 Ω/sq without judgment
procedure is plotted in Figure 3b, the sharp jumps of the result are caused by the multi-foot
of the Equation (11), which implies the necessity of the judgment procedure.

 
Figure 3. (a) Derived sheet resistance corresponding to RS = 300, 500, and 800 Ω/sq using the
traditional method and our improved method. (b) Derived sheet resistance corresponding to
RS = 500 Ω/sq without judgment procedure.

The improved method is important for the measurement and characterization of
the sandwich structure, mathematically, the reason lies in that the matrix equation of
A × B × A = C cannot be solved directly through matrix transformation, in which, A, B,
and C are 2 × 2 matrices. This improved method is used for the measurement of dynamic
tunning range of GSS in this work, it also can be applied to other materials, such as planner
or powder materials.

3.2. Impact of Growth Parameters

The mechanism of CVD on the copper foil can be understood with the help of a
schematic diagram and growth curve shown in Figure 1a,b. As shown in Figure 1a, for
metals such as copper having a low carbon dissolution rate, the graphene is formed with
the carbon atoms depositing to the copper foil through a surface growth mechanism. Both
the aim of foil pretreatment by hydrochloric acid and annealing step by hydrogen are to
remove the surface oxides and other impurities of copper foil. The annealing step also
increases the flatness of copper foil. Methane is used as the carbon source, which cracks at
high temperature, the obtained carbon atoms will be adsorbed on the surface of copper,
then the atoms nucleate and grow into graphene islands. With the constant expanding of
these islands, they connect each other, thus obtaining graphene pieces.

From above, the quality of graphene the factors affecting the quality of graphene
mainly include surface cleanliness, surface flatness of copper, and the amount of carbon
atoms originating from methane. Combined with the growth curve shown Figure 1b,
four parameters are selected for study: T1, Δt1, Δt2, and Ratio. In which, T1 is annealing
temperature, Δt1 = t2 − t1 is the annealing duration, Δt2 = t3 − t2 is growth duration, Ratio
is the flow ratio of hydrogen to methane during the growth stage.

To investigate the influence of each parameter, the specific parameter should fluctuate
around an initial value while keeping the other three parameters unchanged (single variable
principle). The first problem to be solved is the initial values of T1, Δt1, Δt2, Ratio. Physically,
the graphene synthesized under this group of values has the largest dynamic range, and an
orthogonal experiment [29,30] is used to reduce the time consumption while ensuring the
accuracy of experimental results as much as possible. The orthogonal table generated by
SPSS software (v17.0) is shown in Table 1. Where the variation ranges of T1, Δt1, Δt2, Ratio
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are [1000, 1050] (◦C), [60, 180] (mins), [10, 30] (mins), [70:30, 50:50] (sccms), respectively.
The measured results of the orthogonal experiment is shown in Figure 4, the tunning range
of GSS composed of graphene sheets measured by waveguide method in group_4 is the
largest, which varies from 430−1840 Ω/sq. Combining our previous work [26], it can be
seen that the demands for growth parameters are consistent when pursuing the lowest
static sheet resistance and the biggest tunning range of graphene. This can be understood by
the best flatness and integrity of graphene sample grown under the parameter of group_4
as shown in Figure 5a. Based on which, (T1, Δt1, Δt2, Ratio) = (1025, 180, 20, 70:30) is used
as the initial value of the parameter comparison experiment.

Table 1. Variation of parameters and results in the orthogonal experiment.

Sequence T1 (◦C) Δt1 (min) Δt2 (min)
Ratio
(sccm)

Tunning Range (kΩ/sq)

1 1050 120 30 70:30 [0.43, 1.43]

2 1050 180 10 60:40 [0.54, 1.76]

3 1025 60 30 60:40 [0.77, 1.43]

4 1025 180 20 70:30 [0.43, 1.84]

5 1025 120 10 50:50 [0.62, 1.14]

6 1025 180 30 50:50 [0.60, 1.38]

7 1000 60 10 70:30 [0.67, 1.51]

8 1050 60 20 50:50 [0.44, 1.08]

9 1000 120 20 60:40 [0.49, 1.08]

Figure 4. Calculated dynamic range of graphene samples in orthogonal experiment.

After obtaining the initial values of T1, Δt1, Δt2, Ratio, the second set of experiments,
namely, parameter comparison, is carried out to explore the influence of a single parameter
on the tunning range of graphene, as shown in Table 2. The results of parameter comparison
experiments are shown in Figure 6. The relations between tunning range with annealing
temperature T1, annealing duration Δt1, growth duration Δt2, and gas ratio are plotted
in Figure 6a−d, respectively. From Figure 6a, although the lower annealing temperature
T1 will lead to relatively low growth uniformity, it also ensures the upper limit of the
dynamic tunning range of graphene. For example, when the annealing temperature is
975 ◦C, the upper and lower limits of the dynamic range of graphene are slightly higher
than those of other groups. Graphene with lower static sheet resistance can be obtained
by changing annealing duration Δt1 or gas ratio, but as shown in Figure 6b,d, the upper
limit of dynamic sheet resistance is also suppressed. For these three parameters, they
influence on the annealing process of the CVD procedure, either the annealing temperature
or annealing duration of copper have a significant effect on the recrystallization effect of
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copper foil, causing the typical problems of multilayer (Figure 5b), defects (Figure 5c) and
out of flatness (Figure 5d) to the final graphene samples. While the ratio of hydrogen to
methane especially the amount of hydrogen largely influences the reduction degree of
oxides on the copper foil. From these, we can notice that the change of the variation range
in Figure 6a,b,d is relatively severe because they are directly related to copper foil. These
trends can be also understood from optical microscopy (OM) of copper foil [37]. From
Figure 6c, we can see that not only the uniformity but also a wide range of dynamic range
of graphene can be guaranteed by changing the growth duration Δt2, the variation trend is
relatively smooth. Together with the SEM pictures in Figure 5, it can be concluded that the
flatness of graphene has the greatest influence on its tunning ability (Figure 5d,f), when
obvious rolling marks are observed, the corresponding tunning ranges of graphene are
suppressed, this may be caused by the uneven doping effect on graphene sheets. In contrast,
a few defects originating from too high T1 or too long Δt1 (Figure 5c,e) will increase the
overall tunning range of graphene. This can be understood in that when patterns are made
on graphene sheets, the effective conducting area decreases [38], leading to higher sheet
resistance.

Table 2. Variation of parameters and results in the contrast experiment.

Sequence T1 (◦C) Δt1 (min) Δt2 (min)
Ratio
(sccm)

Tunning Range (kΩ/sq)

1 975 180 20 70:30 [0.78, 1.84]

2 1000 180 20 70:30 [1.16,1.65]

3 1025 180 20 70:30 [0.43, 1.84]

4 1050 180 20 70:30 [0.30, 1.74]

5 1075 180 20 70:30 [0.90, 2.20]

6 1025 120 20 70:30 [0.43, 1.28]

7 1025 150 20 70:30 [0.35, 1.04]

8 1025 180 20 70:30 [0.43, 1.84]

9 1025 210 20 70:30 [0.42, 1.08]

10 1025 240 20 70:30 [0.67, 2.20]

11 1025 180 10 70:30 [0.48, 1.90]

12 1025 180 15 70:30 [0.30, 1.50]

13 1025 180 20 70:30 [0.43, 1.84]

14 1025 180 25 70:30 [0.50, 1.58]

15 1025 180 30 70:30 [0.30, 1.74]

16 1025 180 20 90:10 [0.42, 0.93]

17 1025 180 20 80:20 [0.61, 1.37]

18 1025 180 20 70:30 [0.43, 1.84]

19 1025 180 20 60:40 [0.25, 1.16]

20 1025 180 20 50:50 [0.40, 1.77]
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Figure 5. Typical SEM images of samples corresponding to line (a) 3, 8, 13, 18, (b) 4, (c) 5, (d) 6, (e) 10,
and (f) 16 in Table 2. The scale of the pictures was 3 μm.

 

Figure 6. Calculated (a–d) dynamic range of graphene samples shown in Table 2. (e) Fitting results
between the relative dynamic range of graphene and all four factors. (f) Fitting results between the
median of dynamic range and all four factors.
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Here, we do not define what is “good” or “bad” about graphene. Readers can change
the growth parameters of graphene according to the needs of practical applications to
get the desired properties. The above qualitative analysis is useful for improving the
quality of graphene. However, from the aspect of the application, especially in the field
of electromagnetism, either single layer, multilayer, or graphene with some defects is
modeled as a surface impedance boundary with its surface resistance. In the following, we
quantitatively analyze the results of this section and give readers a more practical method
to select growth parameters.

3.3. Mathematic Model

To effectively process the previous data and provide guidance for the subsequent
work, we fitted the data and formed the mathematic model of the relationship between
the dynamic tunning range and growth parameters of graphene. Different from the static
sheet resistance, the dynamic range of graphene is not a single value, but an interval. To
establish a quantitative model of the interval, one can choose to fit the relation among the
upper, the lower bounds of the interval, and growth parameters. However, to better reflect
the nature of the interval, we refer to the concept of relative bandwidth from the index of
the absorber and define the concept of relative dynamic range:

Reletive_range =
Rs2 − Rs1

(Rs1 + Rs2)/2
= f (T1, Δt1, Δt2, Ratio) (12)

in which RS1 and RS2 are the upper and lower bounds of the dynamic range. The statistical
model is widely used in many fields, including the materials domain [39,40]. The specific
tool is not unique, aiming at different kinds of problems. Here, in order to solve this kind of
multivariable nonlinear fitting problem [31,32], the nlinfit tool in MATLAB is used [41,42],
and the form of the model is as follows:

y =
4

∑
i=1

4

∑
j=1

qi,jxi
5−j+q0. (13)

where y represents the relative dynamic tunning range of graphene and x1–x4 the variation
vector of annealing temperature, annealing duration, growth duration, and gas ratio,
respectively. Polynomial fitting with fitting order equaling 4 is selected after comparing
with other fitting functions. The values of qi,j after optimization are shown in Table 3, and
the value of q0 is 2.8767 × 107, the optimization process can be found in [26]. The physical
significance of the model can be understood from the following aspects. Firstly, when the
other three variables are fixed, and the three variables have been preliminarily optimized
through orthogonal experiments, the effect of a single parameter (the fourth parameter)
on the properties of GSS should be gradual rather than jump, thus smooth curve fitting
(polynomial fitting is selected here) is used to preliminarily determine the variation trend
of relative dynamic tunning range with the change of this parameter. Secondly, compared
with individually fitting the variation trend of relative dynamic tunning range with the
four parameters to form four equations:⎧⎪⎪⎨⎪⎪⎩

y1 = f1(x1)
y2 = f2(x2)
y3 = f3(x3)
y4 = f4(x4)

(14)

where y1–y4 denotes the change in graphene dynamic range with x1–x4. Equation (13) can
be seen as a modified model, which not only can reflect the changing trend of graphene
tunning range with a single variable but also includes the effect or other three parameters,
thus increasing the reliability. As shown in Figure 6e, all measured results in the parameter
comparison experiment can be correctly located on the fitted line. In addition, the model
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between the median of the tunning range and growth parameters of graphene is also
determined using the same method:

y′ = Rs2 + Rs1

2
=

4

∑
i=1

4

∑
j=1

q′
i,jxi

5−j+q′
0 (15)

Table 3. Value of qi,j after optimization. (i = 1–4, j = 1–4).

j

i
1 2 3 4

1 2.4885 × 10−5 −0.1033 1.6068 × 102 −1.1102 × 105

2 1.0493 × 10−5 −0.0075 1.9464 −2.2040 × 102

3 0.0037 −0.2364 5.1130 −42.2300

4 4.9760 × 10−4 −0.1350 13.4652 −5.8628 × 102

Among them, y′ represents the median of the tunning range of GSS. The values of
qi,j after optimization are shown in Table 4, and the value of q′

0 is 3.7768 × 104, and the
corresponding fitting result is shown in Figure 6f.

Table 4. Value of q′
i,j after optimization. (i = 1–4, j = 1–4).

j

i
1 2 3 4

1 2.4885 × 10−5 −0.1033 1.6068 × 102 −1.1102 × 105

2 1.0493 × 10−5 −0.0075 1.9464 −2.2040 × 102

3 0.0037 −0.2364 5.1130 −42.2300

4 4.9760 × 10−4 −0.1350 13.4652 −5.8628 × 102

After obtaining the mathematic models, one can not only directly predict the tun-
ning range of graphene through the growth parameters but also obtain needed growth
parameters for desired tunning range. Here, we make a simple demonstration of the
second function of the model, namely to deduce the required growth parameters under the
circumstance of the known desired tunning range of GSS.

When considering the desired range of tunable characteristics, both (13) and (15) are
needed. For instance, the desired tunning range of graphene is 400 to 1400 Ω/sq, and
we predetermine that x1 = 1025, x3 = 20, x4 = 70. The median of the range is 0.9 kΩ/sq,
substituting it to (15), x2 = 119.2, 159.3, 201.1, and 231.8 can be obtained. Except for the
out-of-range value 119.2, we calculate the corresponding relative dynamic range of graphene
under the other three values of annealing duration through (13). The relative ranges are
112.34%, 101.86% and 81.27%, respectively, thus the tunable range of graphene in a GSS can
be obtained as [394.5, 1405.5] Ω/sq, [441.6, 1358.4] Ω/sq, [534.2, 1265.5] Ω/sq. We can see
that the desired range is involved in the interval of [394.5, 1405.5] Ω/sq, namely, the tunning
range of around 400 to 1400 Ω/sq can be obtained using the parameter x1 = 1025, x2 =159.3,
x3 = 20, x4 = 70, which will be verified by a frequency tunable absorber shown in Section 4.

It should be noted that when using the model to predict the dynamic tunning range of
GSS or deduce the needed parameters based on desired tunning range, one should still obey
the rule of single-parameter principle, namely, the other three parameters should equal the
optimized value obtained by the orthogonal experiment. The reason lies in that the data
used to calculate to coefficients of the model, i.e., the data of the parameter comparison
experiment is originated from the initial value of (T1, Δt1, Δt2, Ratio) = (1025, 180, 20, 70:30),
as stated in Section 3.
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3.4. Application of the Model

In this section, a frequency tunable absorber is designed and fabricated to verify the
effect of the mathematic model on the actual device. The overall structure of the absorber is
shown in Figure 7a, which consists of a patterned GSS layer, metal ribbon layer, substrate
layer, and bottom metal layer. The schematic diagram and corresponding size of the unit
cell are shown in Figure 7b. The period of the unit is p = 2.7 mm, the width of the graphene
ribbon is wg = 2.2 mm, the side length of the metal ribbon is wm = 1.6 mm. The substrate
adopted here is PDMS, with relative permittivity of 2.8 and the thickness of tsub = 1 mm.
The thickness of the metal ribbon and bottom metal layer is tm = 125 μm, and the sheet
resistance is 0.5Ω/sq. Commercial software CST 2019 was used to simulate the model, in
which unit-cell boundary condition is set up. The incident wave is vertical to the sample
with the electric field perpendicular to the graphene strip. In the simulation, the sheet
resistances of graphene ribbons are 400, 600, 800, 1000, and 1400 Ω/sq, respectively. As
can be seen from Figure 7c, when the sheet resistance changes from 400 to 1400 Ω/sq, the
central frequency of the absorption peak shifts from 14.9 to 17.0 GHz, while the absorption
rate remains above 0.9, showing obvious frequency tunable absorption phenomenon.

Figure 7. (a) Schematic of the absorber array. (b) Transverse view and longitudinal view of the unit
cell. (c) Simulated and (d) measured results of the absorber.

To verify the simulated results and also the correctness of the mathematical model, as
calculated in the last section, the parameters x1 = 1025, x2 =159.3, x3 = 20, x4 = 70 are used to
synthesize the graphene with a desired tunning range of 400 to 1400 Ω/sq. The graphene
ribbon and metal ribbon are realized through a laser engraving machine, the material of
the metal ribbon layer and the metal ground layer is transparent metallic wire mesh. The
photograph of the metal ribbon on PDMS substrate and the patterned graphene is shown
Figure 8a,b while the measurement environment is shown in Figure 8c. The test results are
shown in Figure 7d, several results are recorded with the increase in applied voltage, it can
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be seen that the absorption peak shift from around 16.9 GHz to 14.9 GHz when the applied
voltage increases from 0 to 4 V, which is basically consistent with the simulated results.
The slight difference may be caused by the deviation in the tunning of graphene between
simulation and measurement. In addition, the imperfect adhesion between the patterned
GSS layer and the metal ribbon layer will also lead to certain deviations. In general, there is
good agreement between the simulation and the actual measurement, which indicates the
accuracy and useability of the fitting formula in this paper.

Figure 8. (a) Fabricated metal ribbon on PDMS substrate. (b) Fabricated patterned graphene.
(c) Measurement environment of the absorber.

4. Conclusions

In summary, the influences of CVD parameters on the dynamic tunning range of
graphene were systematically investigated. The measurement method of GSS is improved
to obtain more accurate tunning ranges of graphene. Direct mathematical models between
growth parameters and the tunability of graphene are given. As a result, one can quickly
and precisely predict the tunning range of graphene through the growth parameters or
obtain needed growth parameters for the desired tunning range, which largely improves
the design efficiency of graphene-based microwave devices. At the end of the work, the
usability and accuracy of the proposed mathematic relation are verified by a frequency
tunable absorber. The results of this work have positive significance for promoting the
research and application of novel materials.
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