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Nanomaterial technology for the synthesis, processing, and fabrication of low-dimensional
materials is where disciplines merge into a remarkable range of applications, from opto-
electronics to health care (contribution 1–7), which affect the lives of millions. With the
rapid development of science and technology, people have gradually realized that the
variety of materials currently available cannot entirely meet the ever-increasing demand
for minimalization and integration for devices. Nanomaterials, endowed with a facile
controllability of directionally optical and electrical properties, have great potential to
overcome the huge challenges related to the restricted area and balanced performance of
multifunctional devices (contribution 8–10). Thus, the swift development of nanomaterial
technology especially benefits burgeoning fields, such as Internet of Things [1], energy
conversion [2], intelligent sensing [3], and even biomimetics [4].

Establishing how to efficiently control topology of nanomaterials is an essential is-
sue in order to tailor their optical and electrical properties, which can be achieved by
means of controllable growth in certain orientations, as well as stoichiometry. For chemical
synthesis, the reaction of precursors is generally associated with catalyst and thermal
supply, and isotropically spherical nanostructures can be obtained through individual nu-
cleation and growth processes [5]. Meanwhile, anisotropic nanostructures (i.e., nanowires,
nanorods, nanoflowers, etc.) are commonly synthesized via preferential growth in certain
directions via selective passivation [6], and the obtained nanostructures can be uniformly
dispersed into various solutions after ligand exchange. However, the long-term stability
and well-aligned patterns of these nanomaterials still remain major problems for the practi-
cal applications of chemical synthesized nanostructures, and thus abundant research has
focused on the synthesis methods [7], ligand exchange and passivation [8], and coating
approaches [9], which will be briefly described in this Special Issue. For example, Henrieta
Markevičiūtė et al. chemically deposited Ag–Se nanostructure films on a–Se/nylon, and
the structural and optical properties of the composite nanostructures were systematically
investigated (contribution 11). On the other hand, the nanostructures can also be directly
fabricated via deposition and lithography, and the stoichiometry during deposition and
the manufacturing cost are the two main concerns for the technique. In another study
in this Special Issue, the fabrication approach for In-Sn-Zn oxide (ITZO) nanocomposite
films via high-power impulse magnetron sputtering at room temperature is systemati-
cally investigated, and variations in carrier mobility can be correspondingly optimized
through the a control of pulse off-time (contribution 12). To lower the expense for the
lithography process, the nanopillar and nanohole arrays fabricated using the roll-to-roll
nanoimprint lithography are systematically discussed in this Special Issue (contribution
13), which can uniformly realize large-scale manufacturing for well-defined nanostruc-
tures (contribution 14). In addition, various methods have been successfully realized to
systematically engineer the surface morphology and stoichiometry for nanomaterials, i.e.,
electrostatic nano-assembly (contribution 15), pulsed-flow-induced fluidization (contri-
bution 16), high-power-impulse magnetron sputtering (contribution 17), ink-jet printing

Nanomaterials 2024, 14, 36. https://doi.org/10.3390/nano14010036 https://www.mdpi.com/journal/nanomaterials1
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(contribution 18), optimized e-beam-lithography (contribution 19), the simple template-free
hydrothermal method (contribution 20), femtosecond laser-assisted fabrication (contribu-
tion 21), magnesiothermic catalysis (contribution 22), and even a simple grinding method
(contribution 23). To date, the relatively facile approaches to achieve adjustable optical
and electrical properties include variations to temperature (contribution 24,25), annealing
durations (contribution 26), light radiation (contribution 27,28), and background gas (con-
tribution 29,30). To accurately predict the effect of growth conditions, numerous simulation
models and characterization systems have been established based on first principles stud-
ies (contribution 31–33) and micro-nano characterization techniques (contribution 34–36),
respectively.

Photodetection can convert the message carried by light irradiation (i.e., wavelength,
polarization, intensity) into readable electronic signals, and the performance of photodetec-
tors strongly depends on photoactive layers. Nanomaterials with tunable optical properties
depending on the topology provide a feasible approach for achieving an accurate response
to light irradiation, triggering enthusiastic interest in developing sensitive low-dimensional
photoactive materials. However, the disconnected morphology induced by many cracks
during deposition is commonly believed to hinder carrier extraction and transfer within
photoactive layers fabricated by nanomaterials, which urgently requires a plausible strat-
egy to address. In another study in this Special Issue, ZnO quantum dots in a toluene
solution are used as antisolvents for the formation of continuous films with 2D (PEA)2PbI4
nanosheets as a result of accelerated crystallization, and the carrier transfer highway is
spontaneously established with the existence of ZnO quantum dots owing to the well-
matched bandgaps (contribution 37). Collective oscillation of surface free electrons on metal
nanoparticles can effectively concentrate incident light into photoactive layers, resulting in
radically improved light absorption. Thus, silver triangular nanoprism arrays on WSe2 are
proposed for fabricating spectra and polarization dual-sensitive photoreactors, which are
realized by directionally boosted light absorption due to the silver triangular nanoprism
arrays (contribution 38).

Additionally, the emission efficiency has been noticeably boosted by intensified hole
injection (contribution 39) and spatial light modulation (contribution 40,41) with the exis-
tence of nanomaterials for light emitting and terahertz devices. In addition to light-emitting
devices, nanomaterials have been widely witnessed in energy conversion devices and
the synthesis of nanocomposites (contribution 42–44), and elaborately designed (contribu-
tion 45) nanostructures provide a facile approach for the enhancement of the conversion
efficiency for Li-ion batteries and solar cells. Nanocomposites have been successfully
introduced to electrochemical catalysts or photocatalysts during the hydrogen evolution
(contribution 46–51) and oxygen evolution reactions (contribution 52–55), facilitating the
carrier transition with semiconductor nanocomposites and even metallic materials. Nan-
otechnology has also emerged in the fabrication of transistors (contribution 56–59) and
artificial synapses (contribution 60) for enhancing the performance with a controllable
resistance for the barriers, and the conductivity of electrodes (contribution 61) and capacity
(contribution 62) for supercapacitors can be also effectively optimized via nanotechnologies.

This Special Issue also includes studies on the novel strategies for distinctive sensing
techniques, including chemical sensors, gas monitoring, biosensors, acoustic sensors, and
even special detection for different irradiations (contribution 63–7 6). We sincerely hope
readers will find useful information for their research, and that all of these works can spark
more interesting ideas in various research fields.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Micro/nanoscale design of composite materials enables alteration of their properties
for advanced functional materials. One of the biggest challenges in material design is the
controlled decoration of composite materials with the desired functional additives. This study
reports on and demonstrates the homogeneous decoration of hexagonal boron nitride (hBN) on
poly(methylmethacrylate) (PMMA) and vice versa. The formation of the composite materials was
conducted via a low environmental load and a low-energy-consuming, electrostatic nano-assembly
method which also enabled the efficient usage of nano-sized additives. The hBN/PMMA and
PMMA/hBN composites were fabricated in various size combinations that exhibited percolated
and layer-oriented structures, respectively. The thermal conductivity behaviors of hBN/PMMA and
PMMA/hBN composites that exhibited good microstructure were compared. The results showed
that microstructural design of the composites enabled the modification of their heat-conducting
property. This novel work demonstrated the feasibility of fabricating heat-conductive PMMA matrix
composites with controlled decoration of hBN sheets, which may provide a platform for further
development of heat-conductive polymeric materials.

Keywords: electrostatic adsorption; electrostatic assembly; composite; heat-conductive; hBN; PMMA

1. Introduction

Polymer matrix composites with the desired properties attracted the interest of many researchers
due to the significant potential for low-cost fabrication of high-performance functional polymeric
materials. The composite’s properties can be changed by altering the composition of its organic or
inorganic materials. Poly(methylmethacrylate) (PMMA) is a widely used polymeric material due to its
unique properties such as good optical clarity, high mechanical strength, and good thermal stability.
PMMA also exhibits an amorphous polymer processing dimensional stability that allows it to be used
as a host in composite material fabrication [1]. Various PMMA composite materials with desired
properties were reported such as functional transparent composites [2–4] and infrared (IR) shielding
composites [5].

In the rapid development of wearable and high-power electronic devices, the requirement of
effective heat-dissipating composite materials is more important than ever [6–8]. High-performance
electronic devices tend to generate heat rapidly, making heat dissipation a key factor in a device’s
design, as heat entrapment will not only affect the performance of the device but also reduce the
device’s lifetime. In the electronics industry, synthetic polymers are commonly used in encapsulation,
as well as for packaging materials. However, the synthetic polymeric materials used possess low

Nanomaterials 2020, 10, 134; doi:10.3390/nano10010134 www.mdpi.com/journal/nanomaterials
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thermal conductivities of 0.1–0.5 W·m−1·K−1 [9]. Therefore, the development and improvement of
heat-conductive polymeric composite materials are crucial to improve the heat-dissipation of electronic
devices. Recently, two-dimensional (2D) boron nitride (BN) sheets which possess good thermal
conductivity, oxidation resistance, high elastic modulus, and electrical insulation were widely used
as 2D micro/nano thermal conductive fillers [9–11]. The unique honeycomb-configured sp2-bonded
boron and nitrogen promotes anisotropic thermal conductivity with in-plane and out-of-plane thermal
conductivity of 600 and 30 W·m−1·K−1, respectively [12]. Due to the strong structural correlation
of 2D hexagonal boron nitride (hBN) micro and nanosheets with their in-plane thermal conduction,
it is imperative to maintain its structure for effective heat conduction. This makes conventional
mechanical mixing methods such as mechanical mixing inappropriate as they would destroy the
sheet-like structure and hamper the thermal conductivity of the composite, in addition to there being
issues when mixing them [1,13]. Furthermore, a high loading amount of more than 50 vol.% is
required to generate good thermal conductivity, but this compromises the composite’s mechanical
property [13]. In order to preserve the sheet-like structure of hBN sheets, electrostatic nano-assembly
(EA) was used in this study. Previously, our group demonstrated the feasibility of an EA method for
fabricating various composite materials [14]. The composites were used for applications such as IR
shielding [5], optical property-controlled ceramic composite films [15], selective laser sintering [16],
mechanical property control of carbon-based alumina composite [17], and fabrication of the negative
electrode for rechargeable Fe–air batteries [18]. The EA method not only allows for the homogeneous
decoration of additives onto desired primary particles, but also the preservation of the shape and
size of the starting materials. Moreover, compared to most reported methods for fabrication of
hBN polymeric composite materials such as the chemical vapor deposition method [10], which
involve high cost and energy consumption, the EA method is a facile and smart material processing
method that involves low environmental load, as well as low energy consumption, which aligns
with recently established sustainable development goals. As the fabrication process is carried out
in an aqueous medium that is environmentally friendly, chemical contamination could be avoided.
Moreover, the mixing is conducted at room temperature with minimal energy consumption compared
to high-energy-consuming equipment such as mechanical ball-milling, heated roller mixing [6], and
chemical vapor deposition [10]. The EA method also allows the efficient usage of the raw materials,
which helps to reduce wastage due to the good recovery rate of the composites while maintaining the
shape and structure of the raw materials [14].

In previous reported studies, the effects of the hBN sheet orientation, applied voltage waveform,
and composite molding temperature on the electrical breakdown strength and thermal conductivities
of only layer-oriented PMMA/hBN composites using hBN with large diameters of 10 and 45 μm as
the primary (core) particles were investigated [19,20]. In this study, the feasibility of controlling the
microstructure of the pellets using a wider size range combination of PMMA particles and hBN sheets
was further demonstrated. A systematic investigation was carried out by adjusting the size of the
starting materials (hBN and PMMA), and the microstructural morphologies obtained by decoration of
hBN sheets on PMMA particles, and vice versa, were also tabulated. Decoration of hBN sheets onto
PMMA particles led to the formation of a percolate-structured microstructure, while decoration of
PMMA onto hBN sheets resulted in the formation of a layer-oriented microstructure. The correlation of
composite particle assembly, microstructural formation, and heat conductivity of the aforementioned
composites was evaluated using IR thermography. The hBN/PMMA composite materials possessed
good potential for application as heat-dissipation materials for electronic industries. The results
obtained in this work on the controlled design of hBN/PMMA composite materials could be beneficial
for further development of heat-conductive polymeric materials.

2. Materials and Methods

The experiments were carried out using commercially available poly(methylmethacrylate) (PMMA)
particles (average particle diameter of 0.3, 5, and 12 μm, Sekisui Chemical, Tokyo, Japan) and hexagonal
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boron nitride sheets (average particle size of 0.5μm, Showa Denko 5, 18μm Tokyo, Japan, Denki Kagaku,
Tokyo, Japan). The polycation and polyanion used were polydiallyldimethyl ammoniumchloride
(PDDA) (average molecular weight 100,000 to 200,000, Sigma-Aldrich, Missouri, United States)
and polysodium styrenesulfonate (PSS) (average molecular weight 70,000, Sigma-Aldrich, Missouri,
MO, United States), respectively. The surfactant used for the initial coating onto PMMA was
sodium deoxycholate (SDC). After that, an alternative layer of PDDA/PSS/PDDA was coated onto
PMMA to induce positive zeta-potential-modified PMMA primary particles. Similarly, for the hBN
sheets, the surface charge was firstly modified using SDC, followed by PDDA and PSS, to obtain a
negative zeta-potential surface. Then, the oppositely charged PMMA particles (positive) and hBN
nanosheets (negative) in aqueous solution were mixed and stirred to obtain the electrostatically
assembled hBN/PMMA composite particles. The coverage amount of additive particles (hBN or
PMMA) on intended primary particles (PMMA or hBN) was adjusted in vol.% according to previous
reported work [14].The suspension was then dried to obtain the composite powder. For the heat
distribution evaluation of the hBN/PMMA composite obtained, the composite powders were pressed
into pellets using a hot press with a pressure of 100 MPa at 200 ◦C for 15 min. Prior to pressing,
50 μL of methyl methacrylate (MMA) was added to promote the bonding of the main chain and to
improve the mold-ability. The pressed pellets were then annealed at 80 ◦C for 15 min. Six different
combinations of hBN with PMMA consisting of different sizes, as mentioned above, were fabricated
for comparison. The morphological structures of the composites obtained were observed using an
S-4800 field-emission scanning electron microscope (FE-SEM, Hitachi S-4800, Tokyo, Japan). For the
cross-sectional observation, the composite pellets were cut into half and polished using a surface
grinder prior to SEM observation. The heat distribution properties of the nanocomposite pellets were
evaluated using infrared thermography (Testo corporation, Testo 881-1, Lenzkirch, Germany).

3. Results and Discussion

The SEM images of the starting materials used for this study are shown in Figure 1. The spherical
PMMA particles, with average sizes of 0.3, 5, and 12 μm, are shown in Figure 1a–c, respectively. On the
other hand, the SEM images of the sheet-like hBN, with average sizes of 0.5, 5, and 18 μm, are shown
in Figure 1d–f respectively. Depending on the size of the primary particle (either PMMA or hBN),
smaller-sized secondary/additive particles (hBN or PMMA) were used for electrostatic decoration on
the surface of the primary particle. For example, smaller-sized hBN sheets (0.5 μm) were used for
electrostatic assembly onto the surface of larger spherical PMMA particles (12 μm).

In this study, two different composites with either spherical PMMA particles or two-dimensional
hBN sheets were used as the primary particle (core). Different size combinations of PMMA and hBN
were investigated systematically. Firstly, decoration of sheet-like hBN with an average diameter of 0.5
or 5 μm was carried out on PMMA with an average diameter of 5 or 12 μm. The hBN/PMMA composite
particles obtained, with the combinations of (0.5 μm) hBN/PMMA (5 μm), (0.5 μm) hBN/PMMA
(12 μm), and (5 μm) hBN/PMMA (12 μm) are shown in Figure 2. Regardless of the hBN sheet size,
homogeneous decoration of hBN sheets on PMMA particles was obtained. A good surface coverage
of 0.5-μm hBN on both 5- and 12-μm PMMA was observed, as shown in Figure 2a,b, respectively.
Figure 2c further demonstrates the feasibility of decorating 12-μm PMMA particle with larger hBN
having an average diameter of 5 μm.

Subsequently, hBN sheets with different sizes, 5 and 18 μm, were used as the primary matrix
(core) while PMMA with different average particle sizes of 0.3 and 5 μm was used as the additives in
the electrostatic nano-assembly. PMMA/hBN composite particles with the combinations of (0.3 μm)
PMMA/hBN (5 μm), (0.3 μm) PMMA/hBN (18 μm), and (5 μm) PMMA/hBN (18 μm) are shown in
Figure 3. PMMA particles were observed to be homogeneously distributed on the surface of hBN
sheets. The morphological observations of the composites obtained in Figures 2 and 3 indicated that
an electrostatic nano-assembly method could be used for the homogeneous assembly of hBN sheets on
PMMA particles or vice versa.
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Figure 1. SEM images of the starting materials used for hexagonal boron nitride (hBN)/poly
(methylmethacrylate) (PMMA) composite formation. PMMA particles with different sizes of (a)
0.3, (b) 5, and (c) 12 μm, and hBN sheets with different sizes of (d) 0.5, (e) 5, and (f) 18 μm were used.

 

Figure 2. SEM images of the hBN/PMMA (PMMA core) composite particles obtained after electrostatic
nano-assembly method using various sizes combination of (a) 0.5-μm hBN on 5-μm PMMA, (b) 0.5-μm
hBN on 12-μm PMMA, and (c) 5-μm hBN on 12-μm PMMA.

 

Figure 3. SEM images of the PMMA/hBN (hBN core) composite particles obtained after electrostatic
assembly, using various combinations: (a) 0.3-μm PMMA on 5-μm hBN sheets, (b) 0.3-μm PMMA on
18-μm hBN sheets, and (c) 5-μm PMMA on 18-μm hBN sheets.

Subsequently, the hBN/PMMA and PMMA/hBN composite powders shown in Figures 2 and 3
were hot-pressed into pellet and grinded for cross-sectional SEM observation. The cross-sectional
SEM images of the composite pellets obtained are shown in Figure 4. Interestingly, hBN/PMMA and
PMMA/hBN composite pellets exhibited different microstructural morphologies of percolate structure
or layer-oriented structure, respectively. The percolation of hBN on the surface of the PMMA grain
boundaries was clearly observed as shown in Figure 4a–c. The degree of percolation of hBN within the
PMMA matrix increased with the size of PMMA particles used. This was due to the lower overall
surface area available for the electrostatic adsorption of hBN sheets when larger PMMA particles were
used. This promoted a denser decoration of hBN on the PMMA surface, generating an interconnected
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percolation structure. The difference can be observed by comparing Figure 4a,b, where similarly sized
0.5-μm hBN sheets were decorated on PMMA particles with different diameter sizes of 5 and 12 μm,
respectively. Similar phenomena were also observed in our previous work involving the decoration
of carbon nanoparticles on alumina granules [17]. The highest percolation degree was observed
using the composite powders with 5-μm hBN sheets as additives with 12-μm PMMA as the primary
particles. On the other hand, disconnected, sheet-like layered microstructures were observed using
PMMA-decorated hBN sheets as shown in Figure 4d–f. The interlayer distance between hBN layers
was observed to increase when larger PMMA particles were used, as shown in the SEM images of
Figure 4e,f, where similar hBN sheets with an average diameter of 18 μm were used. Meanwhile, the
hBN sheets were observed to exhibit a more random orientation within the matrix when composites
that consisted of smaller PMMA particles decorated on smaller hBN sheets were used compared to
those on larger hBN sheets as shown in Figure 4d,e. In previous studies, the orientation probability
of layer-oriented PMMA/hBN was altered by changing the size of PMMA particles; decoration of
larger PMMA particles on hBN sheets led to irregular hBN sheet direction (larger angle difference)
in the composite matrix as compared to when smaller PMMA particles were used [19,20]. Thus, this
study shows that the orientation could also be affected by changing the size of the hBN sheets. These
results demonstrated that the interlayer distance, as well as the orientation of the layer-structured
PMMA/hBN composites, could be controlled by altering the size of PMMA particles decorated on hBN
sheets during the assembly step. The schematic illustration in Figure 5 shows the inter-correlation of
the hBN/PMMA and PMMA/hBN composite morphologies, with the corresponding microstructures
obtained after hot-pressing.

 
Figure 4. Cross-sectional SEM images of the respective hBN/PMMA composite pellets obtained after
hot-pressing, using the following composite powders: (a) 0.5-μm hBN on 5-μm PMMA, (b) 0.5-μm hBN
on 12-μm PMMA, (c) 5-μm hBN on 12-μm PMMA, (d) 0.3-μm PMMA on 5-μm hBN sheets, (e) 0.3-μm
PMMA on 18-μm hBN sheets, and (f) 5-μm PMMA on 18-μm hBN sheets.
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Figure 5. Schematic illustrations showing the morphologies of hBN/PMMA and PMMA/hBN composite
particles with the corresponding microstructures obtained.

To gain insight into the thermal conduction properties, infrared thermography comparison was
carried out using the pellets fabricated using only PMMA (12 μm), (0.3 μm) PMMA/hBN (18 μm),
and (5 μm) hBN/PMMA (12 μm). The composite pellets of (0.3 μm) PMMA/hBN (18 μm) and (5 μm)
hBN/PMMA (12 μm) were chosen due to the ordered microstructure obtained compared to others.
The thermograph images obtained are shown in Figure 6. From the thermograph image comparison,
the heat signatures of the composite pellets, (0.3 μm) PMMA/hBN (18 μm) and (5 μm) hBN/PMMA
(18 μm), were observed to be higher than the PMMA pellets. After 16 s, the temperature exhibited by the
(0.3 μm) PMMA/hBN (18 μm) and (5 μm) hBN/PMMA (18 μm) pellets was 83.3 and 84.9 ◦C, respectively,
while that of the PMMA pellet was 62.6 ◦C. These results demonstrated that hBN incorporation into a
PMMA matrix enhanced the heat conductance of the composite pellets.

 

Figure 6. Thermograph images of (a) PMMA, (b) PMMA (0.3 μm)/hBN (18 μm). and (c) hBN (5 μm)/
PMMA (18 μm) composite pellets after infrared thermography irradiation.
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A graph showing plots of temperature change against time for PMMA (18 μm), (0.3 μm)
PMMA/hBN (18 μm). and (5 μm) hBN/PMMA (18 μm) is shown in Figure 7. The results show
that heat conduction reached a plateau after 20 s for all the samples, with the composite pellets
achieving temperature higher than 80 ◦C. Although both composite pellets demonstrated almost
comparable heat conductivity, it is important to note that the amount of hBN added into the composites
differed. The amount of hBN present in (0.3 μm) PMMA/hBN (18 μm) and (5 μm) hBN/PMMA (12 μm)
was 57 vol.% and 26 vol.%, respectively. This indicates that, despite having half the volume of hBN
incorporated, the (5 μm) hBN/PMMA (18 μm) composite pellet that had a percolated structure exhibited
heat-conducting properties comparable to the layer-oriented structure of the (0.3 μm) PMMA/hBN
(18 μm) composite pellet. Due to the higher heat conductivity of the hBN sheets in the a- and
b-axis, the percolated microstructure allowed better heat conductivity in the PMMA matrix [21].
The calculated heat conductivity for (0.3 μm) PMMA/hBN (18 μm) and (5 μm) hBN/PMMA (12 μm)
was 1.27 and 1.42 W/m·K, respectively. Zhi et al. reported an approximately three-fold increase
in thermal conductivity from 0.17 to 0.50 W/m·K using a 10 vol.% BN nanotube/PMMA composite
film [22]. In comparison with the work reported by Pullanchiyodan et al., using Ag-decorated BN
nanosheets in PMMA, they reported a thermal conductivity of 1.48 W/m·K by incorporating 35 vol.% of
this hybrid filler into PMMA matrix [23]. Therefore, the thermal conductivity of 1.42 W/m·K obtained
in this study using percolate-structured hBN/PMMA (26 vol.%) demonstrates promising potential,
given the simplicity and good reproducibility of this method. The interconnectivity and interaction of
hBN sheets were the determining factors in this heat-conducting property, and the percolated structure
of hBN/PMMA composite provided a thermal conductive pathway compared to the layer-structured
PMMA/hBN composite. Similar findings were also reported by Mosanenzadeh et al. in their study on
the thermal behavior of ordered and random hBN networks using different types of polymers [24].
In addition, the higher content of hBN within the PMMA matrix reduced the mechanical properties
drastically, as hBN acted as a defect in the polymer matrix [13]. A better approach would be to precisely
design the composite powders to promote a particulate interaction, which not only promotes the
efficient use of hBN but also does not compromise its mechanical properties [24].

Figure 7. Comparison of temperature change against time for PMMA, layer-oriented PMMA/hBN, and
percolation-oriented hBN/PMMA composites.

This study demonstrated that the microstructure of an hBN/PMMA composite is crucial to its
property of heat conductivity. Therefore, controlled design of composite formation is crucial using a
bottom-up fabrication approach, which is not achievable using the conventional mixing method.
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4. Conclusions

The controlled microstructure formation of hBN/PMMA and PMMA/hBN composite pellets
was systematically investigated using an electrostatic nano-assembly method. The composite pellets
of both hBN/PMMA (PMMA core) and PMMA/hBN (hBN core) composites exhibited promising
heat-conducting properties. By varying the sizes of the starting materials in the composite powder
design, percolate-structured hBN/PMMA and layer-structured PMMA/hBN composite pellets were
fabricated from the composite powders obtained. With hBN composition at 26 vol.% for the
percolate-structured hBN/PMMA composite compared to 57 vol.% for the layer-structured PMMA/hBN
composite, both composites demonstrated almost comparable thermal conductivity behavior during
infrared thermography characterization. The thermal conductivity obtained for (0.3 μm) PMMA/hBN
(18 μm) and (5 μm) hBN /PMMA (12 μm) was 1.27 and 1.42 W/m·K, respectively. The results indicated
that the percolate-structured hBN/PMMA composite pellet (half the hBN content in comparison to
PMMA/hBN composite) exhibited higher thermal conductivity compared to the layer-structured
PMMA/hBN composite pellet due to a better heat-conducting route in the percolated structure. This
study demonstrated the importance and feasibility of microscale structural design of composite
materials in achieving the desired properties such as improved thermal conductivity. The results
obtained in this work demonstrate the feasibility of a controlled fabrication of heat-conductive
PMMA matrix composites by controlled decoration of hBN sheets and provide a platform for further
development of heat-conductive polymeric materials. This electrostatic nano-assembly method not only
enables controlled design of the composite particles, which is not achievable using conventional mixing
methods, but it also has a low environmental load and low energy consumption. Smart fabrication
processes with a low environmental load and low-energy-consumption methods are indispensable as
we move toward a sustainable society, and electrostatic nano-assembly is one of the feasible methods
in heat-conductive material design.
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Abstract: Herein, we report the soft X-ray absorption spectroscopic investigation for Li(Ni0.8Co0.1Mn0.1)
O2 cathode material during charging and discharging. These measurements were carried out at the
Mn L-, Co L-, and Ni L-edges during various stages of charging and discharging. Both the Mn and
Co L-edge spectroscopic measurements reflect the invariance in the oxidation states of Mn and Co
ions. The Ni L-edge measurements show the modification of the oxidation state of Ni ions during the
charging and discharging process. These studies show that eg states are affected dominantly in the
case of Ni ions during the charging and discharging process. The O K-edge measurements reflect
modulation of metal–oxygen hybridization as envisaged from the area-ratio variation of spectral
features corresponding to t2g and eg states.

Keywords: cathode materials; orbital symmetry states; metal–oxygen hybridization

1. Introduction

Rechargeable lithium batteries with layered oxide cathode materials have rapidly risen to
prominence as fundamental devices for green and sustainable energy [1–3]. Thus, efforts to understand
electrochemistry to improve these batteries’ performances in terms of commercial development for
electric vehicles [4] and large-scale grid storage applications [5] are underway. Charging capacity,
thermal stability, and capacity fading are certain factors that determine a battery’s performance [6,7],
leaving ample scope for researchers to investigate. These efforts are reflected in the recent structure
and electronic/atomic structural investigation of cathode materials by numerous techniques in the
context of battery performance [8–10]. The metal ions of these materials undergo transformations in
terms of oxidation state and local structural order during typical battery operation [11,12]. This affects
the nature of metal–oxygen hybridization. It has been reported that these factors are influenced by
the orbital symmetry states of materials’ constituent ions [13,14]. Thus, investigations related to these
orbital energy levels using an appropriate technique can provide atomic level insights during the
charging and discharging of batteries.

X-ray absorption spectroscopic (XAS) measurements based on soft X-rays can probe the
L-edge of transition metals, which are important constituents of layered oxide cathode materials.
These measurements, termed near-edge X-ray absorption fine structures (NEXAFS), depict orbital
symmetry states associated with the oxidation of metal ions [15,16]. The O K-edge of these layered oxide
materials can also be successfully investigated with soft X-rays. The O K-edge NEXAFS measurements
infer the symmetry states associated with metal–oxygen interactions in these materials [17,18]. Thus,
soft XAS measurements can give a complete account of underlying phenomena due to the orbital
symmetry states in the oxide cathode material during charging and discharging. To depict these
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phenomena, the Ni-rich cathode material, Li(Ni0.8Co0.1Mn0.1)O2, is selected for the present investigation
and denoted as NCM811. NCM811 is a well-known layered oxide cathode material and preferred
for Li rechargeable batteries due to its high capacity [19,20]. Thus, this work investigates NCM811
cathode materials during charging and discharging using soft XAS.

2. Experimental Details

X-ray diffraction (XRD) experiments prior to electrochemical testing of cathode material were
performed with the 9B high-resolution powder diffraction (HRPD) beamline of the Pohang accelerator
laboratory (PAL) [21]. Pristine cathode material was also investigated using X-ray absorption
near-edge spectroscopy (XANES) imaging measurements to reveal the local electronic structure.
These measurements at the Mn K-, Co K-, and Ni K-edge were performed with the 7C X-ray nano
imaging (XNI) beamline of the PAL. This beamline utilizes zone plate-based transmission X-ray
nanoscopy, which is a kind of transmission X-ray microscopy (TXM), for image formation. A zone plate
of diameter 150 μm and 40 nm outermost zone width was used for measurements. This arrangement
gave a spatial resolution of 40 nm and a field of view (FOV) of around 50 μm. The X-ray absorption
images based on TXM were captured at various energies within a 1 eV interval in the range −20 to
80 eV from the main edge energies of each respective element. The XANES spectrum was extracted
from these X-ray absorption images [22].

Soft XAS measurements of this cathode material at various charging and discharging states were
performed with the 10D XAS-KIST beamline of the same laboratory in total electron yield (TEY)
mode. The grating with 1100 grooves/mm was used to measure spectra at the Mn L-, Co L-, Ni L-,
and O K-edges. The obtained spectra were background-subtracted and normalized with respect to the
post-edge height [23].

3. Results and Discussion

Figure 1 shows the Rietveld refinement of the synchrotron high-resolution powder diffraction
patterns of the NMC811 cathode material. The diffraction peaks in the XRD patterns are associated
with rhombohedral R3m space group with Li-ion on the 3a site, transition metal ions on the 3b
site, and oxygen ion on the 6c site [24]. The Rietveld refinement procedure is adopted to estimate
the structural parameter for this material. Table 1 collates the structural and refined parameters.
The refined values of the lattice parameter “a” and “c” are 2.871 and 14.195 Å, respectively. The unit
cell volume is 101.34 Å3. The transition metal oxide (TM–O) and Li–O bond distances are 1.978 and
2.0978 Å, respectively. These parameters are similar to those reported for this composition of NMC
cathode material [25].

Figure 1. Rietveld refinement of the synchrotron high-resolution powder diffraction patterns of
NCM811 cathode material prior to electrochemical testing.
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Table 1. Structural parameters and reliability factors estimated from Rietveld refinement of the
high-resolution powder diffraction (HRPD) pattern of the NMC811 cathode material prior to
electrochemical testing.

a (Å)/c (Å) 2.87402 (2)/14.2018 (1)

Atom Site Wyckoff positions Occupancy *,$

Li 3a 0 0 0 0.0812 (2)

Ni2 3a 0 0 0 0.0021 (2)

Ni1 3b 0 0 0.5 0.0703 †

Co 3b 0 0 0.5 0.0075 †

Mn 3b 0 0 0.5 0.0032 †

O 6c 0 0 0.2419 (1) 0.166 †

Reliability factors Rp = 6.67%, Rwp = 9.22%, Rexp = 5.99%, S = 1.54
* The normalized site occupation numbers in % are the following: Li1:Ni2(97.52:2.48), Ni1:Co:Mn (84.48:8.99:3.88),
O (100) $ Fixed parameter. † Occupancy was achieved using the constraints. Li3a + Ni3a = 0.08333.

In this structure, almost 2.52% of Ni ions occupy the Li-ions site (Table 1). This kind of effect is
common in NCM cathode materials and associated with the almost similar size of Li and Ni ions [26].

The chemical state of the constituent ions of the NCM811 cathode material was investigated using
XANES-imaging measurements. Figure 2 shows the XANES spectra of the NCM811 cathode material
extracted from the TXM images. In Figure 2, these spectra are shown at the Ni K-edge, Mn K-edge,
and Co K-edge extracted from the original TXM images. These spectra exhibit that the main edge
energy of Mn, Co, and Ni ions exist at the energy of 6.552 ± 1, 7.721 ± 1, and 8.342 ± 1 eV, respectively,
in this cathode material. These values are higher than those corresponding to metal edges for each ion
showing a higher oxidation state of Mn (6.539 eV), Co (7.709 eV), and Ni (8.333 eV) ions in cathode
material [27]. The value of the Mn K-edge energy is similar to that of MnO2, revealing the 4+ oxidation
state of Mn ions in the NCM811 cathode material [28,29]. The Mn L-edge NEXAFS spectrum of this
material also supports this oxidation state (Figure S1). The main energy of the Co ions occurs at
7.721 ± 1 eV, as estimated by the XANES spectrum that coincides with the spectrum of materials with a
3+ oxidation state [30,31]. The Co L-edge NEXAFS spectrum further favors this (Figure S2). The main
edge energy value for Ni ions is associated with the 3+ oxidation state, which is characteristic of the
NCM811 cathode material and reported by numerous authors [32–34]. This oxidation state of Ni ions
is also evident from the Ni L-edge NEXAFS spectrum (Figure S3).

 
Figure 2. X-ray absorption near-edge spectroscopy (XANES) spectra at the Mn, Co, and Ni K-edges
extracted (bulk mode) from transmission X-ray microscopy (TXM) images for NMC811 cathode material.
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The secondary particles of cathode materials are generally 10–25 μm; thus the XANES spectrum of
the selected region equivalent to the size of the secondary particles is extracted from the specific region
of interest (ROI). Figure 3a shows the extracted Mn K-edge spectra of the selected ROI. These spectra
exhibit spectral features a1 and b1 centered at 6.558 ± 1 and 6.573 ± 1 eV, respectively (Figure 3a).
These spectral features are clearly visible in the spectra extracted from region R1, R2, and R3 (Figure 3a).
This envisages that Mn ions exist at almost the same oxidation state in each region of the cathode
materials. Similarly, the Co K-edge spectra for each region R1, R2, and R3 (Figure 3b) exhibit spectral
features a2, b2, and c2 centered at 7.728 ± 1, 7.737 ± 1, and 7.746 ± 1 eV, respectively (Figure 3b).
The oxidation state of Ni ions in NMC cathode materials plays an important role during the charging
and discharging process. Thus, the Ni K-edge spectra were also measured using XANES-imaging and
shown in Figure 3c. The Ni K-edge spectra in the different regions R1, R2, and R3, (Figure 3c) exhibit
spectral features a3, b3, c3, and d3. These spectral features are centered at 8.351 ± 1, 8.368 ± 1, 8.384 ± 1,
and 8.404 ± 1 eV, respectively (Figure 3c). Thus, these measurements show that all metal ions exist in
an almost matching oxidation state despite the different ROIs.

 

 

Figure 3. (a) Mn K-, (b) Co K-, and (c) Ni K-edge XANES spectra extracted from each region of interest
(ROI), R1, R2, and R3, equivalent to the dimensions of secondary particles.
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The NCM811 cathode material exhibits structure and local electronic structure concurrent with
previous reports; therefore, electrochemical testing was performed on this material. Figure 4 shows the
charging and discharging curve of the NCM811 cathode material. Various states of charging (SOC) are
shown by the numerals, 1, 2, 3, 4, and 5. These numerals denote the charging capacity of 0 (pristine),
40, 100, 160, and 215 mAhg−1, respectively. The values at the capacity of 247, 302, 357, and 409 mAhg−1

represent the depth of discharging and are represented by the numerals 6, 7, 8, and 9, respectively.

Figure 4. Various states of charging and discharging for NCM811 cathode materials.

Figure 5a shows the Mn L-edge spectra of NCM811 during charging and discharging. During the
charging and discharging process, the spectral features A1, B1, and C1 present in the spectra at various
stages of charging and discharging (Figure 5a). The spectral features A1, B1, and C1 are centered around
640.4 ± 0.4, 642.9 ± 0.4, and 653.3 ± 0.4 eV, respectively, in all states of charging and discharging (i.e.,
1–9). The spectral features A1 and B1 are associated with L3; however, C1 is associated with the L2-edge.
The presence of spectral features that correspond to the L3 and L2-edges in the Mn L-edge spectra are
due to electronic transitions to the 3d levels from the 2p3/2 and 2p1/2 levels, respectively. The presence
of spectral features at an almost identical position (Figure S4) and the lack of change of shape of spectra
reveal that Mn ions exist in the same oxidation state during the charging and discharging process.
These observations were also obtained from the XANES study of cathode materials during battery
operation [32,33].

Figure 5b shows the Co L-edge spectra of NCM811 during charging and discharging. During these
processes (i.e., 1–9), the spectral features A2 and B2 appeared in the spectra (Figure 5b). These spectral
features were assigned to the L3- and L2-edges. Further splitting into t2g and eg symmetry state
was absent in these spectra. This kind of behavior is observed in Co-based layered oxide cathode
materials [35,36]. Spectral features A2 centered at 779.1 ± 0.4 and 793.3 ± 0.4 eV remain at almost
the same position during charging and discharging (Figure S5). This demonstrates that during the
charging and discharging process, the oxidation state of Co ions does not alter in NCM811 cathode
materials. Figure 6a shows the Ni L-edge spectra of cathode material during charging (stages 1–5) and
discharging (stages 6–9). The spectral features A3, B3, C3, and D3 appear in the spectra for charging
and discharging (Figure 6a). These spectral features are centered at 851.4 ± 0.4 (A3), 853.3 ± 0.4 (B3),
868.4 ± 0.4 (C3), and 869.5 ± 0.4 (D3) eV in the spectra of the pristine NCM811 cathode. The presence
of these spectral features is associated with the presence of Ni ions in an octahedral crystal field.
These spectral features represent t2g (L3), eg (L3), t2g (L3), and eg (L3) symmetry states. The positions of
spectral feature A3 remain the same during charging and discharging. The position of spectral feature
B3 is slightly modified during charging and discharging (Figure 6b); this evinces that the eg symmetry
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states are affected dominantly during the charging and discharging state. No role is played by the
t2g states.

  
Figure 5. (a) Mn L-edge and (b) Co L-edge near-edge X-ray absorption fine structures (NEXAFS) spectra
of NCM811 cathode material during charging and discharging.

  
Figure 6. (a) Ni L-edge spectra and (b) energy of spectral features A3 and B3 of NCM811 cathode
materials at stages 1–5 (charging) and 6–9 (discharging).
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Another interesting change observed in the Ni L-edge spectra is the relative change in intensity of
spectral features A3 and B3 associated with the t2g and eg symmetry states. The changes are associated
with the modification of the oxidation state of Ni ions in the cathode material during charging and
discharging [37]. To get deeper insights into this behavior, the area ratio of the spectral features A3

and B3 was determined (Figure 7a) by de-convoluting the L3-edge region using the Gaussian function.
The de-convolution spectra for states 1, 5, and 9 are shown in Figure 7b–d. The ratio of these spectral
features changes alongside the charging and discharging states. The ratio is reduced with charging,
indicating transformation to a higher oxidation state. After discharging, the ratio equivalent to the
pristine state is observed, indicating that the oxidation state of Ni ions is reversible.

 
Figure 7. (a) The t2g/eg ratio estimated from the Ni L-edge spectra at various stages of charging and
discharging. Here, (b–d) show the representative de-convoluted spectra for states 1, 5, and 9.

Figure 8 shows the O K-edge spectra of the NCM811 cathode during the charging and discharging
process. Both the pre-edge and post-edge region of the O K-edge spectra reflect the systematic changes
during charging and discharging. The pre-edge region of the O K-edge spectra exhibits spectral features
A4 and B4 centered around 528.5 and 531.5 eV, respectively, for state 1 (Figure 8b). These spectral
features also appear in the spectra for the charging/discharging states 2–9 at almost the same position.
The intensities of these features change during charging and discharging.

Features C4 and D4 appear in the post-edge region of the O K-edge spectra (Figure 8a).
These spectral features occur at 537.8 ± 0.4 and 541.9 ± 0.4 eV, respectively, for various charging (1–5)
and discharging (6–9) states.

Because the pre-edge region of the O K-edge spectrum is effective to gather information of metal
(3d)–O(2p) hybridization in transition metal oxides [17,18,38]; hence, the intensity ratio of spectral
features A4 and B4 corresponding to t2g and eg symmetry state is determined and shown in Figure 9a.
Figure 9b–d shows the de-convoluted spectra for states 1, 5, and 9. The intensity ratio is at its maximum
for the fully charged cathode and reduces thereafter. Similar behavior is also observed by Tian et al. [39].
This shows the modulation of metal–oxygen hybridization during charging and discharging. The ratio
is different from that obtained from the Ni L-edge spectra (Figure 7a); this may be due to the influence
of these symmetry states from other metal ions such as Mn and Co [39] as well as to the creation of
oxygen vacancies during the charging and discharging process [18].
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Figure 8. (a) O K-edge spectra and its (b) pre-edge region for the NCM811 cathode material during
charging and discharging.

Figure 9. (a) The t2g/eg ratio estimated from the pre-edge region of the O K-edge spectra at various
charging and discharging stages. Here, (b), (c), and (d) show the representative de-convoluted spectra
for the 1, 5, and 9 states.
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4. Conclusions

In conclusion, we have successfully performed soft X-ray spectroscopic measurements during
charging and discharging on a well-characterized NCM811 cathode material. These results envisage
that oxidation state of Mn and Co ions do not influenced by the charging and discharging process.
The oxidation state of Ni ions is affected by charging and discharging; however, in the case of Ni ions,
eg states are dominantly influenced. Although the oxidation state of Ni ions changes, metal–oxygen
hybridization during charging and discharging is affected by the presence of other metal ions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/4/759/s1,
Figure S1: Mn L-edge NEXAFS spectra of NCM811 with reference oxide; Figure S2: Co L-edge NEXAFS spectra of
NCM811 with reference oxide; Figure S3: Ni L-edge NEXAFS spectra of NCM811 with NiO; Figure S4: Positions
of spectral features A1 and B1 of Mn L-edge spectra for various states; Figure S5: Positions of spectral features A2
and B2 of Co L-edge spectra for various states.
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Abstract: A super-porous hybrid platform can offer significantly increased number of reaction sites for
the analytes and thus can offer advantages in the biosensor applications. In this work, a significantly
improved sensitivity and selectivity of hydrogen peroxide (H2O2) detection is demonstrated by a
super-porous hybrid CuO/Pt nanoparticle (NP) platform on Si substrate as the first demonstration.
The super-porous hybrid platform is fabricated by a physiochemical approach combining the physical
vapor deposition of Pt NPs and electrochemical deposition of super-porous CuO structures by
adopting a dynamic hydrogen bubble technique. Under an optimized condition, the hybrid CuO/Pt
biosensor demonstrates a very high sensitivity of 2205 μA/mM·cm2 and a low limit of detection
(LOD) of 140 nM with a wide detection range of H2O2. This is meaningfully improved performance
as compared to the previously reported CuO-based H2O2 sensors as well as to the other metal
oxide-based H2O2 sensors. The hybrid CuO/Pt platform exhibits an excellent selectivity against other
interfering molecules such as glucose, fructose, dopamine, sodium chloride and ascorbic acid. Due to
the synergetic effect of highly porous CuO structures and underlying Pt NPs, the CuO/Pt architecture
offers extremely abundant active sites for the H2O2 reduction and electron transfer pathways.

Keywords: H2O2 detection; super-porous CuO/Pt electrode; dynamic hydrogen bubble technique;
biosensor kit

1. Introduction

Hydrogen peroxide (H2O2) is one of the most important elements in the field of biomedical,
environmental analysis, textile and food manufacturing industries due to its strong oxidizing
property [1]. Also, it plays a crucial role as a signaling molecule in regulating various biological
processes [2]. Furthermore, H2O2 has emerged as a key byproduct for many enzymatic reactions for
the biosensing and diverse commercial industries [2]. The significant importance of H2O2 detection in
various fields attracts many research groups to develop efficient sensors. Here, what is required is high
sensitivity with a low limit of detection (LOD) along with good selectivity and a fast response.

Various techniques have been developed for the H2O2 detection including the colorimetric
assay [3,4], fluorescence detection [5,6], electrochemical luminescence [7,8], surface-enhanced Raman
spectroscopy (SERS) [9,10] etc. Among these, electrochemical sensing [11] can offer one of the handiest
approaches for the detection of H2O2 due to its high sensitivity, fast response, precision and simple
operation. The working principle of electrochemical H2O2 detection is based on the reduction of H2O2

into H2O by the active electrode materials [12]. The sensitivity, selectivity and LOD of H2O2 sensing
directly depend upon the morphological, electrical and catalytic properties of the sensing electrodes [13].
In terms of the electrode materials, recently, noble metallic nanoparticles (NPs) have gained much
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attention in H2O2 detection due to the small particle size, high surface area and high electrocatalytic
activity [14–16]. At the same time, metal oxides such as CuO, NiO, MnO2 and Ag2O nanostructures have
emerged as a new class of materials for non-enzymatic electrochemical sensors [17–21]. Among various
metal oxides, the CuO as a p-type semiconductor having 1.2 eV bandgap can offer high stability, better
electrochemical properties and low manufacturing cost [19–21]. On the other hand, the Pt NPs are
well known for their excellent catalytic activity and higher stability over other metals as well as high
electrical conductivity [15,21]. Thus, the combination of CuO structures such as highly porous CuO
nanostructures on a Pt NP template could provide a significantly increased number of active sites
and improved catalytic activity for the H2O2 reduction and efficient electron transfer pathways for
the electrochemical detection. The fabrication of highly porous CuO nanostructures is enabled by the
dynamic hydrogen bubble technique. This platform including the porous CuO nanostructures and
Pt NPs on Si substrate has been demonstrated for the first time in this work. Often, the CuO layers
were utilized for the H2O2 detection but the porous nanostructures of CuO by the dynamic hydrogen
bubble technique has been demonstrated first time in this work. Figure 1c shows the energy-dispersive
X-ray spectroscopy (EDS) spectra of CuO-5A sample with the corresponding maps. The super-porous
CuO/Pt hybrid platform demonstrates a high sensitivity of 2205 μA/mM·cm2 for the H2O2 detection as
seen in Figure 1d and an excellent selectivity against glucose, fructose, dopamine, sodium chloride,
citric acid and ascorbic acid as clearly seen in Figure 1e. It also shows a low LOD of 140 nM with a
wide detection range. This is the first demonstration of super-porous CuO nanostructures and of the
hybrid architecture with the Pt NPs for the H2O2 sensing.

Figure 1. (a) Schematic representation of H2O2 detection by super-porous hybrid platform, made of
CuO nanostructures on Pt nanoparticles (NPs) (CuO/Pt). (b) Scanning electron microscope (SEM) image
of typical porous CuO nanostructures. (c) Corresponding energy-dispersive X-ray spectroscopy (EDS)
spectra and elemental maps. (d,d-1) Amperometric response of CuO-5A sample upon the dropwise
addition of H2O2 concentration from 1 μM–4 mM in a 0.1 M phosphate-buffered saline (PBS) solution of
a pH 7.4 at −0.4 V potential. (e) Selectivity response of CuO-5A upon the successive addition of 0.1 mM
H2O2, NaCl, glucose, fructose, citric acid, dopamine and ascorbic acid (AA) to 0.1 M PBS (pH 7.4).
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In this work, a novel H2O2 sensing platform is demonstrated by the super-porous hybrid CuO
nanostructures on Pt NPs, i.e., CuO/Pt, on Si substrate. The schematic representation of H2O2 molecule
detection is represented in Figure 1a. The super-porous CuO/Pt hybrid electrode is demonstrated by
a physical vapor deposition of Pt NPs on Si substrate followed by the electrochemical deposition of
porous CuO nanostructures as shown in Figure 1b.

2. Materials and Methods

2.1. Materials

Copper sulfate (CuSO4), sulfuric acid (H2SO4), glucose (C6H12O6), fructose (C6H12O6),
dopamine (C8H11NO2), ascorbic acid (AA, C6H8O6), sodium chloride (NaCl), hydrogen peroxide
(H2O2), citric acid (C6H8O7) and phosphate-buffered saline tablets (PBS) were purchased from
Sigma–Aldrich (St. Louis, Mo, United States). All the reagents were of analytical grade and used
without further purification. Deionized (DI) water was used as a solvent throughout the experiment.

2.2. Fabrication of Pt Nanoparticles (NPs)

Initially, the Si substrate was degassed in the pulsed laser deposition (PLD) (DaDa TG,
Daegu, South Korea) chamber under the 1.0 × 10−4 Torr at 725 ◦C for 30 min to remove the trapped gases,
water vapors and contaminants. After degassing, the substrate was transferred to a plasma-assisted
sputtering chamber for the deposition of 50 nm Pt film with the ionization current of 7 mA under
1.0 × 10−1 Torr. Subsequently, the Pt deposited Si sample was annealed in the PLD chamber at 425 ◦C
for 30 min to form the Pt NPs and enhance the adhesion of Pt on Si. During the annealing process,
the chamber pressure was kept constant at 1.0 × 10−4 Torr and the temperature was increased at
4 ◦C/s to reach the target temperature. To finish the sample growth, the heating system was turned off
and the sample was kept under the same vacuum until the temperature was dropped to an ambient
over time. The surface morphology of the Pt/Si sample after the annealing process is shown in Figure S1,
which shows the root mean squared (RMS) roughness (Rq) and surface area ratio (SAR) were much
increased with the formation of Pt NPs.

2.3. Fabrication of CuO Nanostructures

The electrochemical deposition of Cu was carried out in a three-electrode system comprising the
Pt/Si substrate, platinum (Pt) electrode and Ag/AgCl electrode, as working (WE), counter (CE) and reference
(RE) electrodes, respectively. The working electrode size was 0.5 × 1 cm2. For the deposition of porous
Cu film on the Pt/Si, the precursor solution of 0.1 M CuSO4 and 0.05 M H2SO4 was prepared in 20 mL
DI water [22]. Then, various Cu layers were deposited by varying the deposition time such as 5, 10, 20,
30 and 50 s at a fixed current density of 2 A/cm2 and also at the deposition current density of 0.5, 1, 3 and
5 A/cm2 with the applied potential of 1 V (vs Ag/AgCl). Then, the samples were transferred to the PLD
chamber for the oxidation of Cu. A stepwise annealing at 300 and 500 ◦C for 30 min each was equally
adapted with the continuous O2 (20 CC) flow. The PLD chamber vacuum was 1.7 × 10−1 Torr during the
annealing under the O2 supply. After the completion of the annealing process, the pure Cu metal layer was
converted into the CuO through the oxidation [23]. The CuO samples are named as CuO-10 s, CuO-20 s,
CuO-30 s, CuO-50 s and CuO-0.5A, CuO-1A, CuO-2A, CuO-3A and CuO-5A, respectively, based on the
variation of deposition time and current density.

2.4. Physical Characterizations

The surface morphology of prepared CuO/Pt/Si samples was characterized by a scanning electron
microscope (SEM, COXEM CX-200, Daejeon, Korea) and atomic force microscopy (AFM, Park Systems Corp.
XE-70, Gyeonggi-do, South Korea). For an elemental characterization of samples, an energy-dispersive
X-ray spectroscope (EDS, Noran System 7, Thermo Fisher, Waltham, MA, USA) was used under the spectral
and imaging modes. For the Raman measurement, a NOST system (Nostoptiks, Gyeonggi-do, Korea)

31



Nanomaterials 2020, 10, 2034

was utilized, which is integrated with the 532 nm laser, spectrograph (ANDOR sr-500), charge-coupled
device (CCD) and various optics. All the electrochemical measurements were carried out with the
Wizmac-1200Premium system (Wizmac, Daejeon, Korea).

2.5. Electrochemical Measurement

All electrochemical performances of as-prepared electrodes were measured on the
Wizmac-1200Premium system (Wizmac, Daejeon, Korea). The as-prepared hybrid electrode was
used as the working electrode, and the Ag/AgCl and Pt plate were used as reference and counter
electrodes respectively. The working electrode, the CuO/Pt/Si sample, size was 0.5 × 1 cm2. 0.1 M PBS
(pH~7.4) was used as electrolytes for H2O2 detection, and a specified concentration of H2O2 was added
continuously to 0.1 M PBS under a stirring condition. In order to maintain the O2-free environment,
N2 was purged into the electrolyte solution before the electrochemical measurements. All sensing
performances were examined at ambient conditions.

3. Results and Discussion

Figure 2 shows the physical properties of super-porous CuO/Pt hybrid electrodes by the variation
of deposition-duration during the electrochemical deposition of Cu at 2 A/cm2 in a solution containing
0.1 M CuSO4 and 0.05 M H2SO4. Initially, the Pt nanoparticle (NP) templates were fabricated by the
sputtering of 50 nm Pt film on Si substrate and subsequent annealing. The tiny Pt NPs were fabricated
after annealing as clearly seen in the AFM top-views and line-profile in Figure 2a,b-1. Indeed, the Rq
and SAR were significantly increased as shown in Figure 2c after the formation of Pt NPs. The average
height and diameter of Pt NPs were estimated to be around 5 and 40 nm from the cross-sectional
line-profiles in Figure 2b-1. With the annealing of Pt layers under the high temperature and vacuum,
the strong adhesion between Pt and Si can be achieved as well, which could further facilitate the
adsorption of Cu atoms during the electrochemical deposition. Figure 2d–g show the SEM images of
highly porous CuO. The zoom-in SEM images are shown in Figure 2d-1–g-1. All the samples fabricated
in this work clearly depicted the formation of highly porous structures as displayed the SEM images.
Generally, the CuO nanostructures exhibited large surface pores as well as numerous small pores
on the vertical side walls. Thus, the term “super-porous” is used to indicate such porous structures,
which is achieved by the electrodeposition of Cu film along with the hydrogen bubbling. It can be
observed that the partially connected CuO dendrites were formed on the surface of the Pt NP template
with the deposition time (Td) of 10s in Figure 2d. As the Td was increased, the gradual growth
of interconnected porous structures was observed due to the additional deposition of Cu atoms in
Figure 2e–g. The porous nature of CuO nanostructures was due to the simultaneous deposition of Cu
and generation of hydrogen bubbles as described in Figure S2 [22]. Due to the large overpotential,
the co-reduction process occurs, in which the Cu ions are reduced simultaneously with the H+ as
described by Equations (1) and (2) [18].

2H+
(aq)

+ 2e− → H2 (1)

Cu2+
(aq)

+ 2e− → Cus (2)

The generation of hydrogen bubbles functions as a dynamic bubble template for the porous
Cu deposition. The pore size was found to be increased with the deposition time due to the coalescence
of Cu nanostructures. Meanwhile, the intensive dendrites and corn-like agglomerates were grown
towards the interior of the pores, resulting in the formation of highly porous 3D Cu nanostructures.
The complete mechanism of CuO fabrication on Pt/Si substrate is shown in Figure S2 and additional
SEM images are provided in Figure S3. The Cu particle size was not significantly affected as seen in
Figure 2d-1–g-1.
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Figure 2. Structural analysis of porous CuO/Pt hybrid detectors fabricated at different deposition
duration by an electrochemical deposition at 2 A/cm2 cathodic current density in a solution of 0.1 M
CuSO4 and 0.05 M H2SO4. (a) Atomic force microscopy (AFM) top-view of Pt NPs on Si substrate.
(b,b-1) Magnified AFM top-view and corresponding cross-sectional line-profile. (c) Rq and surface area
ratio (SAR) plots at different conditions. (d–g) SEM images of the porous CuO/Pt hybrid nanostructures for
different deposition durations from 10 to 50 s. The CuO-10 s stands for the ten-second deposition duration.
(d-1–g-1) Corresponding zoom-in SEM images. (h) EDS spectra of CuO-30 s. (h-1) Summary of atomic
percentage of Cu and O from different samples as a function of deposition time. (i) Raman spectra of the
porous CuO/Pt hybrid samples. (i-1,i-2) Contour plots of the Raman peaks of CuO corresponding to the Ag

and B1g modes.

After the fabrication of highly porous Cu nanostructures, each sample was annealed at 500 ◦C
for 30 min under the continuous O2 (20 CC) flow, which converts the Cu into CuO by the oxidation
without much difference in the morphology. Furthermore, the elemental characterization was carried
out as shown in Figure 2h,h-1. The EDS spectra of other samples are provided in Figure S4. The EDS
spectra reveal the presence of Cu, O and Pt elemental peaks, indicating the formation of CuO on the
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Pt NP template. In addition, the corresponding atomic percentage of Cu and O for each sample is
summarized in Figure 2h-1. This indicates that the oxygen amount was gradually increased up to 30 s
of Cu deposition and the oxygen amount was decreased at 50 s likely due to the deposition of a thicker
Cu layer, which can prevent the exposure of Cu atoms during the annealing under O2. From the
EDS analysis, it was also observed that the atomic percentage ratio of Cu to O is ~2:1. This could
be due to the unreacted or unoxidized Cu deep in the structures. In addition, Raman scattering
spectra were obtained from the CuO samples for the crystal phase characterization of the deposited
materials as shown in Figure 2i. All samples exhibited three Raman peaks at 294, 343 and 630 cm−1,
corresponding to the Ag, B1g and B2g phonon modes of CuO [24]. The Cu2O phase showed the
Raman peaks around 220, 415, 520 and 630 cm−1. This clearly indicates that the oxidation status of
our samples is mostly CuO with the strong Raman peaks at 294 and 343 cm−1. It was observed that
the intensity of Raman peaks was gradually increased up to the CuO-30 s, which may be due to the
gradually increased size. It can also be observed from the previous results that the Raman peak position
can slightly vary depending upon the annealing temperature and crystallinity of the samples [25].
However, with the 50 s, a lower intensity of Raman peak was observed, which could be due to the poor
crystallinity by an inefficient oxidation with the thick structure formation as discussed with the EDS
spectra [26]. The counterplots of Ag and B1g peaks are shown in Figure 2i-1,i-2, which demonstrate the
blue shift of the Ag and B1g Raman peaks and broadening. The gradual peak broadening and shift in
the Raman peaks at ~288, 335 and 620 cm−1 can be due to the gradually increased size effect [27,28].
When the deposition time was increased, the grain size was gradually increased, and the formation of
thick CuO walls and formation of large dendrite structures were observed.

Figure 3 shows the electrochemical characterizations of the deposition-duration variation set via
cyclic voltammetry (CV) and chronoamperometry (CA). The CV and amperometric response of Si and
fabricated Si/Pt substrate with the addition of 0.1 M H2O2 in 0.1 mM PBS (pH 7.4) electrolyte is shown
in Figure S5. First, the CV plots of CuO/Pt hybrid electrodes was measured in a stirred 0.1 M PBS
(pH 7.4) containing 0.4 mM H2O2 at a scan rate of 50 mV/s as shown in Figure 3a. From the CV results,
all the CuO samples showed a gradual increase in the oxidation and reduction peaks along with the
deposition time up to 30 s. With the increase in the deposition time, the CuO thickness was increased
in both vertical and lateral directions, which resulted in the evolution of porous CuO nanostructures.
Due to the much-increased thickness of Cu for the CuO-50 s, the conversion rate of Cu to CuO
was diminished, resulting in the increased atomic percentage of Cu as clearly demonstrated by the
EDS and Raman spectra analyses in the previous section. The highly porous nature of the CuO-30 s
is not only effective for the electron pathways but also provides a significantly increased number of
active sites, which is helpful for the enhancement of electrochemical detection of H2O2. The overall
mechanism of H2O2 reduction can be expressed by the relation [29]:

H2O2 + 2CuO → Cu2O + O2 + H2O (3)

The electrocatalytic reduction of H2O2 by CuO can be described in two steps: (i) electrochemical
reduction of Cu(II) to Cu(I) and (ii) electron transmission and O2 generation, reducing the H2O2

into H2O. From the CV measurement, the CuO-30 s showed the two high intensity reduction peaks
at around −0.2 and −0.4 V and two oxidation peaks at −0.1 and 0 V in Figure 3a. The two reduction
peaks can be corresponded to the stepwise one-electron reduction of Cu(II) to Cu(I) and Cu(I) to Cu(0),
whereas the two oxidation peaks can likely correspond to the one-electron oxidation of Cu(0) to Cu(I)
and of Cu(I) to Cu(II) [30]. Since the CuO-30 s demonstrated the highest oxidation and reduction peaks,
it was further studied for the amperometric response at different applied potentials upon the drop-wise
addition of 0.1 mM H2O2 solution as shown in Figure 3b. The maximum and stable current response
was obtained at −0.4 V. It is well known that the applied potential in the CA has a great influence on
the sensitivity, stability and selectivity of the sensor [31]. Figure 3c displays the CV response of the
CuO-30 s by varying the scan rate in the range of 20–200 mV/s in a 0.1 M PBS (pH 7.4) containing
0.1 mM H2O2. With the higher applied scan rate, the peak potential was increased, which consequently
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indicates that the electrocatalytic activities are enhanced by the absorbed analytes at a higher scan
rate [32]. The corresponding graph in Figure 3d demonstrates the linear plot of capacitive current
(Δj−0.2) versus the square root of the scan rate, in which the slope of the plot corresponds to the double
layer capacitance (Cdl) of the electrode [33]. The Cdl can be utilized to qualitatively evaluate the
electrochemical-active surface area (ECSA) of an electrode. Obviously, the higher Cdl can indicate
the increased ECSA when the geometrical area is fixed. Here, the Cdl for the CuO-30 s sample
was 0.04581 mF, which is a decently good value as compared with other conventional electrodes.
Furthermore, the current versus potential relationship with the variation of H2O2 concentration was
studied at the scan rate of 50 mV/s as shown in Figure 3e. With the increased concentration of H2O2

from 0.5 to 3.5 mM, the current intensities of reduction and oxidation peaks were gradually increased
due to the strong electrolyte reaction of H2O2. The increased reduction current can be ascribed to
the increased Cu(II) species from Cu(I) by means of simultaneous reduction of H2O2 [18]. Figure 3f
shows the relation between the peak current at −0.5 V with respect to the H2O2 concentration. As the
peak current increases progressively at −0.5 V, it can indicate the high electrochemical activity of H2O2

reduction around this voltage.

Figure 3. (a) Cyclic voltammetry (CV) response of various porous CuO/Pt hybrid detectors in 0.1 M
PBS (pH 7.4) containing 0.4 mM H2O2 at a scan rate of 50 mV/s. (b) Amperometric response of CuO-30
s sample with the dropwise addition of 0.1 mM H2O2 at different applied potential. (c) CVs response
of the CuO-30 s sample at different scan rates from 20 to 200 mV/s in 0.1 M PBS (pH 7.4) containing
0.1 mM H2O2. (d) Capacitive current Vs square root of scan rate calibration plots for the CuO-30 s
at –0.2 V (Δj−0.2 = (ja − jc)/2). (e) CV of CuO-30 s sample in 0.1 M PBS (pH 7.4) containing different
concentrations of H2O2 ranging from 0.5 to 3.5 mM at the scan rate of 50 mV/s. (f) Relation between
peak current with respect to H2O2 concentration at −0.5 V.
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Figure 4 presents the cyclic voltammetry (CV) response for the electrochemical detection of
H2O2 by the CuO samples fabricated at different deposition time. The CA response was measured
by a dropwise addition of H2O2 concentrations in the N2-saturated 0.1 M PBS (pH 7.4) under a
stirring condition at a potential of −0.4 V. The electrochemical CA response was performed using a
three-electrode system comprising the Pt/Si substrate, platinum (Pt) electrode and Ag/AgCl electrode,
as working (WE), counter (CE) and reference (RE) electrodes, respectively. Figure 4a shows the
steady-state amperometric current response for the deposition time variation set upon the successive
addition of 0.2 mM H2O2. The reduction current was sharply increased and stabilized approximately
within 2 s after the ingestion of H2O2 drop. Specifically, the CuO-30 s demonstrated the highest current
with a rapid electrochemical response among all samples. This can be due to the large active surface
area of porous CuO nanostructures that allows the diffusion of H2O2 molecules with the best crystalline
quality and efficient electron transfer at the interface during the reduction process. Figure 4b presents
the current versus concentration relationship, in which the linear current response was observed as a
function of concentration for all the samples and the CuO-30 s exhibited the highest current difference.
Moreover, various concentrations of H2O2 were detected by the CuO-30 s as displayed in Figure 4c,
which demonstrates that the current response was sharply increased upon the addition of each drop
of H2O2 from 1 μM to 4 mM. To gain a clear understanding of low concentration H2O2 detection,
the concentration regime from 1 μM–1.5 mM is separately plotted in Figure 4c-1, which displays a
stepwise steady-state current after the successive addition of H2O2. In addition, Figure 4d shows the
two linear region calibration curves for the low- and high-concentration ranges. The two linear regions
can be observed due to the different activation and adsorption behavior of the hybrid CuO/Pt biosensor
along with the increased H2O2 concentration [34]. Figure 4d-1 displays the linear regression at low
concentration where the electrocatalytic mechanism is dominant, which is described by Equation
(4) [9].

y = ax + b
(
R2
)

(4)

y = −0.7492x − 6.4111 × 10−4 (R2 = 0.9976) for the first linear range. As the geometric surface
area exposed to the electrolyte is 0.5 × 1 cm2, the sensitivity (S) is determined to be 1498 μA/mM·cm2.
The definition of sensitivity (S) is shown in the Equation (5). The LOD is calculated to be 325 nM at
a signal to noise (S/N) ratio of 3 based on the Equation (6) for the H2O2, where the σ represents the
standard deviation [35]. Here, the σ was obtained to be 0.08114 μA by averaging 25 blank readings of
CuO-30 s in the 0.1 M PBS electrolyte. Each reading was taken for 25 s.

S =
Slope

Geometicla area o f working electorde
(5)

LOD =
3× σ
slope

(6)

Figure 5 shows the physical characterization of porous CuO/Pt hybrid electrodes fabricated by the
variation of current density between 0.5 and 5 A/cm2 on Pt/Si substrate. The SEM images of CuO/Pt
hybrid electrodes at different current densities are shown in Figure 5. At a low current density of
0.5 and 1 A/cm2, the discrete and irregular vertical growth of dendrite-like structures can be observed
on the surface in Figure 5a,b. As the current density was increased further, more porous structures and
large vertical dendrites were formed due to the abundant hydrogen bubble formation and clustering
of electrodeposited metal atoms in Figure 5c,d. The morphology of porous structures directly depends
upon the current density such that higher density and small pore size were obtained with higher
current density, which can be due to the faster generation and desorption of hydrogen bubbles [36].
The CV and CA electrochemical response of these various CuO/Pt hybrid samples based on current
density variation are presented in Figure S6. Specifically, the CuO-5 A demonstrated the Cdl of 0.1005 mF
as seen in Figure S6d, which is a higher value than the CuO-30 s as discussed in Figure 3d. The increased
Cdl further confirms that the CuO-5A sample effectively enhances the catalytic active sites with the
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increased electrochemical active surface area (ECSA) of the electrode and improves the electron transfer
rate for the catalytic performance and demonstrates high sensitivity for H2O2 reduction. From the
CV and CA measurements, the electrochemical performance of CuO-5A for the H2O2 detection was
found to be maximum in this set. Thus, the CuO-5A sample was further explored in terms of physical
properties and electrochemical performance for the H2O2 detection. Figure 6a–d show the SEM and
EDS elemental maps of the CuO-5A respectively. The EDS elemental maps demonstrate the presence
of Cu L and O K peaks in the CuO-5A and matches well with the SEM morphology. This clearly shows
the co-existence of Cu and O elements in the porous nanostructures. In addition, the corresponding
EDS line-profile analysis of the selected area is shown in Figure 6e–e-2, which confirms the uniform
distribution of Cu and O in the nanostructures. The EDS spectrum of the porous CuO-5A sample
in Figure 6f also confirms the presence of Cu, O and Pt elements in the sample. From the atomic
percentage plot in Figure 6f-1, the atomic percentage of Cu was gradually reduced while the atomic
percentage of O was increased with the increased current density. This indicates that the amount of
oxidized Cu is greater in the high current density samples likely due to the higher porosity and pore
density. The EDS elemental spectra of other samples in this set are provided in Figure S7. To gain
structural insights, Raman spectra analysis was performed as shown in Figure 6g. Generally, the Raman
vibration peaks were observed at 295, 345 and 629 cm−1 for all CuO samples, which corresponds to Ag,
B1g and B2g. In comparison to the Raman peak of the single crystal of CuO, the Raman peaks showed
a gradual blue shift with a broadening as shown in Figure 6g-1,g-2. Again, this can be related to the
increased grain size along with the increased current [26,37,38].

Figure 7 shows the CA response of porous CuO/Pt hybrid electrodes fabricated at the controlled
current density. The CA response was measured by the dropwise addition of H2O2 concentrations in
the N2-saturated 0.1 M PBS (pH 7.4) under the stirring condition at a potential of −0.4 V. Figure 7a
shows the steady-state amperometric current response of samples upon the dropwise addition of
0.2 mM H2O2. Specifically, the CuO-5A showed the highest current under the same concentration
of H2O2, indicating the superior diffusion of analyte due to the high porosity and crystallinity of
CuO nanostructures. Figure 7b presents the current versus concentration relationship, in which the
linear current response was observed as a function of concentration for all the samples and the CuO-5A
exhibited the highest current slope. Based on the high current response of the CuO-5A sample, this was
further examined for the electrochemical H2O2 detection. The amperometric response of CuO-5A
upon the dropwise addition of H2O2 from 1 μM to 4 mM is presented in Figure 7c, which clearly
showed the current increment upon the addition of H2O2. The low concentration H2O2 detection
between 1 and 40 μM was further plotted as shown in Figure 7c-1, which presents the steady and
stable stepwise current state after the addition of H2O2. Furthermore, Figure 7d shows the linear
calibration curve of current versus H2O2 concentration ranging from 1 μM to 4 mM. Figure 7d-1
displays the corresponding linear curve of current versus H2O2 concentration, and the linear equation
is given by Equation (4), y = −1.1024x − 0.339 (R2 = 0.9953) for the first linear range, and the sensitivity
is calculated to be about 2205 μA/mM·cm2 and LOD is 140 nM [35]. In addition, Table 1 summarizes
the performance parameters of previously reported CuO-based devices and our biosensors. Our device
showed relatively good performance factors compared to other devices in terms of the sensitivity and
LOD with a quite wide linear range. Figure 7e shows the selectivity characterization of the CuO-5A
sample by varying the various organic molecules of 0.1 mM concentration, i.e., NaCl, glucose, fructose,
citric acid, dopamine and ascorbic acid (AA). Interestingly, no current response was observed with the
addition of other organic molecules than H2O2. The alternated molecules dropping sequence showed
that the current was sharply increased only for the addition of H2O2. This result clearly confirms
that the CuO-5A is highly selective for the H2O2 detection at −0.4 V applied bias against typical
organic molecules. One step ahead, we measured the selectivity response for the mixture of organic
molecules with and without the addition of H2O2 as shown in Figure S8. Figure S8a,b clearly indicate
the sensor very selectively responds to H2O2 the reduction. The CA response was sharply changed
with each drop of 0.1 mM solution with the H2O2 in Figure S8a. Meanwhile, there was no response
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for the mixture solution with the H2O2 in Figure S8b. Thus, it clearly shown that our fabricated
biosensor is highly selective for the H2O2 at −0.4 V. Furthermore, the stability and reproductivity
tests were conducted with the working electrode CuO-5A as shown in Figure 7f. During the 250 s
test period, all four CuO-5A electrodes exhibited similar and stable current upon the injection of the
same concentration of H2O2. Thus, the porous CuO/Pt hybrid electrodes can be a promising platform
for the fabrication of H2O2 detectors with the high sensitivity, selectivity and reproductivity. This can
be attributed to the effective absorption of the H2O2 on the super-porous CuO interface and fast charge
transport pathways through the underlying Pt NPs during the electrolysis process [39].

Figure 4. (a) Steady-state current time response of porous CuO/Pt hybrid detectors fabricated at a
different duration between 5 and 50 s upon the successive addition of 0.2 mM H2O2 in N2- saturated
0.1 M PBS (pH 7.4) at an applied potential of −0.4 V. (b) Corresponding calibration curves of various
CuO samples for H2O2 detection. (c,c-1) Amperometric response of CuO-30 s to dropwise addition of
H2O2 from low (1 μM) to high (4 mM) concentrations. (d,d-1) Linear calibration curve of CuO-30 s
based on the current versus H2O2 concentration at high concentration range from 0.1–4 mM and low
concentration range from 1 μM–1.5 mM.
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Figure 5. SEM images of porous CuO nanostructures based on the control of current density between
0.5 and 5 A (CuO-0.5A ~ CuO-5A) for the fixed time of 30 s. (a–d) Large scale SEM images of the CuO
nanostructures as labeled. (a-1–d-1) High-magnification SEM images.

Figure 8 presents the typical amperometric responses of CuO-5A for the detection of different
organic molecules at different measurement conditions such as (a) glucose in 0.1 M NaOH at 0.6 V
(b) fructose in 0.1 M NaOH at 0.4 V (c) dopamine in 0.1 M PBS at 0.6 V and (d) ascorbic acid in 0.1 M
NaOH at 0.5 V. All the measurements were carried out the under a N2 saturation and stirring condition.
Since, the applied potential has a great impact on the sensitivity, stability and selectivity of sensors,
the applied potential for different molecules was determined based on the CV and CA measurement as
shown in Figure S9 [48]. Figure 8a–d show the amperometric response of the CuO-5A sample upon
the dropwise addition of different molecules as labeled with various concentrations ranging from
1 μM to 2 mM. Figure 8a-1–d-1 present the magnified section of Figure 8a–d at low concentration
ranging from 1–10 μM. It was found that the CuO-5A sample exhibited a decent current response with
the consequent step change for each drop of different molecules at different potentials. These results
confirm that the porous CuO/Pt hybrid electrodes can exhibit excellent sensitivity with different
organic molecules, which can be ascribed to high electroconductivity and good electrocatalytic activity.
The corresponding linear calibration curves of current versus concentration of each molecules at high
concentration ranging from 10 μM to 2 mM is shown in Figure 8e–h. Similarly, the low concentration
1–10 μM linear calibration curves are presented in Figure 8e-1–h-1 for different molecules as labeled.
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From these results, it can be concluded that the porous CuO/Pt hybrid electrodes can be applied for the
detection of various organic molecules at different applied potentials as well.

Figure 6. (a) SEM image of porous CuO/Pt hybrid detector fabricated at 5 A/cm2 for 30 s and
denoted as CuO-5A. (b–d) Enlarged SEM image and elemental maps of Cu and O for the CuO-5A.
(e–e-2) Elemental line-profiles of Cu L and O K. (f,f-1) EDS spectra of CuO-5A and summary of
atomic percentage of Cu and O as a function of deposition current. (g) Raman spectra for the porous
CuO samples fabricated at different currents. (g-1,g-2) Contour maps of the Raman peaks of CuO
corresponding to the Ag and B1g modes.
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Figure 7. (a) Steady-state relation between current and time of current variation set upon successive
addition of 0.2 mM H2O2 in the N2-saturated 0.1 M PBS (pH 7.4) at an applied potential of −0.4 V.
(b) The corresponding calibration curves for H2O2 detection. (c,c-1) Amperometric response of CuO-5A
upon dropwise addition of various H2O2 concentrations from 1 μM to 4 mM. (d,d-1) Calibration curve
of current versus H2O2 concentration at different H2O2 concentration range. (e) Selectivity response of
CuO-5A sample upon addition of 0.1 mM H2O2, NaCl, glucose, fructose, citric acid, dopamine and
ascorbic acid (AA) to 0.1 M PBS (pH 7.4). (f) Reproductivity test of CuO-5A samples 1−4 in the 0.1 M
PBS (pH 7.4) at the potential of −0.4 V.
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Table 1. Comparison of electrochemical H2O2 sensing performance for the CuO-based materials.

Electrode Material
Limit of

Detection
Linear Range

Electrolyte
Solution

Sensitivity
[μA mM−1 cm−2]

Reference

CuO-5A 140 nM 1 μm–1.5 mM 0.1 M PBS 2205 Present
WorkCuO-30 s 325 nM 1 μm–1.5 mM 0.1 M PBS 1498

NP-PdCu 1.9 μM 0.1–30 mM PBS + 1 mM H2O2 1.6 [9]

Cu2O PLNWs/Cu foam 1.05 μM 5–1770 μM 0.1 M NaOH 1.4773 [11]

CuO-NP 1.6 μM 0.01–13.18 mM 0.1 M PBS 22.27 [19]

CuO nanorods - 0.25–18.75 mM 0.1 M NaOH 84.89 [40]

CuO nanosheet 10 μM 10–20,000 μM 1 M NaOH 25.5 [18]

CuO@Cu2O-NWs/PVA/GC 0.35 μM 1 μM–3 mM 0.1 M NaOH 39.5 [41]

CuO/rGO/Cu2O 0.05 μM 0.5 μM–9.7 mM 0.1 M NaOH 366.2 [42]

ZnO3-CuO7/CPE 2.4 μM 0.003–0.53 mM 0.1 M KCl 1.11 [43]

CuOx/NiOy 90 nM 0.03 μM–9.0 mM 0.10 M NaOH 271.1 [44]

3D CuO/Cu 2 μM 2 μM–19.4 mM 0.1 M NaOH 103 [45]

CuO nanostructures 43 nM 250 nm–2 mM 0.1 M PB 2015.7 [46]

3 DOI Au/NiO@CuO 3.7 nM 20 nM–20 μM 0.1 M PBS 650.2 [47]

Figure 8. Amperometric response of CuO-5A sample upon dropwise addition of (a) glucose into 0.1
M NaOH at a potential of 0.6 V, (b) fructose into 0.1 M NaOH at a potential of 0.4 V, (c) dopamine
into 0.1 M PBS at a potential of 0.6 V and (d) ascorbic acid into 0.1 M NaOH at a potential of 0.5 V,
respectively. (a-1–d-1) Amperometric response of glucose, fructose, dopamine and ascorbic acid at
lower concentrations. (e–h) Calibration curves CuO-5A based on the current versus high concentration
of glucose, fructose, dopamine and ascorbic acid. (e-1–h-1) Linear calibration curve based on the
current versus low concentration of glucose, fructose, dopamine and ascorbic acid.
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4. Conclusions

In summary, a significantly improved H2O2 detection performance has been demonstrated by the
uniquely designed super-porous hybrid nanostructures of CuO/Pt on Si fabricated by the combined
physicochemical approach. In particular, the physical vapor deposition of Pt NPs on the Si substrate
was followed by the electrochemical deposition of highly porous nanostructures of CuO by the dynamic
hydrogen bubbles approach at different deposition times and current densities. It has been found
that the performance of the H2O2 sensor is highly dependent on deposition conditions. The highly
porous structure of CuO deposited at a current density of 5 A/cm2 for 30 s (CuO-5A) showed the
best performance with the highest sensitivity, wide linear range and selectivity towards the H2O2.
Under the optimized conditions, the CuO-5A demonstrated the sensitivity of 2205 μA/mM·cm2

with wide detection range. It also demonstrated an excellent selectivity against other organic
molecules like glucose, fructose, dopamine and ascorbic acid along with the limit of detection of
140 nM. The enhanced sensing performance was due to the increased active sites and improved H2O2

adsorption and interfacial electron transport, which was achieved by a unique manufacturing method
of the dynamic hydrogen bubble technique. Furthermore, the CuO-5A showed the detection of other
organic materials at different applied potential. This work demonstrates that the highly porous CuO/Pt
platform could be a promising candidate to develop an efficient electrochemical biosensor for the H2O2

sensor application.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/2034/s1,
Figure S1. (a–c) Atomic force microscope (AFM) image of Si substrate before degassing, after degassing and
after 50 nm Pt layer deposition and annealing at 425 ◦C for 30 min. (a-1–c-1) Cross-sectional line profiles from
the corresponding AFM images. (d) Summary of RMS roughness (Rq) and surface area ratio (SAR) under
different conditions. (d-1) Rq and SAR summary table, Figure S2. (a–d) Schematics of porous CuO fabrication
procedure on Pt/Si, Figure S3. (a–e) Large scale SEM images of porous CuO samples by the electrochemical
deposition time variation at 2 A/cm2 cathodic current density. (a-1–e-1) High magnification SEM images of
the porous CuO, Figure S4. EDS spectra of porous CuO based on the variation of deposition time (a) CuO-5 s,
(b) CuO-10 s, (c) CuO-20 s, and (d) CuO-50 s. Insets show the enlarged Pt Mα1 and Cu Kα1 peaks in each sample.
The elemental composition of Cu and O is summarized in corresponding tables, Figure S5. (a,b) CV responses of
Si substrate and Pt/Si substrate with and with the addition of the H2O2 in 0.1 mM PBS (pH 7.4) at a scan rate
of 50 mV/s. (c) Amperometric response of Si substrate and Pt/Si substrate and (d) linear calibration curve of
current versus concentration of H2O2 with Pt/Si substrate, Figure S6. (a) Cyclic voltammetry (CV) response of
various CuO samples in 0.1 M PBS (pH 7.4) containing 0.4 mM H2O2 at a scan rate of 50 mV/s. (b) Amperometric
response of CuO-5A sample with dropwise addition of 0.1 mM H2O2 at different applied potential. (c) CVs
response of the CuO-5A sample at different scan rates from 20 to 200 mV/s in 0.1 M PBS (pH 7.4) containing
0.1 mM H2O2. (d) Corresponding capacitive plot current Vs square root of scan rate for CuO-5A at −0.2 V (Δj−0.2 =
(ja − jc)/2). (c,e) CV of CuO-5A sample in 0.1 M PBS (pH 7.4) containing different concentrations of H2O2 ranging
from 0.5 to 3.5 mM at the scan rate of 50 mV/s. (f) Relation between peak current and H2O2 concentration at
−0.2 V. Figure S7. (a–d) EDS spectra of CuO samples at different deposition current density CuO-0.5A–CuO-3A.
Insets show the enlarged Pt Mα1 and Cu Kα1 peaks. The elemental composition of Cu and O is summarized
in corresponding tables, Figure S8. Amperometric response of CuO-5A sample upon the successive addition
of mixture solution of 0.1 mM dopamine (DA), ascorbic acid (AA) and and Uric acid (UA) (a) with H2O2 and
(b) without H2O2 to 0.1 M PBS (pH 7.4) at applied potential of −0.4 V. Figure S9. (a–g) CV response of CuO-5A
with and without the addition of 0.1 mM organic molecules such as glucose, fructose, and ascorbic acid in
0.1 M NaOH and, dopamine in 0.1 M PBS at a scan rate of 50 mV/s. (b–d) Amperometric current response of
corresponding organic molecules at different applied potentials.
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Abstract: In this study, we prepared hexagonal and monoclinic phases of La2O2CO3 nanoparticles
by different wet preparation methods and investigated their phase-related CO2 behavior
through field-emission scanning microscopy, high-resolution transmission electron microscopy,
Fourier transform infrared, thermogravimetric analysis, CO2-temperature programmed desorption,
and linear sweeping voltammetry of CO2 electrochemical reduction. The monoclinic La2O2CO3 phase
was synthesized by a conventional precipitation method via La(OH)CO3 when the precipitation
time was longer than 12 h. In contrast, the hydrothermal method produced only the hexagonal
La2O2CO3 phase, irrespective of the hydrothermal reaction time. The La(OH)3 phase was determined
to be the initial phase in both preparation methods. During the precipitation, the La(OH)3 phase
was transformed into La(OH)CO3 owing to the continuous supply of CO2 from air whereas the
hydrothermal method of a closed system crystallized only the La(OH)3 phase. Based on the
CO2-temperature programmed desorption and thermogravimetric analysis, the hexagonal La2O2CO3

nanoparticles (HL-12h) showed a higher surface CO2 adsorption and thermal stability than those of
the monoclinic La2O2CO3 (PL-12h). The crystalline structures of both La2O2CO3 phases predicted
by the density functional theory calculation explained the difference in the CO2 behavior on each
phase. Consequently, HL-12h showed a higher current density and a more positive onset potential
than PL-12h in CO2 electrochemical reduction.

Keywords: monoclinic; hexagonal; La2O2O3 phase; CO2 behavior; precipitation method; hydrothermal
method

1. Introduction

Recently, the synthesis of nanomaterials with controllable morphologies and phases has attracted
considerable attention in the fields of materials science and inorganic chemistry because the
physicochemical and structural properties of the nanomaterials strongly correlate with the types
of crystal structures as well as the morphologies of nanoparticles [1–6]. The unique properties
of nanomaterials can be properly tuned by controlling various factors, which results in potential
applications of nanomaterials in catalysis, biological labeling, sensing, and optics [1,7–9]. Among the
methods for synthesizing nanomaterials, wet chemical processes have been considered as the most
effective and convenient approaches for the controllable phases of ceramic materials [10].

Lanthana (La2O3) has been widely used as a promoter or support in heterogeneous catalysis [11–13].
The basicity of La2O3 readily induces the adsorption of CO2 to form the lanthanum oxycarbonate
(La2O2CO3) phase, which is an important species in the La2O3-containing catalytic reaction [4,13–16].
The crystalline structures of La2O2CO3 can be divided into three types of different polymorphs:
a tetragonal La2O2CO3 (type I), a monoclinic La2O2CO3 (type Ia), and a hexagonal La2O2CO3
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(type II) [16–18]. The hexagonal type II La2O2CO3 has a higher chemical stability to water and carbon
dioxide than the monoclinic type Ia [4,19,20]. In addition, the different crystalline structures of the
La2O2CO3 phases affect the interaction between La2O2CO3 and ZnO in the La2O2CO3/ZnO composite
materials as well as the catalytic behavior of the composite materials on glycerol carbonation with
CO2 [4,21]. Meanwhile, the monoclinic type Ia La2O2CO3 phase closely resembles the crystalline
structure of lanthanum (La) oxysalts (e.g., oxysilicates, oxyhalides, and oxysulfates), whereas the
hexagonal type II one is similar to A-type La sesquioxides. Thus, the type Ia La2O2CO3 phase has been
readily prepared by the thermal decomposition of La compounds (e.g., oxalates and acetates); however,
it is difficult to prepare type II La2O2CO3 in a single phase by the conventional wet preparation
methods [20]. Accordingly, it is necessary to investigate i) the preparation conditions used to form
type Ia and type II La2O2CO3 phases in the conventional methods and ii) the CO2 behavior on the
La2O2CO3 structures, which is an essential step in the CO2-involving catalytic reactions, as well as the
formation of the different La2O2CO3 phases.

In this study, we prepared the nanoparticles with type Ia and type II La2O2CO3 crystal structures
by conventional wet preparation methods and investigated the formation of different La2O2CO3 phases
with Fourier transform infrared (FT-IR), X-ray diffraction (XRD), field-emission scanning electron
microscopy (FE-SEM), and high-resolution transmission electron microscopy (HR-TEM). Furthermore,
the CO2 behavior on the different La2O2CO3 crystal structures was observed by CO2-temperature
programmed desorption (TPD), thermogravimetric analysis (TGA), and linear sweeping voltammetry
(LSV) of CO2 electrochemical reduction. The superior CO2 behavior of the hexagonal La2O2CO3 phase
to the monoclinic phase was additionally explained by the crystalline structures of both La2O2CO3

phases, which was predicted by the density functional theory (DFT) calculation.

2. Materials and Methods

2.1. Materials

A total of 1.00 g of La(NO3)3·6H2O was added to 50.0 mL of deionized water, and the resultant
solution was vigorously stirred to ensure complete dissolution. The pH of the solution was adjusted
to 12 with a 10 wt% NaOH solution, which yielded a white precipitate after the mixture was stirred
for approximately 10 min. The sample was continuously stirred for another 6, 12, or 24 h, and the
obtained product was centrifuged. The separated precipitate was washed with distilled water and
ethanol and then dried at 80 ◦C for 12 h, followed by the calcination step at 500 ◦C for 2 h. Depending
on the precipitation time, the solid samples prepared by the precipitation method were denoted as
PL-xh (x = 6, 12, or 24), where x represents the precipitation time.

For the hydrothermal method, the procedure was almost the same as that in the precipitation
method, except using an autoclave for the hydrothermal treatment. The pH-adjusted solution
containing the La precursor was transferred to an autoclave (200 mL), heated to 160 ◦C, and maintained
at this temperature for 6, 12, or 24 h. The obtained product was centrifuged, and the remained steps
were also the same as those in the precipitation method. The La2O2CO3 samples synthesized by the
hydrothermal method were designated as HL-yh (y = 6, 12, or 24), where y represents the hydrothermal
treatment time.

2.2. Characterizations

The morphologies of the samples were observed by a field-emission scanning electron microscope
(JEOL, JSM-600F, Tokyo, Japan) instrument equipped with an energy-dispersive spectrometer. HR-TEM
images were obtained using a JEOL JEM-2100F instrument (JEOL Ltd., Tokyo, Japan). The samples
were prepared by suspending and grinding in an ethanol solution whose drops were placed on a
carbon-film-coated copper grid. XRD patterns were measured at room temperature on a Rigaku
D/MAX-2200 powder X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) using a Cu Kα radiation
source (λ = 0.15418 nm). The X-ray tube was operated at 35 kV and 20 mA, and the 2θ angle was
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scanned from 10◦ to 90◦ (with a step of 0.02◦) at a speed of 2◦/min. The FT-IR spectra of the samples
were collected for the KBr powder-pressed pellets on a Nicolet 380 FT-IR spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) under ambient conditions.

The CO2-TPD experiments were conducted in a quartz flow reactor. The calcined samples were
preheated from room temperature up to 600 ◦C (with a ramping rate of 15 ◦C/min) for 1 h under He flow
(100 mL/min). The CO2 gas (10 vol.% CO2/He) was fed into the reactor with a flow rate of 30 mL/min at
50 ◦C for CO2 adsorption before conducting the CO2-TPD measurements. Finally, the temperature was
increased from 50 to 600 ◦C at the ramping rate of 1.5 ◦C/min in He flow (30 mL/min). The weight loss
in the samples was determined by a thermogravimetric analyzer (TA Instruments Q50, New Castle, DE,
USA). A total of 20 mg of the samples was charged into the sample pan and heated to 1000 ◦C at a rate
of 5 ◦C/min in air flow. The CO2 electrochemical reduction was carried out via the LSV measurement
with an Ag/AgCl electrode as a reference electrode and Pt wire as a counter electrode. The working
electrode was prepared by dispersing 10 mg of the samples in a mixture of 2 mL of alcohol and 100 μL
of 5% Nafion and then pipetting 10 μL of suspension on the GCE (0.07065 cm2). The working electrode
was tested 20 times at a scan rate of 20 mV/s. The electrolyte was 0.1 M NaHCO3 saturated with
CO2. Before each experiment, high-purity CO2 gas was bubbled at a flow rate of 30 mL/min for
30 min to remove all oxygen from the electrolyte. The gases in the measurement were analyzed by a
GC instrument.

Using the Vienna Ab initio Simulation Package (VASP) [22,23], DFT calculations were conducted
along with the GGA–PBE (Perdew–Burke–Ernzerhof) functional [24]. The cutoff energy of 600 eV
was chosen in our calculations. The criteria of convergence of energies and forces for geometry
optimization were 10−4 eV and 10−2 eV/Å, respectively. For the calculation of disordered hexagonal
La2O2CO3, the lowest energy configuration among the other randomly selected 50 structures was used.
The Monkhorst-Pack k-point meshes of 3 × 5 × 2 and 9 × 9 × 3 were used for the geometry optimization
of monoclinic and hexagonal phase of La2O2CO3, respectively [25].

3. Results and Discussion

3.1. Synthesis of Monoclinic and Hexagonal La2O2CO3 Nanoparticles

Figure 1 shows the XRD patterns of La2O2CO3 nanoparticle materials prepared at each reaction
time. The two types of La2O2CO3 phases are primarily detected in the PL samples: the monoclinic type
Ia and hexagonal type II La2O2CO3 phases. For 6 h of precipitation (PL-6h), the characteristic XRD
peaks in the hexagonal La2O2CO3 crystal phase are clearly observed at 2θ = 25.7, 30.2, 47.2, and 56.6◦
(JCPDS 37-0804) (Figure 1(Aa)) [1,4,20,21,26,27]. However, when the precipitation time is increased
to 12 and 24 h, the characteristic XRD peaks in the monoclinic La2O2CO3 phase clearly appear at
2θ = 22.8, 29.3, 31.0, 39.9, and 44.4◦ with a C12/c1 space group (JCPDS 48-1113) (Figure 1(Ab,Ac)),
which indicates the prevalence of the hexagonal La2O2CO3 phase during the initial precipitation
time, followed by the transformation into the monoclinic La2O2CO3 phase after 12 h of precipitation.
In contrast, the HL samples show the XRD patterns that contain the characteristic peaks in only
the hexagonal type II La2O2CO3 phase, regardless of the reaction time during the hydrothermal
preparation, which demonstrates that there is no change in the La2O2CO3 phase during the preparation
process (Figure 1(Ba–Bc)).

The FT-IR spectra of the PL and HL samples also confirm the formation of each La2O2CO3 crystal
phase depending on the preparation methods, as shown in Figure 2. According to the assignments of
typical FT-IR bands for carbonates in the La2O2CO3 phases, the bands at 745, 855, 1066, and 1518 cm−1

are interpreted as CO3
2− vibrations related to the La2O2CO3 phase [4,6,21,27]. The three-fold splitting

bands at approximately 845 cm−1 (υ2) and a strong band at 1367 cm−1 (υ3) are assigned to the
unique carbonate vibrational mode for the monoclinic type Ia La2O2CO3 phase. The FT-IR spectra in
Figure 2b,c of only the PL-12h and PL-24h samples show the characteristic bands (υ2 and υ3) of type-Ia
La2O2CO3, whereas the FT-IR spectra of the other samples show the typical bands of the La2O2CO3
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phase, which further confirms that the formation of the type Ia and II La2O2CO3 phases depends on the
preparation conditions. In the precipitation method, the monoclinic type Ia La2O2CO3 phase is mainly
formed when the precipitation time is longer than 12 h, whereas the hydrothermal method produces
only the hexagonal type II La2O2CO3 phase. This is consistent with the XRD results in this study.

 

Figure 1. XRD patterns of A(a–c) PL-6h, PL-12h, and PL-24h and B(a–c) HL-6h, HL-12h, and HL-24h.

 

Figure 2. FT-IR spectra of (a) PL-6h, (b) PL-12h, (c) PL-24h, (d) HL-6h, (e) HL-12h, and (f) HL-24h.

Moreover, TEM measurements also provide additional evidence for the existence of the monoclinic
and hexagonal La2O2CO3 phases in the samples. Figure 3a–c shows the TEM images and fast Fourier
transform patterns of PL-6h, PL-12h, and HL-12h. The (207) plane of the monoclinic type Ia La2O2CO3

phase is detected in the PL-12h sample, whereas the (260) plane of the hexagonal type II La2O2CO3

phase is observed in the HL-12h sample. Similarly, the PL-6h sample shows the (004) plane of
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the type II La2O2CO3 phase, which is in good agreement with the XRD and FT-IR data. However,
the morphological structures of PL-12h, HL-12h, and PL-6h samples are similar, as shown by the
FE-SEM images; the aggregates of nanoparticles have different sizes: smaller than 10 nm for PL-12h,
10–30 nm for HL-12h, and 30–60 nm for PL-6h (Figure 3d–f).

 

Figure 3. High-resolution transmission electon microscopy (HR-TEM) images of (a–c) PL-12h, HL-12h,
and PL-6h, and FE-SEM images of (d–f) PL-12h, HL-12h, and PL-6h. The insets of (a–c) show their fast
Fourier transform patterns.

To further understand the formation mechanism of the monoclinic and hexagonal La2O2CO3

phases, uncalcined samples after precipitation or hydrothermal treatment were investigated. The XRD
and FT-IR measurements indicate that different chemical products are also produced depending on the
preparation conditions (Figure 4). The XRD peaks in Figure 4(Aa–Ac), shown as circles, are indexed to
the pure hexagonal phase of La(OH)3 with a P63/m(176) space group (JCPDS 36-1481) [1,6,12,21,26–28],
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which clearly shows that the initial La(OH)3 phase remains unchanged in the hydrothermal method.
With an increase in the preparation time during the hydrothermal method, the crystallinity of the
La(OH)3 structure becomes stronger with sharper XRD characteristic peaks. Meanwhile, in the
precipitation method, the La(OH)3 phase is produced with a very low crystallinity for PL-6h (weak and
broad characteristic XRD peaks in Figure 4(Ac)). However, when the precipitation time is increased
up to 12 h, the characteristic XRD peaks assigned to the orthorhombic La(OH)CO3 structure (JCPDS
49-0981) appear with the disappearance of the XRD peaks in the La(OH)3 structure (Figure 4(Ad)) [9,29].
Therefore, in the precipitation method, the dominant phase evolves from La(OH)3 to La(OH)CO3,

with an increase in the precipitation time. However, the initial La(OH)3 phase in the hydrothermal
method is more crystallized during the hydrothermal treatment.

The FT-IR spectra of the uncalcined samples are monitored to confirm the existence of La(OH)3 and
La(OH)CO3. First, the strong bands at 1438 and 1491 cm−1 shown in Figure 4(Bd) can be assigned to the
bending vibrations of CO3

2−, which confirms the presence of carbonate species in the intermediate [9].
A band at 3616 cm−1 and a broad band at 3410 cm−1 represent the O–H stretching mode in La–OH [6,9,27].
The bands at 850 and 1052 cm−1 correspond to the vibrational modes of carbon-related bonds, such as
CH and CO, which remain before the calcination step. Thus, the FT-IR spectrum in Figure 4(Bd) clearly
confirms the existence of La(OH)CO3 as an intermediate in the PL-12h sample, which is consistent
with the XRD data shown in Figure 4A. For La(OH)3, the characteristic FT-IR bands for the O–H
stretching and bending modes in La–OH are clearly observed at 3616, 3410, and 1640 cm−1, as shown
in Figure 4(Ba–Bc) [6,9,27]. Other bands at approximately 2800–3000, 850, and 1052 cm−1 can also
be assigned to the vibrational modes of carbon-related bonds. Interestingly, for the samples in the
precipitation method, the characteristic IR bands for CO3

2− at approximately 1350–1500 cm−1 become
sharp and strong with an increase in the reaction time (Figure 4(Bc,Bd)), whereas the characteristic IR
band for OH at 3616 cm−1 is strongly intensified during the hydrothermal method (Figure 4(Ba,Bb)).
Therefore, the precipitation method induces the transformation from La(OH)3 into La(OH)CO3 through
the reaction with CO2. In the hydrothermal method, the crystallization of La(OH)3 goes further,
which results in the high crystallinity of La(OH)3.

 

Figure 4. (A) XRD patterns and (B) FT-IR spectra of uncalcined samples. (a) HL-6h, (b) HL-12h,
(c) PL-6h, and (d) PL-12h.

A critical difference between the two preparations is an open or closed reaction system, which is
related to the supply of carbonate sources. For either the precipitation or hydrothermal method,
the La precursor in the aqueous solution is dissociated into La cations and is then readily crystallized
into the La(OH)3 phase, because the initial pH conditions are strongly basic (i.e., pH = 12). In the
hydrothermal method, a Teflon-lined autoclave reactor is used as a closed reaction system. Because it
is a closed system, there is no further transformation of the La intermediate, which only results in the
strong crystallization of the La(OH)3 phase for the HL-12h and HL-24h samples. However, in the
precipitation method, the precipitation is carried out in an open beaker; thus, the carbonate source
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(i.e., CO2 from the air) can be continuously dissolved into the aqueous solution. Therefore, the initial
phase, La(OH)3, can be converted into the La(OH)CO3 phase by the reaction with CO2 at a time
longer than 12 h, even though the 6-h precipitation produces only a weakly crystallized La(OH)3.
Under the continuous CO2 supply condition, there is a transformation from La(OH)3 into La(OH)CO3.
In the literature, it was reported that La(OH)3 changed into an La carbonate when it was exposed to
air [6,27,28]. More importantly, the La(OH)CO3 phase is finally converted into the monoclinic type Ia
La2O2CO3 phase in the precipitation, while La(OH)3 is transformed into the hexagonal type II structure
in the hydrothermal method. The sufficient supply of CO2 into the aqueous solution produces the
La(OH)CO3 that can be changed into the monoclinic La2O2CO3 phase.

3.2. CO2 Behavior on La2O2CO3 Nanoparticles

To investigate the CO2 behavior on each La2O2CO3 phase, TGA, CO2-TPD and CV of CO2

electrochemical reduction for PL-12h (monoclinic type Ia La2O2CO3 phase) and HL-12h (hexagonal
type II La2O2CO3 phase) were conducted in this study. Figure 5A shows the derivative TGA (DTGA)
profiles of PL-12h and HL-12h, where the decomposition peaks correspond to CO2 gases that leave from
the La2O2CO3 phases. The weight loss due to the thermal decomposition occurs at 326 ◦C and in the
temperature range of 770–800 ◦C. According to previous studies [4,30], the CO2 peak, which appears
during the decomposition of La2O2CO3 above 600 ◦C, can be assigned to CO2 gases leaving from the
bulk structure of the La2O2CO3 phases, which is then transformed into the La2O3 phase. The CO2

decomposition from the bulk structure of the hexagonal La2O2CO3 phase occurs at approximately
800 ◦C, which is higher than the temperature of CO2 production during the decomposition of the
bulk structure of the monoclinic La2O2CO3 phase. This result shows that the thermal stability of
the hexagonal La2O2CO3 phase is higher than that of the monoclinic phase [21]. The weight loss at
approximately 326 ◦C is assumed to be due to the release of CO2 gas that is adsorbed on the surface of
the La2O2CO3 phase. The decomposition peak at approximately 326 ◦C has a much smaller intensity
than that at 650 ◦C, which indicates that a much lower amount of CO2 is adsorbed onto the surfaces of
the La2O2CO3 phase than that released from the bulk structure. Furthermore, based on each peak’s
intensity, shown in Figure 5A, the hexagonal type II La2O2CO3 phase contains more CO2 on the surface
than that on the monoclinic type Ia phase.

 

Figure 5. (A) Derivative thermogravimetric analysis (TGA) profiles and (B) CO2-tempurate-programmed
desorption (TPD) patterns of (a) PL-12h and (b) HL-12h.

To better understand the CO2 adsorption ability on the surface of each La2O2CO3 phase,
the CO2-TPD profiles of PL-12h and HL-12h were acquired. Before conducting the CO2-TPD
experiments, both samples were thermally treated at 600 ◦C for 1 h in He gas, and then CO2

was introduced into the reactor at 50 ◦C to perform the CO2 adsorption. Therefore, CO2 can be assumed
to adsorb on the surface of La2O2CO3 phases and then desorb from the adsorption surface sites,
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which demonstrates the CO2 adsorption behavior on the monoclinic and hexagonal La2O2CO3 phases.
In Figure 5B, the CO2 desorption peaks can be approximately categorized into three types. The peak
at approximately 100 ◦C is related to a weak basic site, and the peaks in the range of 200–400 ◦C
correspond to medium and strong basic sites [2,12,31,32]. The CO2 adsorption modes on each basic
site have been studied by a combination of FT-IR spectroscopy and CO2-TPD measurements [31,32].
Manoilova et al. [30] investigated the CO2 adsorption onto La2O3 by IR spectroscopy, TPD, and DFT
calculations. The DFT calculation for the CO2 adsorption on La2O3 predicted that CO2 gas adsorbed on
the surface in the form of polydentate and monodentate species as a starting structure, and then La2O3

made a stable connection with polydentate and asymmetric CO2 adsorptions at the saturated coverage.
The CO2 desorption peak at approximately 290 ◦C in the CO2-TPD profile of LaOCl was assigned
to the decomposition of coupled bridged CO2 adsorbate species [31]. On the basis of the results
from the FT-IR and CO2-TPD measurements of Mg–Al basic oxides, Di Cosimo et al. [32] suggested
that the three types of CO2 adsorption modes (e.g., bicarbonate, bidentate carbonate, and unidentate
carbonate) were low-strength, medium-strength, and high-strength basic sites, respectively. It was
determined that bidentate and unidentate carbonates remained on the surface at approximately 300 ◦C;
only unidentate carbonate was detected at 350 ◦C [32]. Therefore, in this study, the peak at 110 ◦C, peaks
at approximately 240 ◦C, and shoulders at approximately 310 ◦C can be assigned to the desorption of
CO2 species adsorbed on weak, medium and strong basic sites, respectively. Figure 5B and Table 1
shows that the HL-12h sample has a higher combined intensity of medium and strong basic sites than
PL-12h, which suggests that the hexagonal type II La2O2CO3 phase provides more CO2 adsorption
sites on the surface. This observation is in good agreement with the TGA results shown in Figure 5A.

Table 1. The peak intensities quantified in the CO2-TPD patterns.

Samples Temperature at Maximum (◦C) Quantity (cm3/g STP)

PL-12h
119 31.7
306 3.38

HL-12h
109 24.6
241 29.0

A DFT calculation was performed to optimize the bulk structures of both La2O2CO3 phases
(Figure 6). The lattice constant of La2O2CO3 in the disordered hexagonal structure was predicted by
considering the ratio (c/a) of lattice parameters (a and c) of the hexagonal structure [33]. Our DFT
calculated lattice constants of La2O2CO3 nanoparticles in both monoclinic and hexagonal structures,
similar to the available experimental data from the literature, which are shown in Table 2 [34,35].
On the basis of the DFT calculation, we can optimize the hexagonal type II and monoclinic type Ia
La2O2CO3 nanopartilces, as shown in Figure 7. From the optimized structure of each phase, the La
atom is determined to have seven and eight oxygen atoms as nearest neighbors in monoclinic and
hexagonal structures, respectively. The eight coordination numbers of the La atom in the hexagonal
type II La2O2CO3 nanoparticles can produce stronger bonding with carbonate species, which results
in the higher stability of the hexagonal type II structure compared to that of the monoclinic type Ia
La2O2CO3.
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Figure 6. Density functional theory (DFT) total energy (per formula unit) of La2O2CO3 in the hexagonal
structure for three c/a values.

Table 2. Lattice constants of La2O2CO3 in monoclinic and hexagonal structures. The experimental
lattice data of monoclinic [34] and hexagonal [35] structures are available from the literature.

La2O2CO3 DFT Calculated Data Experimental Data [33,34]

Monoclinic

a = 12.286 Å a = 12.239 Å
b = 7.097 Å b = 7.067 Å
c = 16.531 Å c = 16.465 Å
β = 75.677 β = 75.690

Hexagonal

a = 4.100 Å a = 4.076 Å
b = 4.100 Å b = 4.076 Å
c = 16.053 Å c = 16.465 Å

γ = 120 γ = 120

 

Figure 7. DFT-optimized structure of La2O2CO3 in (a) monoclinic and (b) hexagonal phases.

3.3. CO2 Electrochemical Reduction

Figure 8 shows LSV curves ranging from 0 to −0.6 V vs. Ag/AgCl for PL-12h and HL-12h
in CO2-saturated 0.1 M NaHCO3 electrolyte. HL-12h exhibits a maximum total current density of
−25.2 mA/cm2 at −1.26 V vs. Ag/AgCl ,whereas a maximum current density of −17.97 mA/cm2 for
PL-12h is achieved at −1.438 V vs. Ag/AgCl. In addition, HL-12h shows a more positive onset potential
toward CO2 electrochemical reduction than PL-12h in Figure 8. Both the higher current density and
more positive onset potential apparently indicate a higher activity toward the CO2 electrochemical
reduction in HL-12h compared to that of PL-12h.
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Figure 8. Linear sweeping voltammetry (LSV) curves of electrodes at various reaction times in a 0.1M
NaHCO3 solution at a scan rate of 20 mV/s: (a) PL-12h; (b) HL-12h.

The chronoamperometry (CA) experiments were performed at different potentials for each 10 min,
and gaseous products were determined by GC. For both PL-12h and HL-12h, the main gaseous
products are CH4, C2H4, C2H6 and H2. Figure 9 shows the Faraday efficiency (FE) of carbon-containing
products for PL-12h and HL-12h, resulting in a much higher FE for HL-12h than those for PL-12h.
C2H4 is a dominant carbonaceous product at lower potential. A maximum of the ethene FE (9.4%)
for HL-12h is achieved at −0.6 V (vs. Ag/AgCl), while that for PL-12h is lower than 5%. Interestingly,
CO gas was not detected in the potential range, even for the two La2O2CO3 samples. This indicates that
La2O2CO3 catalysts are efficient for C-C coupling rather than desorption to form CO gas, since CO is an
intermediate for CO2 transformation to ethene during CO2 reduction [36]. The superior electrocatalytic
activity of HL-12h to PL-12h would result from the better CO2 adsorption ability which can optimize
the first step involving electron and proton transfer to form a *COOH intermediate, which is then
converted to other carbonaceous products [37]. The higher electronegativity of hexagonal La2O2CO3

of HL-12h leads to the better CO2 adsorption ability [38].

  
(A) (B) 

Figure 9. FE values for the (A) PL-12h and (B) HL-12h as a function of the potential.
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4. Conclusions

In this study, La2O2CO3 nanoparticles with hexagonal and monoclinic phases were prepared by
different preparation methods, and the CO2 behavior on each crystalline structure was investigated
by CO2-TPD, TGA measurements, and CO2 electrochemical reduction. The hydrothermal method
produced the hexagonal type II La2O2CO3 phase, whereas the monoclinic type Ia phase was synthesized
by the precipitation method (PL-12h and PL-24h). The initial La(OH)3 phase was transformed into
the La(OH)CO3 phase by the reaction with CO2 supplied from air in the precipitation method.
The hexagonal La2O2CO3 phase showed a higher CO2 adsorption ability on the surface and a higher
stability in the bulk structure than the monoclinic phase, owing to the differences in optimized
crystalline structures predicted by the DFT calculation. Consequently, the hexagonal La2O2CO3 phase
of HL-12h had a higher current density and a more positive onset potential than the monoclinic
La2O2CO3 of PL-12h in CO2 electrochemical reduction.
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Abstract: Loading a noble metal on Bi4Ti3O12 could enable the formation of the Schottky barrier
at the interface between the former and the latter, which causes electrons to be trapped and
inhibits the recombination of photoelectrons and photoholes. In this paper, AgPt/Bi4Ti3O12 composite
photocatalysts were prepared using the photoreduction method, and the effects of the type and content
of noble metal on the photocatalytic performance of the catalysts were investigated. The photocatalytic
degradation of rhodamine B (RhB) showed that the loading of AgPt bimetallic nanoparticles
significantly improved the catalytic performance of Bi4Ti3O12. When 0.10 wt% noble metal was loaded,
the degradation rate for RhB of Ag0.7Pt0.3/Bi4Ti3O12 was 0.027 min−1, which was respectively about 2,
1.7 and 3.7 times as that of Ag/Bi4Ti3O12, Pt/Bi3Ti4O12 and Bi4Ti3O12. The reasons may be attributed
as follows: (i) the utilization of visible light was enhanced due to the surface plasmon resonance effect
of Ag and Pt in the visible region; (ii) Ag nanoparticles mainly acted as electron acceptors to restrain
the recombination of photogenerated electron-hole pairs under visible light irradiation; and (iii) Pt
nanoparticles acted as electron cocatalysts to further suppress the recombination of photogenerated
electron-hole pairs. The photocatalytic performance of Ag0.7Pt0.3/Bi4Ti3O12 was superior to that of
Ag/Bi4Ti3O12 and Pt/Bi3Ti4O12 owing to the synergistic effect between Ag and Pt nanoparticles.

Keywords: photocatalytic; Rhodamine B; photoreduction; Bi4Ti3O12; AgPt/Bi4Ti3O12

1. Introduction

The rapid growth of the chemical industry has led to a large volume of organic dye wastewater.
Most of the organic pollutants have carcinogenic effects, posing a huge threat to organisms and human
health [1–3]. Therefore, organic pollutants must be detoxified before they enter aquatic ecosystems.
Some traditional wastewater treatment processes, such as physical adsorption, chemical oxidation
and microbial treatment [4–6], have been proposed to deal with organic dyestuff sewage. However,
these methods have suffered from several shortcomings including low efficiency, secondary pollution,
and mild degree of harmlessness of pollutant [7–9]. Photocatalysis technology, which can non-selectively
oxidize and degrade all kinds of organic matter with the ability of deep oxidation, is considered
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as an acceptable process for the treatment of organic contaminants since only water and non-toxic
inorganic substances are produced. In the process of photocatalysis, photocatalysts are always required
for achieving excellent catalytic effect. However, for the most widely used semiconductor photocatalysts
(such as TiO2 [10], SrTiO3 [11], ZnS [12] and ZnO [13]), the utilization of solar energy is usually very
low since their bandgap width Eg is always larger than 3.0 eV and can only just absorb ultraviolet light
(only 4% of the total sunlight). Thus, how to improve the usage of solar energy in the photocatalytic
removal of organic pollutants has become an important issue.

Bi4Ti3O12 can respond to visible light since its bandgap is about 2.9 eV, and shows strong
photocatalytic activity for the removal of organic pollutants [14–16]. However, the usage of Bi4Ti3O12 is
still limited because the photon efficiency is low and the photogenerated electrons and holes are easy to
recombine. Noble metal nanoparticles (NPs) can be used as the accumulation ground of photogenerated
electrons to facilitate the catalytic reactions involving electrons, and thus are widely employed as
modifiers to enhance the photocatalytic performance of semiconductors [17–19]. When precious
metals and semiconductors contact together, electrons on the surface of the latter will migrate to the
surface of the former until their Fermi energy levels equalize. Since charges on the metal surface
and holes on the semiconductor surface are both excessive, a Schottky barrier can be formed on the
metal-semiconductor interface. As a result, the separation of photogenerated electrons and holes is
promoted, and an improved photocatalytic performance is obtained [20–22].

In the present paper, Bi4Ti3O12 nanosheets were firstly prepared by a molten salt method, and
then AgPt bimetallic NPs were assembled on the prepared Bi4Ti3O12 nanosheets via an in situ
photoreduction method to prepare AgPt/Bi4Ti3O12 composites, finally the photocatalytic performance
of as-prepared AgPt/Bi4Ti3O12 composites on the degradation of rhodamine B (RhB) under visible light
was investigated. As far as we know, there has been no study on the decoration of AgPt bimetallic NPs
on Bi4Ti3O12 photocatalyst.

2. Materials and Methods

2.1. Materials

Titanium oxide (TiO2) and bismuth oxide (Bi2O3) were purchased from Shanghai Makclin
Biochemical Co., Ltd. (Shanghai, China). Silver nitrate (AgNO3) was purchased from Tianjin Kaitong
Chemical Reagent Co., Ltd. (Tianjin, China). Chloroplatinic acid hexahydrate (H2PtCl6·6H2O) was
purchased from Shanghai Aladdin Bio-chem Technology Co., Ltd. (Shanghai, China). Potassium chloride
(KCl) and sodium chloride (NaCl) were purchased from Tianjin Bodi Chemical Reagent Co., Ltd.
(Tianjin, China) All chemicals were used as purchased without further purification.

2.2. Preparation of Bi4Ti3O12 Powders

Preparation of Bi4Ti3O12 powders via the molten salt method was similar to our previously
published paper [23–27]. Typically, stoichiometric amounts of Bi2O3, TiO2, NaCl and KCl were weighed
firstly according to a predetermined ratio shown in Table 1. After that, the raw materials and molten
salt medium were mixed in a planetary ball mill for 3 h under a rotating speed of 300 r/min with
ethanol as milling medium. Subsequently, the mixed powders were dried and then subjected to 2 h
heating treatment at 700, 800 and 900 ◦C in a muffle furnace. Finally, Bi4Ti3O12 powders were obtained
after washing, filtration and drying, and the samples were labeled as Bi4Ti3O12-T-M (T is the heat
treatment temperature, M is the mass ratio of molten salt medium and raw material).

2.3. Assembly of Ag and Pt Nanoparticles (NPs) on Bi4Ti3O12 Nanosheets

Ag/Bi4Ti3O12, Pt/Bi4Ti3O12 and AgPt/Bi4Ti3O12 were prepared by a photoreduction method.
The whole preparation procedure involved four steps as follows: (i) 1 g as-prepared Bi4Ti3O12 powders
were dispersed in 200 mL deionized water; (ii) 0.1 mol/L AgNO3 solution, 7.72 mmol/L H2PtCl6·6H2O
solution and the mixed solution of AgNO3 and H2PtCl6·6H2O was separately added to the as-prepared
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Bi4Ti3O12 suspension with the predetermined proportions shown in Table 2; (iii) The as-prepared
suspensions were irradiated under a 300 W xenon lamp for 60 min (a 400 nm filter was used to block
ultraviolet (UV) light (λ < 400 nm)). In this process, Ag+ and Pt4+ was respectively reduced to Ag
NPs and Pt NPs; and iv) The Ag/Bi4Ti3O12, Pt/Bi4Ti3O12 and AgPt/Bi4Ti3O12 powders were obtained
after the mixture was filtered, washed and dried (drying conditions: 80 ◦C for 12 h in an electric
drying oven).

Table 1. Synthesis conditions and batch of Bi4Ti3O12.

Firing
Conditions

Salt Medium Composition
(Molar Ratio)

Mass Ratio of Salt to Reactant

700 ◦C/2 h

NaCl:KCl (1:1) 1:1800 ◦C/2 h

900 ◦C/2 h

700 ◦C/2 h

NaCl:KCl (1:1) 2:1800 ◦C/2 h

900 ◦C/2 h

700 ◦C/2 h

NaCl:KCl (1:1) 3:1800 ◦C/2 h

900 ◦C/2 h

Table 2. Batch compositions of Ag/Bi4Ti3O12, Pt/Bi4Ti3O12 and AgPt/Bi4Ti3O12 photocatalysts.

Metal Composition
(Mass Ratio)

Loading Capacity Illumination Condition

Ag

0.1 wt%

300 W xenon lamp
(λ > 400 nm)

60 min

0.2 wt%

0.5 wt%

1.0 wt%

3.0 wt%

5.0 wt%

Pt 0.1 wt%

Ag:Pt (1:1)

0.1 wt%
Ag:Pt (7:3)

Ag:Pt (3:7)

Ag:Pt (9:1)

Ag:Pt (1:9)

2.4. Characterization

X-ray diffraction (XRD) was performed on MiniFlex 600 with Cu Kα radiation (λ = 1.54178 Å)
to investigate the crystal structure of the as-prepared powders. The field-emission scanning electron
microscopy (FE-SEM) images, transmission electron microscopy (TEM) images, selected area electron
diffraction (SAED) images and energy dispersive spectroscopy (EDS) elemental mapping images were
respectively taken on a JEOL JSM-6700F SEM and JEM-2100 HR TEM to observe the microstructure
of the as-prepared catalysts. Fourier transform infrared (FT-IR) spectra ranged from 3000–450 cm−1

were recorded on a Nicolet iS50 spectrometer in air at room temperature to differentiate the functional
groups formed on the surface of as-prepared catalysts. Chemical composition of as-prepared catalysts
was analyzed by the inductively coupled plasma mass spectroscopy (ICP-MS, Spectro Flame, Spectro
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Analytical Instrument, Kleve, Germany). X-ray photoelectron spectroscopy (XPS) measurements
were performed using an AMICUS ESCA 3400 XPS with Al Kα radiation. In order to investigate
the elemental information (Bi, Ti, O, Ag and Pt), all XPS spectra were calibrated by shifting the
detected adventitious carbon C 1s peak to 284.8 eV. A RF-6000 fluorescence spectrophotometer was
used to measure the photoluminescence (PL) spectra of the samples (excitation wavelength: 320 nm).
Ultraviolet-visible (UV-Vis) absorption spectra were recorded using a UV-Vis spectrophotometer
(Shimadzu UV-3600, Kyoto, Japan) to study the responsive behavior under UV and visible light
irradiation of the as-prepared catalysts.

2.5. Photocatalytic Activity

RhB aqueous solution was chosen to simulate wastewater and the variation of its concentration
under the irradiation of xenon lamp (λ > 400 nm) was measured at λ = 554 nm by a UV-Vis
spectrophotometer. Four steps were performed to investigate the performance of the as-prepared
catalysts: (i) 3.2 mg/L RhB solution was prepared firstly and then its absorption spectrum was
determined by a UV-Vis spectrophotometer; (ii) 200 mg as-prepared photocatalysts were put into
200 mL RhB solution with an initial concentration of 3.2 mg/L, and then, in order to achieve
adsorption-desorption equilibrium, the obtained mixture was stirred in the dark for 1 h. After that,
3 mL solution was taken out to be centrifuged and the supernatant was taken out for absorption
spectrum measurement, from which the adsorbed amount of RhB can be calculated; (iii) The residual
mixture was exposed to a xenon lamp irradiation (λ > 400 nm) for 30 min and then 3 mL solution was
taken out to be centrifuged, and the supernatant was taken out to measure its absorption spectrum;
and (iv) Step 3 was repeated until the identified absorption spectra were almost unchanged. In order to
eliminate the influence of temperature on the photocatalytic behavior, the whole experimental process
was carried out in a cooling cycle device.

2.6. Detection of Reactive Species

In a typical reactive species trapping experiment, three reactions were carried out to distinguish the
reactive species of hole (h+), hydroxy radical (•OH) and superoxide radical (•O2−) for the photocatalytic
degradation process. At first, 200 mL RhB solution and 0.2 g as-prepared catalyst were respectively
mixed with 20 mL ethanol (EtOH), 0.2 mmol benzoquinone (BQ) and 2 mmol triethanolamine (TEOA).
Then the mixtures were stirred for 1 h in dark for achieving adsorption-desorption equilibrium. Finally,
the catalytic process as described in Section 2.5 was carried out.

3. Results

Figure 1 showed the XRD patterns of Bi4Ti3O12 powders (Bi4Ti3O12-800-1) prepared by molten
salt method and (AgPt)0.001/Bi4Ti3O12 composites prepared by a photoreduction method. It can be
clearly seen that the diffraction peaks of the as-prepared Bi4Ti3O12 matched well with the standard
card JCPDS-01-080-2143, indicating the crystallinity of synthesized Bi4Ti3O12 was high. The diffraction
peaks of Ag and Pt NPs were not observed, and the reason may be ascribed to the low amount of
loaded AgPt bimetallic NPs (0.1 wt%).

Figure 2 presents the SEM images of as-prepared Bi4Ti3O12 and (AgPt)0.001/Bi4Ti3O12 composite
photocatalysts prepared by the photoreduction method. It revealed that all the samples showed
a lamellar structure with a grain size of 1–5 μm, and that Ag and Pt NPs were too small to be observed
in the SEM images.
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Figure 1. X-ray diffraction (XRD) patterns of Bi4Ti3O12 and (AgPt)0.001/Bi4Ti3O12 composite photocatalysts
prepared by photoreduction method.

 
Figure 2. Scanning electron microscopy (SEM) images of pristine Bi4Ti3O12 and (AgPt)0.001/Bi4Ti3O12

composite photocatalysts prepared by photoreduction method: (a) Bi4Ti3O12; (b)m(Ag):m(Pt) = 1:1;
(c) m(Ag):m(Pt) = 7:3; (d) m(Ag):m(Pt) = 3:7; (e) m(Ag):m(Pt) = 9:1 and (f) m(Ag):m(Pt) = 1:9.

The representative TEM image of the as-prepared (Ag0.7Pt0.3)0.001/Bi4Ti3O12 photocatalyst is
shown in Figure 3a, confirming that (Ag0.7Pt0.3)0.001/Bi4Ti3O12 photocatalyst exhibited a nano-sheet
structure with proper thickness. As can be seen from the SAED pattern (Figure 3b), single crystalline
Bi4Ti3O12 was prepared. Figure 3c obviously showed that Ag and Pt NPs were modified on the surface
of the (Ag0.7Pt0.3)0.001/Bi4Ti3O12 sample (dashed area). Furthermore, two different d-spacing values
of 0.226 nm and 0.239 nm were calculated from the lattice fringes of loaded particles (Figure 3d),
which respectively correspond to the (111) crystal plane of cubic Pt and the (111) crystal plane
of metallic Ag [28,29]. Figures 4–6 respectively presented the TEM images and the corresponding
EDS elemental mapping images of (Ag0.7Pt0.3)0.001/Bi4Ti3O12, Ag0.001/Bi4Ti3O12, and Pt0.001/Bi4Ti3O12

photocatalysts prepared by photoreduction method. It can be clearly seen from Figure 4a that a large
amount of spherical particles with an average size of 9 nm were randomly distributed over the
surface of as-prepared Bi4Ti3O12. EDS mapping results presented in Figure 4b–f indicated that the
spherical particles were Ag and Pt NPs, confirming (Ag0.7Pt0.3)0.001/Bi4Ti3O12 composite photocatalysts
were successfully prepared. Similarly, Figures 5 and 6 separately proved that Ag0.001/Bi4Ti3O12 and
Pt0.001/Bi4Ti3O12 were successfully synthesized.
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Figure 3. Transmission electron microscope (TEM) images (a,c), SAED image (b) and high-resolution
TEM (HRTEM) image (d) of (Ag0.7Pt0.3)0.001/Bi4Ti3O12.

 
Figure 4. TEM image (a) and EDS maps of Bi, O, Ti, Ag and Pt (b–f) of as-prepared
(Ag0.7Pt0.3)0.001/Bi4Ti3O12.

Figure 5. TEM image (a) and EDS maps of Bi, O, Ti and Ag (b–e) of as-prepared Ag0.001/Bi4Ti3O12.
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Figure 6. TEM image (a) and EDS maps of Bi, O, Ti and Pt (b–e) of as-prepared Pt0.001/Bi4Ti3O12.

ICP-MS results presented in Table 3 revealed that the content of Ag in Ag0.001/Bi4Ti3O12 and Pt in
Pt0.001/Bi4Ti3O12 photocatalysts was respectively 0.0347 wt% and 0.0782 wt%, while the content of Ag
and Pt in (Ag0.7Pt0.3)0.001/Bi4Ti3O12 was respectively 0.0122 wt% and 0.0144 wt%, demonstrating that
Ag and Pt have been successfully loaded on Bi4Ti3O12 nanosheets. However, the actual amount was
lower than that theoretical value, indicating that the Ag+ and Pt4+ were not completely photo-reduced
and loaded on Bi4Ti3O12 under present irradiation of Xe lamp.

Table 3. The content of Ag and Pt in the as-prepared photocatalysts.

As-Prepared Photocatalyst Element Content (wt%)

Ag0.001/Bi4Ti3O12 Ag 0.0347

Pt0.001/Bi4Ti3O12 Pt 0.0782

(Ag0.7Pt0.3)0.001/Bi4Ti3O12
Ag 0.0122

Pt 0.0144

XPS was performed to investigate the elemental information of as-prepared (Ag0.7Pt0.3)0.001/Bi4Ti3O12

photocatalyst. As shown in Figure 7a, Bi, Ti, O, Ag and Pt elements were identified, demonstrating the
successful preparation of the (Ag0.7Pt0.3)0.001/Bi4Ti3O12 composite photocatalyst. The high-resolution
XPS spectrum of Bi-4f, Ti-2p, O-1s, Ag-3d and Pt-4f were investigated (Figure 7b–f). Two peaks at 159.2
and 164.5 eV were respectively ascribed to Bi 4f7/2 and Bi 4f5/2 (Figure 7b), indicating that only Bi3+

existed in the (Ag0.7Pt0.3)0.001/Bi4Ti3O12 composite [30–32]. The high resolution XPS spectrum of Ti 2p
can be deconvoluted into three peaks at 458.1 eV, 463.8 eV and 466.2 eV (Figure 7c), which were assigned
to Ti 2P3/2, Ti 2p1/2 and Bi 4d3/2, respectively [30–32], demonstrating that only Ti4+ specie existed in
the (Ag0.7Pt0.3)0.001/Bi4Ti3O12 composite. From the high-resolution XPS spectrum of O 1s (Figure 7d),
the peak at 529.9 eV was assigned to lattice oxygen in Bi4Ti3O12 and the peak at 532.2 eV was ascribed to
the oxygen adsorbed on the surface of as-prepared (Ag0.7Pt0.3)0.001/Bi4Ti3O12 [30]. As shown in Figure 7e,
peaks at 368.1 and 374.1 eV were, respectively, assigned to Ag 3d5/2 and Ag 3d3/2, providing conclusive
evidence for Ag metal in the as-prepared (Ag0.7Pt0.3)0.001/Bi4Ti3O12 photocatalyst. As presented in
Figure 7f, an asymmetric peak at 74.35 eV assigned to Pt 4f5/2 was observed, illustrating the existence of
Pt metal in the as-prepared (Ag0.7Pt0.3)0.001/Bi4Ti3O12 sample [33,34]. Since no additional peaks were
observed in the Ag 3d and Pt 4f spectra, it can be determined that Ag and Pt do not exist in the form of
oxidation states.

Fourier transform infrared (FTIR) spectra further offered the functional group information of
the Bi4Ti3O12 and (Ag0.7Pt0.3)0.001/Bi4Ti3O12 (Figure 8). The peak at 832 cm−1 belonged to the Bi-O
characteristic stretching vibration, the strong peak at 573 cm−1 and the weak peak at 472 cm−1 belonged
to the stretching vibration of Ti-O [35,36]. These results indicated that the structure of orthorhombic
phase Bi4Ti3O12 was not damaged by loading of Ag and Pt NPs. Besides, no characteristic peaks
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of Pt and Ag oxides were observed, indicating that both Pt and Ag existed in metallic state in
(Ag0.7Pt0.3)0.001/Bi4Ti3O12, which was in line with the XPS results presented the Figure 7.

  

  

  
Figure 7. (a) X-ray photoelectron spectroscopy (XPS) survey scan spectrum and (b–f) high resolution
XPS spectra of Bi 4f, Ti 2p, O 1s, Ag 3d and Pt 4f of (Ag0.7Pt0.3)0.001/Bi4Ti3O12.

 
Figure 8. Fourier transform infrared (FTIR) spectra of Bi4Ti3O12 and (Ag0.7Pt0.3)0.001/Bi4Ti3O12.
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Figure 9 showed the UV-Vis absorption spectra of pristine Bi4Ti3O12 and as-prepared
(AgPt)0.001/Bi4Ti3O12 composites. Obviously, (AgPt)0.001/Bi4Ti3O12 composites exhibited stronger
visible light absorption than pristine Bi4Ti3O12. As reported in previous works, the enhancement
in visible light absorption may be dominated by the surface plasma resonance effect of Ag and Pt
NPs [37,38]. When the internal electron oscillation frequency of the AgPt bimetallic NPs was equal to
the frequency of the irradiated light, local surface plasmon resonance was induced and then the visible
light absorption of (AgPt)0.001/Bi4Ti3O12 was improved. Meanwhile, no obvious change was observed
in the absorption edge for all (AgPt)0.001/Bi4Ti3O12 samples, suggesting that the bandgap of Bi4Ti3O12

and (AgPt)0.001/Bi4Ti3O12 photocatalysts was almost the same.

 
Figure 9. Ultraviolet-visible (UV-Vis) absorption spectra of starting Bi4Ti3O12 and (AgPt)0.001/Bi3Ti4O12

composite photocatalysts prepared by photoreduction method.

Figure 10a showed the dependence of C/C0 (C0 and C are respectively the initial and instantaneous
concentration of the RhB solution) on irradiation time during the RhB degradation process when
Bi4Ti3O12 and (AgPt)0.001/Bi4Ti3O12 were used as photocatalysts. It can be seen that the degradation
rate ((C0 − C)/C0 × 100%) of RhB increased from about 69.7% to about 91.5% after irradiation of 90 min
when 0.1 wt% Ag0.7Pt0.3 bimetallic NPs were loaded on Bi4Ti3O12. Additionally, the photocatalytic
activity of (AgPt)0.001/Bi4Ti3O12 was monitored by varying the mass ratio of Ag to Pt, and the
(Ag0.7Pt0.3)0.001/Bi4Ti3O12 catalysts displayed the best photocatalytic activity for RhB degradation.

  
Figure 10. (a) Photocatalytic activity of pristine Bi4Ti3O12 and as-prepared (AgPt)0.001/Bi4Ti3O12

composite photocatalysts prepared by photocatalytic reduction method on the degradation of rhodamine
B (RhB); (b) plot of Ln(C0/C) versus irradiation time for the photodegradation of RhB.
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In order to investigate the reaction kinetics of Bi4Ti3O12 and (AgPt)0.001/Bi4Ti3O12 photocatalysts for
RhB degradation, relationship between Ln(C0/C) and irradiation time was measured and the results were
shown in Figure 10b. All the photocatalytic reactions can be fitted well by pseudo-first-order kinetics,

Ln (C/C0) = −kt (1)

When Ln(C/C0) was plotted versus irradiation time t, the apparent reaction rate k can be obtained
by calculating the slope of the fitted curves. The results shown in Figure 10b demonstrate that the k
value relied heavily on the loading of AgPt bimetallic particles, and that the highest k value of RhB
degradation catalyzed by (Ag0.7Pt0.3)0.001/Bi4Ti3O12 was calculated as 0.027 min−1, which was 3.7 times
of that by Bi4Ti3O12.

The photocatalytic activities of Ag0.001/Bi3Ti4O12 and Pt0.001/Bi3Ti4O12 composite photocatalysts
prepared by the photocatalytic reduction method on the degradation of RhB after a 150 min illumination
were also investigated (Figure 11). Figure 11a revealed that the degradation rate of RhB catalyzed
by Pt0.001/Bi4Ti3O12 reached as high as 92.4%, which was higher than that by Ag0.001/Bi4Ti3O12

(87.7%) and by Bi4Ti3O12 (69.3%). Meanwhile, the apparent reaction rate k in the Pt0.001/Bi4Ti3O12

and Ag0.001/Bi4Ti3O12 catalyzed system was separately calculated as 0.01561 min−1 and 0.01366 min−1

which was, respectively, 2.1 and 1.8 times that in Bi4Ti3O12 case (Figure 11b). And excitingly,
(AgPt)0.001/Bi4Ti3O12 composites displayed higher photocatalytic activity towards RhB degradation
than Ag0.001/Bi4Ti3O12 and Pt0.001/Bi4Ti3O12. The reasons may be as follows: (i) the surface plasma
resonance effect of Ag and Pt NPs enhanced the visible light absorption (Figure 8) [34]; (ii) Ag NPs
can be used as electronic acceptors with excellent electrical conductivity to promote the separation of
electron-hole pairs; and (iii) Pt NPs can be applied as electron cocatalyst to accelerate the capture of
photogenerated electron, and then facilitated the proton reduction reaction [39,40].

  
Figure 11. (a) Photocatalytic activity of pristine Bi4Ti3O12, Ag0.001/Bi3Ti4O12 and Pt0.001/Bi3Ti4O12

composite photocatalysts prepared by photocatalytic reduction method on the degradation of RhB;
(b) plot of Ln(C0/C) versus irradiation time for the photodegradation of RhB.

Hole and radical trapping experiments were carried out to investigate the effective reactants in
the photocatalytic RhB degradation process. TEOA, EtOH and BQ were respectively added to RhB
solution as capture agents for h+, •OH, and •O2− scavengers [41,42]. The main active species were
determined by the change of degradation effect after the photocatalysis experiment. As can be seen
from Figure 12a, the photocatalytic performance of RhB removal was almost unchanged by introducing
EtOH, implying that •OH played a tiny effect on the degradation of RhB. By contrast, after adding
TEOA or BQ, the photocatalytic RhB degradation activity of (Ag0.7Pt0.3)0.001/Bi4Ti3O12 was remarkably
suppressed and the corresponding efficiencies for photodegradation of RhB were calculated as low as
9.4% or 10.8%, respectively (Figure 12b). It can thus be reasonably concluded that h+ and •O2− were
the active groups in the present (Ag0.7Pt0.3)0.001/Bi4Ti3O12 photocatalyzed process.
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Figure 12. (a,b) Effects of various scavengers on the photocatalytic efficiency of (Ag0.7Pt0.3)0.001/Bi4Ti3O12;
(c) photoluminescence spectra of Bi4Ti3O12 and AgPt/Bi4Ti3O12; (d) Cyclic photodegradation of RhB
by (Ag0.7Pt0.3)0.001/Bi4Ti3O12 photocatalyst.

In order to study the separation behavior of electron hole pairs, photoluminescence (PL)
spectroscopy was implemented. As shown in Figure 12c, phase pure Bi4Ti3O12, Pt0.001/Bi4Ti3O12,
Ag0.001/Bi4Ti3O12 and (Ag0.7Pt0.3)0.001/Bi4Ti3O12 samples exhibit a similar PL emission curve when
they were excited by a 320 nm light. However, even though the characteristic peaks of the four PL
curves were all observed at about 400 nm, the PL spectroscopy of (Ag0.7Pt0.3)0.001/Bi4Ti3O12 composite
exhibited the lowest emission intensity, illustrating that the separation rate of photogenerated electron
hole pairs in the (Ag0.7Pt0.3)0.001/Bi4Ti3O12 sample was the highest [43,44]. As a result, more active
species were formed to participate in the degradation of RhB in the case.

The stability of the photocatalyst was very important for its practical application. Therefore,
the cycle experiment of RhB degradation was implemented (Figure 12d). To our amazement,
the RhB degradation efficiency excited by (Ag0.7Pt0.3)0.001/Bi4Ti3O12 photocatalyst decreased slightly
after three consecutive cycles. This demonstrated that the as-prepared (Ag0.7Pt0.3)0.001/Bi4Ti3O12 catalyst
had good photocatalytic stability for degradation of RhB.

Based on the results obtained, a possible degradation mechanism of RhB degradation over
AgPt/Bi4Ti3O12 was proposed (Figure 13) and described as follows: (i) under the irradiation of light,
photogenerated electrons e− and holes h+ were generated on the surface of Bi4Ti3O12 [45]. Generally,
h+ can react with H2O or OH− to form active hydroxyl •OH, e− can combine with O2 to produce
superoxide radical •O2−. Since h+, •OH and •O2− all have strong oxidability, they can react directly
with RhB to generate water, CO2 and inorganic small molecules [46–49]. However, the photogenerated
h+ and e− will recombine rapidly on the surface of Bi4Ti3O12 and then the photocatalytic activity was
reduced; (ii) when Ag NPs were modified on the surface of Bi4Ti3O12, the photogenerated h+ and e−
will be redistributed since the Fermi level of Ag was lower than that of Bi4Ti3O12 [50]. Due to the
higher Fermi level of Bi4Ti3O12, photogenerated e− transferred from the surface of Bi4Ti3O12 to Ag
NPs with lower Fermi level and thus Schottky barrier was formed on their interface [51]. Therefore,
the photogenerated electrons e− were trapped and the recombination of photogenerated electron-hole
pairs was inhibited [34,38,52–54]. As a result, more photogenerated h+ was left to oxidize the RhB
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(Equations (2)–(10)); (iii) Pt NPs cocatalysts can provide adsorption sites for protons as electron sinks,
and thus the number of h+ was further improved [21] and (iv) due to the surface plasma resonance
effect of Ag and Pt NPs, the absorption of visible light by Bi4Ti3O12 was greatly improved [18,55],
and more electrons and holes were generated. The reaction formulas were as follows:

Bi4Ti3O12 + hν→ Bi4Ti3O12(e−+h+) (2)

Bi4Ti3O12(e−) + Ag/Pt→ Bi4Ti3O12 + Ag/Pt(e−) (3)

Bi4Ti3O12(h+) + H2O→ •OH+H+ (4)

Bi4Ti3O12(h+) + OH−→ •OH (5)

Bi4Ti3O12(e−) + O2→ Bi4Ti3O12 + •O2− (6)

Ag/Pt (e−) +O2→ Ag/Pt + •O2- (7)

•OH + RhB→ CO2 + H2O + (8)

•O2− + RhB→ CO2 + H2O +.. (9)

Bi4Ti3O12(h+) + RhB→ CO2 + H2O + (10)

 
Figure 13. Proposed photocatalytic mechanism for degradation of RhB using as-prepared AgPt/Bi4Ti3O12

composite photocatalysts.

4. Conclusions

Bi4Ti3O12 particles with lamellar structure were prepared firstly by a molten salt method as
precursor, and then Ag, Pt and AgPt bimetallic NPs were loaded on the as-prepared sheet-like
Bi4Ti3O12 to synthesize AgPt/Bi4Ti3O12 composites through the photoreduction procedure. The results
revealed that the crystal structure and morphology of the as-prepared Bi4Ti3O12 were almost unchanged
by loading Ag, Pt and AgPt bimetallic NPs.

It is exciting to note that the photocatalytic activity of Bi4Ti3O12 for RhB degradation was
sharply enhanced via loading Ag, Pt or AgPt bimetallic NPs. When the loading amount was fixed at
0.1 wt%, the apparent reaction rate of the as-prepared Ag/Bi4Ti3O12 and Pt/Bi4Ti3O12 photocatalysts
and Ag0.7Pt0.3/Bi4Ti3O12 composite photocatalysts was respectively calculated as 0.01366 min−1,
0.01561 min−1 and 0.027 min−1, which was respectively 1.8 times, 2.1 times and 3.7 times that of pristine
Bi4Ti3O12 (0.00744 min−1). The enhanced activity may be ascribed to the surface plasma resonance
effect of noble metal and Schottky barrier formed on the interface between noble metal NPs and
Bi4Ti3O12. The reactive species trapping experiment demonstrated that h+ and •O2− played the main
role in present (Ag0.7Pt0.3)0.001/Bi4Ti3O12 photocatalyzed process, and the (Ag0.7Pt0.3)0.001/Bi4Ti3O12

catalyst exhibited good photocatalytic stability for RhB degradation.
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Abstract: Bacterial fimbriae are an important virulence factor mediating adhesion to both biotic and
abiotic surfaces and facilitating biofilm formation. The expression of type 1 fimbriae of Escherichia coli
is a key virulence factor for urinary tract infections and catheter-associated urinary tract infections,
which represent the most common nosocomial infections. New strategies to reduce adhesion of
bacteria to surfaces is therefore warranted. The aim of the present study was to investigate how
surfaces with different nanotopography-influenced fimbriae-mediated adhesion. Surfaces with three
different nanopattern surface coverages made in polycarbonate were fabricated by injection molding
from electron beam lithography nanopatterned templates. The surfaces were constructed with
features of approximately 40 nm width and 25 nm height with 100 nm, 250 nm, and 500 nm interspace
distance, respectively. The role of fimbriae type 1-mediated adhesion was investigated using the
E. coli wild type BW25113 and ΔfimA (with a knockout of major pilus protein FimA) and ΔfimH (with a
knockout of minor protein FimH) mutants. For the surfaces with nanotopography, all strains adhered
least to areas with the largest interpillar distance (500 nm). For the E. coli wild type, no difference in
adhesion between surfaces without pillars and the largest interpillar distance was observed. For the
deletion mutants, increased adhesion was observed for surfaces without pillars compared to surfaces
with the largest interpillar distance. The presence of a fully functional type 1 fimbria decreased the
bacterial adhesion to the nanopatterned surfaces in comparison to the mutants.

Keywords: nanostructured surface; injection molding; anti-adhesive; E. coli; fimbriae; anti-bacterial;
biomaterial-associated infections (BAI)

1. Introduction

Bacterial adhesion, colonization, and biofilm formation on medical devices are responsible for
a large proportions of nosocomial infections, and biomaterial-associated infections are common
post-operative [1–4]. Catheter-associated urinary tract infections (CAUTI) are the most common
hospital acquired bacterial infection and are associated with increased mortality and morbidity [5].
The gram negative bacterium Escherichia coli (E. coli) is the most frequent cause of CAUTIs [6].

E. coli is naturally found in the intestinal flora of humans and animals [7] and includes both
non-pathogenic and pathogenic strains [8–10]. Some E. coli strains express type 1 fimbria, a bacterial
adhesion that has been reported to facilitate adhesion to other bacteria, host cells, and surfaces of medical
devices [11]. Type 1 fimbria have a polymeric protein structure, made of FimA, FimF, FimG, and FimH
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monomers, with a tubular structure of 7 nm in width and 1–2 μm in length [12–14]. Expression of
fimbriae has been reported to be an important virulence factor for uropathogenic E. coli, important for
biofilm formation on abiotic surfaces [15]. E. coli expressing type 1 fimbriae was observed to contribute
to catheter-associated urinary tract infections in a dynamic catheterized bladder model [16]. The biofilm
may act as a natural barrier, protecting bacteria from antimicrobial treatment [17], and biofilms are
associated with reduced susceptibility towards antimicrobial treatment [18].

Fimbrial adhesins can also be present in other Gram-negative species like Serratia marcescens
or Klebsiella pneumoniae, where they a play crucial role in biofilm formation [19,20]. Fimbria is an
important virulence factor for urinary tract infections [16], where E. coli has been reported to be the
most prevalent pathogen [21–25], and the presence of fimbriae type 1 enhances the survival of E. coli in
the urinary tract [26].

Finding new solutions in the fight against bacteria and, therefore, the need to develop medical
devices that prevent adhesion of bacteria is highly desired. Controlling bacterial colonization can be
done by modifying surface properties of medical devices, such as adhesion properties and coatings,
surface roughness, and chemistry [27,28]. Changing surface topography, by altering the surface
roughness and its complexity, can affect bacterial adhesion and therefore lower the risk of a potential
infection [29–33]. Previous studies have shown that bacterial adhesion can also be influenced by the
presence of metallic nanoparticles that show antimicrobial properties, such as such as silver (Ag),
gold (Au), and zinc oxide (ZnO) [34]. Another type of nanoparticles that presents antibacterial and
biocompatible features is silicon nanoparticles [35–38].

An important obstacle for nanomaterials is the step from scientific idea to a product on the market.
Manufacturers need to have high scale, high quality production, and preservation of the desired
properties of the nanomaterials [39]. Electron beam lithography (EBL) is a production technique that
may enable high production with reproducible quality of materials with surface modifications in the
nano-range [40].

The aim of our study was to investigate whether surfaces with different nanoscale topographies
affected fimbriae-mediated adhesion of E. coli. The hypothesis was that presence of fimbriae has an
effect on bacterial attachment to nanostructured surfaces. Electron beam lithography was used to
produce controlled nanoscale surface topographies on a template for fabricating injection molded
polycarbonate substrates as a model system with varying surface coverages. The higher the interspace
distance between nanopillars, the lower the contact area between bacteria and nanopillars. If were to
increase that distance, the individual bacteria would only have contact with a few pillars. Therefore,
we decided to fabricate surfaces with interspace distances between nanopillars smaller than the actual
size of the tested bacteria, namely 100, 250, and 500 nm.

2. Materials and Methods

2.1. Preparation of Nanostructured Surfaces

Nanostructured polymer surfaces were prepared by injection molding of patterns mastered by
electron beam lithography on silicon masters. Silicon samples were solvent and oxygen plasma cleaned,
dehydrated, and oxygen plasma treated again (this time for adhesion promotion) before immediately
being spun on hydrogen silsesquioxane (HSQ) resist (FOx 12) at a thickness corresponding to the
desired nanofeature height. Patterns were written in a Vistec VB6 UHR EWF EBL tool (Vistec Electron
Beam GmbH, Jena, Germany) operating at 100 kV and developed in 25% tetramethylammonium
hydroxide (TMAH) solution at 23 ◦C followed by rinsing in water and isopropyl alcohol (IPA). As it
was not possible to spin HSQ films thinner than ~40 nm, the 20 nm features had to be defined by
dry etching with the HSQ pattern, and the mask was subsequently removed by hydrofluoric acid
(HF). Dry etching was performed in an STS ICP silicon etch tool using a mixed process and always
preceded by a dilute HF dip (2000:1, 48% HF:RO water, by vol.) to prevent micromasking by native
oxide. All chemicals were provided by Sigma-Aldrich, Saint-Louis, MO, USA.
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Nanopatterns were then replicated using an UV-based nanoimprint lithography (UV-NIL)
(EV Group, Sankt Florian am Inn, Austria) into the working stamp material. Silicon masters were first
spin coated with the EVG anti-stick material, followed immediately by the working stamp material,
which was UV cured against the master onto a carried foil by way of the NIL tool’s standard working
stamp recipe. UV-NIL was performed using a custom-built pocket imprinter. Each working stamp
replica was laser cut to the appropriate dimensions of the injection molding tool, as described in [41].

Injection molding was performed in an Engel Victory 28 hydraulic injection molding machine
(Engel Austria GmbH, Schwertberg, Austria) to produce multiple polystyrene samples for biological
experiments. Each surface consisted of 9 × 4 repetitions of pattern divided into three sections (total size
1 × 3 mm) with different surface coverages, namely 2.5, 3.5, and 20%. The total number of surface
coverages produced was n = 972, although due to production process, some gradients were not
included in the image analysis. Therefore, the total number of nanostructured surfaces with different
coverages measured was 191.

2.2. Surface Characterization

The heights of the pillars were characterized with an atomic force microscope (Veeco Dimension
3100, Santa Barbara, CA, USA). AFM images were processed using Gwyddion software version 2.51
(Free Software Foundation, Boston, MA, USA) to obtain depth data. Water contact angles measurements
were performed on the experimental surfaces using a model 100-00-230 NRL contact angle goniometer
(Ramé-Hart Inc. Mountain Lakes, NJ, USA) in order to assess surface wettability. A small 5 μL MQ
water droplet was applied on the surface. The average contact angle was measured based on seven
measurements at 30 s time point.

2.3. Bacterial Preparation and Growth

E. coli strains BW25113 7636 (later referred as E. coli-WT), JW4277-1 11065 (ΔfimA, E. coli–ΔfimA),
and JW4283-3 11068 (ΔfimH, E. coli–ΔfimH) (The Coli Genetic Stock Center, Yale University, New Haven,
CT, USA) were grown in tryptic soy broth (TSB, Sigma-Aldrich, Oslo, Norway) medium overnight at
37 ◦C in centrifuge tubes and 5% CO2 atmosphere. E. coli–ΔfimA and E. coli–ΔfimH are mutant strains
that lack the fimA and fimH genes, respectively. Such genes play a role in the production of fimbriae,
and their parent is the E. coli–WT strain that has type 1 fimbriae [42]. The overnight culture was
diluted 10 times the morning after and left to grow again in the same conditions until optical density
reached OD600 = 1 (Thermo Scientific Spectronic 200E, Waltham, MA, USA). After that, samples were
centrifuged at 5000 rpm at 21 ◦C to obtain a pellet. Medium residues were discarded and exchanged
for PBS in order to obtain the same OD600 = 1. Afterwards, the pellet, in phosphate buffered saline
(PBS, Lonza, Verviers, Belgium), was shaken, and the obtained solution was used later for injection.
Average colony-forming units (CFUs) were measured by culturing bacteria overnight on TSB agar
plates (overnight at 37 ◦C and 5% CO2 atmosphere). There was no observed significant difference in
the number of colony forming units (CFU) at OD600 = 1 between the strains investigated.

2.4. Bacterial Adhesion

After placing the sample in the flow chamber, the system was flushed with distilled water for about
1 min at a constant flow of 20 mL/min to remove any air bubbles trapped in the system. Then, 10 mL of
bacteria in PBS was injected in the system manually using a syringe. The valves were then closed,
and bacteria were let to adhere under static conditions for 5 min at room temperature. This procedure
was followed by manually injecting 10 mL of 0.01% acridine orange (AO) to stain the cells for later
viewing with fluorescence microscopy. After 3 min staining, valves were open again and sample
was flushed for 5 min with distilled water at the same flow rate as before (20 mL/min). The setup
is presented in Figure 1. Each strain was tested three times, and the total number of tested surface
coverages was 191.
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Figure 1. Flow chamber setup (a): 1—air supply, 2—air outlet, 3—distilled water tank, 4—flow meter,
5—right valve, 6—syringe input, 7—flow chamber with nanopatterned sample (n = 191), 8—left valve,
9—waste container; (b) graphical overview of tested surface (not in scale) with pillar height and
width. Blue is bacteria. Arrows show direction of the flow. Interspace between pillars: 1–100 nm,
2–250 nm, 3–500 nm. Scanning electron microscope (SEM) image shows nanopattern (30◦ tilt) with
scale bar = 200 nm.

2.5. Fluorescence Microscopy

For the counting of bacteria on the surfaces, the closed flow chamber, including glass cover,
was transferred to a fluorescence light microscope (Olympus BX51, Olympus Optical, Tokyo, Japan).
Pictures were taken at magnification of 90× by using a 10× magnification objective with U-MNB2
filter (excitation BP 470–490 nm and emission LP 520 nm), and one image was taken for each surface
coverage for all replicas (n = 191).

2.6. Scanning Electron Microscopy

Samples were stored overnight in 2.5% glutaraldehyde buffered with 0.1 M Sørensen phosphate
buffer, and afterwards were flushed with ethanol and PBS [43]. A field emission scanning electron
microscope (SEM) was used to characterize the surfaces (Hitachi S-4800, Toyko, Japan). A thin layer of
platinum (3 nm) was sputtered onto surfaces (Cressington 308R Coating System, Watford, UK), prior to
SEM imaging. Pictures were taken at a magnification of 15k with the working distance (WD) set at
1.5 mm and acceleration voltage of 2.0 kV. The tilted image showing the nanopattern was taken at a
magnification of 20k with the working distance set at 13.3 mm, acceleration voltage of 10 kV, and tilt
set at 30◦.

2.7. ImageJ Analysis

Image analysis was performed using ImageJ software version 1.53a (NIH, Bethesda, MD, USA).
To calculate the coverage of the nanopattern, each picture was set to 8-bit, and the level of threshold was
set to obtain a visible contrast between nanopattern and surface, which were later measured using the
”Analyze particles” plugin. To calculate the number of bacteria, we used an already established macro
plugin [44], which allowed us to crop the original image in order to avoid artefacts from vignetting
during the automated counting. The number of bacteria was then counted using the “find maxima”
feature in the program, using a noise threshold of 12.
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2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 6.07 (GraphPad software,
La Jolla, CA, USA). The effect of the different surface coverages for adhesion of the individual bacteria
was analyzed using one-way ANOVA with repeated measurements followed by the Tukey’s multiple
comparisons test. For analysis of the main effect of bacteria and surface coverage, a two-way ANOVA
with repeated measurements (two factors in the experiment: surface coverage and bacteria strain) was
performed followed by the Tukey’s multiple comparisons test for the simple effects within each column,
and each bacterial strain compared to each other for each surface coverage was performed. For a
subset of surfaces (n = 10) Students T-test was used to analyze differences in adhesion between surfaces
without pillars compared to surfaces with the largest interpillar distance. Results were considered
significant with a p-value ≤ 0.05. SPSS, version 25 (IBM Corp., New York, NY, USA), was used for
calculating marginal means of bacteria number for all tested strains with significance at p-value ≤ 0.05.
Total number of analyzed surface coverages was n = 191. Power analysis was conducted using G*Power
version 3.1 (The G*Power Team, Düsseldorf, Germany). The effect size and total sample size were
calculated with an alpha probability of 0.05 and power of 0.95 [45,46].

3. Results

3.1. Surface Characteristics

Surfaces with injection molded 40 nm diameter features in polycarbonate were fabricated.
Each pattern was divided into three sections with different surface coverages. The AFM measurements
provided the interspace (100, 250, and 500 nm), pillar diameter of 40 nm, and pillar height of 25 ± 5 nm
(Figure 2).

Figure 2. AFM images of surfaces with scale presented height (nm): (a) low coverage (LC), (b) medium
coverage (MC), (c) high coverage (HC), and table below showing the characterization of the nanopillars
with interspace, diameter, and height (n = 5).

Wettability analysis along the surface showed that the characterized contact angle was smaller
than 90◦ (after 30 s of measurement, an average contact angle was 67◦), which means that surfaces used
in our study were hydrophilic. Due to the small size of the nanopatterns (1 × 3 mm), we were limited to
individual measurements of each nanopattern and present here only the overall surface contact angle.

3.2. Bacterial Adhesion

Fluorescent microscopy images of adhered bacteria were used to quantify bacterial adhesion
to the surfaces. An example of low coverage (Figure 3a), medium coverage (Figure 3b), and high
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coverage (Figure 3c) under fluorescence microscope is presented. Based on the power analysis,
the calculated effect size was 0.29. Therefore, the calculated sample size was 186. In our study we used
191 surface coverages, which is higher than the calculated one. For each of the E. coli–WT, E. coli–ΔfimA,
and E. coli–ΔfimH, increased adhesion with increasing surface coverage of nanopatterns was found
(Figure 4a). The two-way ANOVA showed a significant main effect for both surface area coverage and
the presence of type 1 fimbriae or not on adhesion. There was a significant increased adhesion for the
mutants not expressing type 1 fimbriae compared to the wild type for each of the different surface
coverages (low coverage, medium coverage, high coverage, Figure 4b). In order to compare an overall
bacteria adhesion to different nanopattern surface coverages, the marginal means for all tested bacteria
were calculated (Figure 4a). A graphical presentation of bacterial behavior on tested surface coverages
is presented on Figure 4c.

Figure 3. Fluorescent images of E. coli-WT after 5 min adhesion to different surface coverages at 10×
magnification: (a) Low Coverage, (b) Medium Coverage, (c) High Coverage. The yellow dash marks
the edges of the nanopattern. Green is bacteria. Scale bars = 250 μm.

Figure 4. Bacteria adhesion to different surface coverages: (a) Bacteria number (calculated marginal
means) for all tested strains. Significant at * p-value < 0.05. Median values with error bars represent the
95% confidence interval (n = 191, * p < 0.05); (b) average bacteria number to different surface coverages
with the standard error of the mean. Comparison within tested strains (significant at p-value < 0.05,
n = 191): × low coverage vs. medium coverage, # low coverage vs. high coverage, ¤ medium coverage
vs. high coverage; (c) graphical presentation of tested strains attaching to different surface coverages.

Bacteria were observed to adhere to the nanopattern surfaces without losing their physiological
morphology, keeping the characteristic rod shapes (Figure 5). No damaged bacteria cells were spotted
during our study. The number of nanopillars in contact with one bacterium for the different surface
coverages was calculated. Depending on the position of a single bacterium, the number of contact
points for low coverage surfaces were 1–4 pillars, for medium coverage surfaces 8–10 pillars, and for
high coverage surfaces approximately 45 pillars.
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Figure 5. SEM images of tested bacteria. Fimbriae were not visible in all cases. Black arrows point at
the theoretical position of bacteria (white oval) on the nanopattern. Scale bars = 2 μm.

The effect of fimbriae on adhesion was observed by calculating and comparing marginal means
(Figure 6a), where higher attachment was observed for E. coli without fimbriae. To analyze the effect
of the presence of pillars, adhesion to areas without pillars, that is, smooth surfaces, was compared
to areas with low coverage. Increased adhesion for the fimA and fimH mutants to the low coverage
surfaces was observed compared to areas without pillars, whereas no difference was observed for the
E. coli–WT (Figure 6b).

Figure 6. Effect of fimbriae on adhesion for all tested E. coli strains. (a) Bacteria number (calculated
marginal means) significant at * p-value < 0.05. Median values with error bars represent the 95%
confidence interval (n = 191, * p < 0.05). (b) Comparison within tested strains between smooth and low
coverage. Average bacteria number to different surface coverages with the standard error of the mean.
Significant at * p-value < 0.05, n = 10.

4. Discussion

Our work focused on investigating how nanopatterned surfaces affected the adhesion of E. coli
and whether presence of fimbria would affect adhesion. Using a replication-based fabrication process,
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which combines an electron beam lithography and injection molding, we were able to create and
examine a large number of surfaces with identical patterns and features. This process, as described in
the previous work of Stormonth-Darling et al. [47], realizes the possibility of manufacturing almost
any desired pattern and is a method considered to be a low cost and high speed alternative to
other fabricating methods, such as poly dimethyl siloxane (PDMS) casting [48]. The electron beam
lithography combined with injection molding method allows one to fabricate a large number of
identical surfaces in a short time and at low cost. In comparison to other studies, often performed
using few samples (typically with sample size of three) to investigate the different nano-patterned
features [49–51], we used a larger sample size than the optimal sample size (n = 186, calculated by
power analysis). When studying nano-patterned feature surface effects on bacteria, it is therefore
important to always have the appropriate sample size. Unfortunately, when studying bacteria, optimal
sample size is larger and it may be difficult to produce nano-patterned feature surfaces in large
enough quantities.

The findings in the present study show that all strains investigated were affected by the presence of
nanopillars on the surface. Although type 1 fimbriae is an important virulence factor for medical device
infections, and expression is associated with increased biofilm formation and catheter-associated urinary
tract infections [15,17,18,26,52,53], we observed reduced adhesion of the wild type E. coli compared to
deletion mutants for the type 1 fimbriae monomers fimA or fimH for surfaces with nanopillars.

Our experimental findings showed an overall hydrophilic nature of the tested surfaces. Due to the
size of the surfaces (1× 3 mm), separate surface angle measurements for the different surfaces coverages
were not performed. The hydrophilicity of surfaces has been described to affect bacterial adhesion.
Otto et al. [54] used microscope slides in order to obtain hydrophilic (contact angle determined as <10◦)
and hydrophobic (contact angle determined as >85◦) surfaces. They found that the expression of type 1
fimbriae by E. coli reduced initial adhesion compared to mutants not expressing fimbriae, in accordance
with the present findings. In addition, the authors reported increased adhesion strength for E. coli
expressing type 1 fimbriae to hydrophobic surfaces compared to hydrophilic surfaces, whereas no
difference was observed for the E. coli not expressing type 1 fimbriae.

Several studies have shown that adhesion of E. coli is affected by changes in surface topography.
Widyaratih et al. [55] used electron beam induced deposition (EBID) in order to create silicon surfaces
with four different nanopattern types. Their surfaces resembled osteogenic nanopatterns, and the
adhesion of the E. coli K-12 strain was investigated. Topographies with tall nanopillars (over 100 nm)
showed bactericidal effects and changes in the physiological morphology of cells. Among the changes
were structure deformations and lack of ability to divide. For surfaces with nanopillars with lower
heights (15–20 nm), comparable to the present study, a reduced adhesion was suggested compared
to non-patterned surfaces, and no changes in morphology were observed (bacteria kept their rod
shape). Another study by Bandara et al. [56] showed how natural nanotopography of dragonfly
wing would affect adhesion of E. coli (NCTC 10418). Dragonfly wings are covered with nanopillars
consisting of two populations with different heights, namely 189 ± 67 nm and 311 ± 52 nm, respectively.
The presence of nanopillars led to damage of bacterial membrane as a result of strong adhesion
between nanopillars and extracellular polymeric substances (EPS) from bacteria, as well as shear force
which appeared during bacterial attempts to move on the nanopillars. In comparison, the nanopillars
were approximately 4.7 and 7.5 times higher than the nanopillars in the present study. However,
the height of the nanopillars is not the only factor affecting bacterial adhesion and survival on surfaces.
Hasan et al. [57] fabricated surfaces inspired by the dragonfly wings based on deep reactive ion etching
of a silicon wafer. The surfaces were highly hydrophobic with nanopillars of 4 nm height and 220 nm
in diameter that exerted bactericidal activity against both E. coli and Staphylococcus aureus.

In addition to the morphology of the nanopillars on the surfaces, the density of the nanopillars
has been shown to affect both adhesive and bactericidal properties of surfaces. Dickson et al. [58]
showed that by increasing the density of nanopillars on the surfaces of poly (methyl methacrylate)
(PMMA) films, an increase in the bactericidal activity and decreased adhesion of E. coli was observed.
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The present study investigated surfaces with interspace distances varying between 100 and 500 nm.
The higher the distance, the lower number of pillars that bacteria may adhere to. Depending on the cell
size, the highest interspace distance would allow a single E. coli cell to establish contact with only one
to four pillars. In contrast to the study by Dickson et al. [58], we observed increased initial adhesion
to the surfaces with higher nanopillar density. This observation may be explained by, for example,
a different contact time used to investigate adhesion and difference in chemistry of the surfaces

5. Conclusions

We have presented a method of producing a large number of identical nanostructured surfaces.
E. coli wild type and deletion mutants of the type 1 fimbriae monomers FimA or FimH were tested
for their ability to adhere to such surfaces with different interpillar distance of 100, 250, and 500 nm,
respectively. An increase in interpillar distance (reduced surface coverage) was associated with reduced
adhesion of E. coli wild type and the deletion mutants. In addition, the presence of a functional
type 1 fimbria decreased adhesion to the nanopatterned surfaces in comparison to deletion mutants,
leading us to the conclusion that there is a relationship between presence of a functional fimbriae
and adhesion towards tested surfaces. The hypothesis that the presence of fimbriae had an effect on
bacterial attachment to nanostructured surfaces was verified. These current results could provide
insight into development of new nano-patterned structures with anti-adhesion bacterial properties.
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Abstract: We synthesized manganese ferrite (MnFe2O4) nanoparticles of different sizes by varying
pH during chemical co-precipitation procedure and modified their surfaces with polysaccharide
chitosan (CS) to investigate characteristics of hyperthermia and magnetic resonance imaging (MRI).
Structural features were analyzed by X-ray diffraction (XRD), high-resolution transmission electron
microscopy (TEM), selected area diffraction (SAED) patterns, and Mössbauer spectroscopy to confirm
the formation of superparamagnetic MnFe2O4 nanoparticles with a size range of 5–15 nm for pH of
9–12. The hydrodynamic sizes of nanoparticles were less than 250 nm with a polydispersity index of
0.3, whereas the zeta potentials were higher than 30 mV to ensure electrostatic repulsion for stable
colloidal suspension. MRI properties at 7T demonstrated that transverse relaxation (T2) doubled as the
size of CS-coated MnFe2O4 nanoparticles tripled in vitro. However, longitudinal relaxation (T1) was
strongest for the smallest CS-coated MnFe2O4 nanoparticles, as revealed by in vivo positive contrast
MRI angiography. Cytotoxicity assay on HeLa cells showed CS-coated MnFe2O4 nanoparticles is
viable regardless of ambient pH, whereas hyperthermia studies revealed that both the maximum
temperature and specific loss power obtained by alternating magnetic field exposure depended on
nanoparticle size and concentration. Overall, these results reveal the exciting potential of CS-coated
MnFe2O4 nanoparticles in MRI and hyperthermia studies for biomedical research.

Keywords: manganese ferrite; X-ray diffraction; nanomaterials; specific loss power; magnetic
resonance angiography

1. Introduction

The applications of nanomaterials in the biomedical field allows solving many issues such as
targeted drug delivery [1,2], contrast-enhancing dye in magnetic resonance imaging (MRI) [3–8],
mediators for hyperthermia applications [9–14], cell labeling and tracking [15], angiography with
MRI [16–18], cellular transfection using magnetic fields [19], cerebral blood volume (CBV) experiments
of functional MRI (fMRI) [20], drug distribution in the brain [21], and antimicrobial activity agent [22].
Surface functionalized/modified spinel ferrite nanoparticles such as MnFe2O4, MgFe2O4, CoFe2O4,
ZnFe2O4, Fe3O4 are excellent mediators for cancer thermotherapy and MRI contrast agents [23–27].
These nanoparticles are biocompatible, biodegradable, possess high transition temperatures, and have
excellent chemical stability. Moreover, nanomagnetism of ferrite nanoparticles provides the opportunity
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for several biomedical applications because these possess higher magnetic susceptibility than normal
superparamagnetic materials and negligible coercivity (i.e., field needed to demagnetize) and retentivity
(i.e., residual magnetism after field removal).

Properties of ferrites depend on their composition and microstructure, which in turn depend
on their synthesis processes. There are various chemical and physical methods [28–41] to synthesize
ferrite nanoparticles, such as chemical co-precipitation, sol-gel auto combustion (i.e., combustion of
solution of metal salts and organic fuel forms a gel), reverse micelle, microwave hydrothermal,
sonochemical, forced hydrolysis, one-step, high energy ball milling, solvothermal, and microemulsion
method. Chemical co-precipitation has several advantages over others, such as (i) uniform and
homogeneous nanoparticles of semi-spherical sizes, (ii) control of particle size by varying the reaction
parameters such as reaction temperature and pH of the solution, (iii) composition flexibility, (iv) facile,
and (v) large scale preparation technique. The co-precipitation method involves the simultaneous
occurrence of nucleation at several locations and inhibits the growth mechanism. Since this process
requires less heat, only about 80 ◦C for ferritization reaction, particle sizes are relatively smaller than
any other synthesis method.

MnFe2O4 nanoparticles are of great interest for their remarkable inherent biocompatibility because
of the presence of Mn2+ ions, tunable magnetic properties, higher transition temperature, and excellent
chemical stability for room temperature applications. There are recent reports on MnFe2O4 nanoparticles
as one novel agent for magnetic hyperthermia and MRI contrast [42–45]. Manganese based ferrites
have added advantages than other cations because manganese can be consumed in the amount of
0.67–4.99 mg with a mean value of 2.21 mg per day [46].

Magnetic particle hyperthermia is a very efficient technique for localized destruction of cancer cells,
targeted drug delivery, and synergistic use of hyperthermia with chemotherapy and radiotherapy [47].
Specific loss power (SLP), i.e., the ease with which nanoparticles heat the surrounding media,
depends on Néel and Brownian relaxation mechanisms and the hysteresis loss [48]. Recent studies
suggest that the contributions of hysteresis losses related to the areas of the hysteresis loops are vital
for SLP. The SLP also depends strongly on the magnetization and anisotropy of the nanomaterials.
In the nanoparticulate systems, where the conventional size law breaks down, magnetization and
Curie temperatures are no more intrinsic properties of materials; rather, they depend strongly on
the nanoparticle size and surface functionalization/modification. MnFe2O4 possessing divalent Mn2+

cations have five unpaired electrons in the d-orbitals resulting in a magnetic moment of 5. Since Fe3+

ions are antiparallel in the tetrahedral and octahedral sites, the uncompensated magnetic moments of
Mn2+ provide reasonable magnetic moments for higher SLP, which can further be tuned by modifying
nanoparticle size. Further, nanoparticle size change also incurs shape anisotropy that has a strong
influence on SLP [11,48,49]. In the monodomain range, an increase of nanoparticle size would reduce
anisotropy since anisotropy is inversely proportional to the nanoparticle size. Limited value of
anisotropy enhances SLP, beyond which it is detrimental because higher anisotropy inhibits Néel and
Brownian relaxation mechanisms.

Ferrites are ideal MRI contrast agents for higher transverse relaxation time (T2), and MnFe2O4

is one among them [45]. However, recently, applications of MnFe2O4 are explored as the contrast
agent for magnetic resonance angiography (MRA). The MRA sequences, which use low repetition and
echo time, create images that are weighted by longitudinal relaxation time (T1). Mn2+ cation has five
unpaired d electrons that give rise to the magnetic moment, which increases T1 relaxation, and therefore,
possesses higher T1 relaxation [50]. Mn2+ based compounds such as MnO, Mn3O4, Mn3O4@SiO2,
hollow MnO are some of the recent developments of Mn-based T1 agents. Though MnFe2O4 is a T2

contrast agent, Zhang et al. [51] demonstrated that MnFe2O4 enhances the T1 relaxation when the
nanoparticle sizes are exceedingly small and monodisperse.

In this work, we synthesized MnFe2O4 nanoparticle using a chemical co-precipitation technique.
We found in a previous study that the use of NaOH as the co-precipitating agent results in larger particle
size for which it is impossible to form stable colloidal suspensions (not published). Therefore, we used
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NH4OH as the co-precipitating agent. Since Mn2+ possesses an unstable valence state, we synthesized
MnFe2O4 nanoparticle at room temperature and varied the nanoparticle sizes with pH variations
without applying any heat. Thus, we examined the size-dependence of SLP and efficacy of MnFe2O4

nanoparticle as a negative/positive MRI contrast agent in the rat model.

2. Materials and Methods

2.1. Sample Preparation

We synthesized Manganese ferrites (MnFe2O4) nanoparticles using a chemical co-precipitation
method for which we used the starting materials (MnCl2·4H2O and FeCl3) of analytical grade and
NH4OH as the co-precipitating agent. The MnCl2·4H2O and FeCl3 salts were dissolved in distilled
water in the required molar ratio of 1:2 and underwent thorough mixing. Then 8M of NH4OH
solution were added drop-wise by micropipette (H17662, VWR, Radnor, PA, USA) into the above salts’
solutions under continuous stirring by magnetic stirrer (SP250, Lab Depot, Dawsonville, GA, USA).
Extra NH4OH (6M) was added to maintain the pH to the desired level of 9–12 that plays a determining
role in controlling the precipitation and the precipitated particles’ size. The precipitates collected
through centrifugation (2–16 P, Sigma, Harz, Germany) at 13,000 rpm for 20 min were washed ten times
by centrifugations. The silver nitrate test confirmed that the sample was free from NH4OH. The product
was then dried in an oven at 80 ◦C for 72 h for perfect ferritization. The as-dried powder was ground
with an agate mortar and pestle to obtain the as-dried MnFe2O4 nanoparticles. The precipitates of the
MnFe2O4 nanoparticles were obtained according to the following reaction,

MnCl2·4H2O + 2FeCl3 + 8NH4OH→MnFe2O4 + 8NH4Cl + 8H2O

The aqueous chitosan solution (Sigma-Aldrich, St. Louis, MI, USA) with low molecular weight,
75–80% deacetylated, and viscosity 20 cps (1% solution in 1% acetic acid; Brookfield, Middleboro, MA, USA)
was prepared using acetic acid. We mixed 0.40 g chitosan into 40 mL distilled water with a magnetic stirrer
at 500 rpm. To form a homogeneous solution, we added 1 mL (2 N) acetic acid drop-wise and stirred until
chitosan was fully dissolved in water. Then, the chitosan solution was centrifuged twice at 13,000 rpm for
20 min. The chitosan solution was formulated for coating and surface modification of nanoparticles.

2.2. Characterization

Structural characterization of MnFe2O4 nanoparticles at different particle sizes was performed
by a powder X-ray diffractometer (XRD) (PW3040, X’Pert Pro, Philips, Amsterdam, The Netherland)
using Rigaku CuKα radiation source in the 2θ ranges from 15◦ to 75◦ at 40 kV, 30 mA. The crystalline
nature and coating condition were observed by Fourier transform infrared spectroscopy (FTIR)
(L1600300 Spectrum TWO UTA ETHERNET, Perkinelmer, Shelton, CT, USA). We analyzed the
shape and microstructure of samples using a high-resolution transmission electron microscope
(TEM) (F200X Talos, Thermo Fisher, Waltham, MA, USA) at the operating voltage of 200 kV and
energy-dispersive X-ray spectroscopy (EDX) (S50 QLD9111, FEI, Amsterdam, The Netherlands).
The magnetic state of the samples was determined by the physical properties measurement system
(PPMS) (D235, Quantum Design, San Diego, CA, USA) at 5 and 300K using a 5 Tesla magnetic field
and also using Mössbauer spectroscopy (MS4, Vincent, Belgrade, Serbia). The hydrodynamic size,
polydispersity index (PDI), and zeta potential of chitosan-coated samples at different particle sizes were
investigated using dynamic light scattering (DLS) (ZEN3600 Zeta Potential Instrument, Malvern, UK)
and zeta potential or electrophoretic mobility technique. The time-dependent temperature profiles of
the chitosan-coated samples at different particle sizes were carried out at different concentrations of
1, 2, 3, and 4 mg/mL using the hyperthermia set-up (EASYHEAT 5060LI, Ambrell, Rochester, NY, USA)
with a radio-frequency (RF) induction coil of 4 mm diameter and 8 turns with an alternating current
(AC) magnetic field of 20 mT at a resonance frequency (342 kHz). The temperature rise of the
samples was measured using an optical fiber thermometer. The cytotoxicity assay of chitosan-coated
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MnFe2O4 nanoparticles at 2 mg/mL was carried out using live/dead cell assay. HeLa cell line was
cultured using a BioSafety cabinet (NU-400-E, NuAire, Plymouth, MN, USA) and a 37 ◦C + 5% CO2

incubator (NuAire, Plymouth, MN, USA), trinocular microscope with a camera of Hemocytometer
(Optika, Ponteranica, Italy). Nanoparticle size-dependent of T2 relaxivities were determined on
phantoms composed of a small tube that contained chitosan-coated MnFe2O4 at five different
concentrations (e.g., 0.17, 0.34, 0.51, 0.68, and 1.03 mM) in four sets of a larger tube of four different
nanoparticle size. MRI in vivo studies were carried out in a rat model by a horizontal-bore 7T MRI
scanner (MRS7017, MR Solution, Guildford, UK).

2.3. Animal Handling and In-Vivo MRI

We performed animal handling following The Guide for the Care and Use of Laboratory Animals
(1996) and based on the ARRIVE Guidelines for reporting animal research [52]. We minimized the
sufferings of the experimental animal according to the requirement of the Ethical Review Committee
of Animal Experiments of Atomic Energy Centre Dhaka, which approved the protocol with Memo No:
AECD/ROD/EC/20/201.

Albino Wister rats (male, age 11–12 weeks, weight 190–200 g) received an intraperitoneal injection
of ketamine/xylazine (0.5 mg/kg and 10 mg/kg) to sedate (i.e., complete loss of reflexes) them before
the MRI scan. Rats received a single dose of CS-coated MnFe2O4 (10 mg/kg) using a 26G needle in
the tail vein. The CS-coated MnFe2O4 nanoparticles suspended in phosphate buffered solution had a
concentration of 2 mg/mL.

The rat was placed on an imaging bed of 66 mm diameter and 426 mm in length that was
graduated along its axis to ensure positioning reproducibility. The bedding was devised with a tubular
structure allowing warmed up air circulation and a tooth bar to immobilize the animal. There was
provision for physiological monitoring and gating. The rat’s head was put inside a transmit/receive RF
head coil, which is a quadrature birdcage of inner diameter 65 mm and length 70 mm. The conveyor
mechanism transported the entire assembly inside the homogeneous region of the magnetic field of
the 7T MRI scanner.

The Carr–Purcell–Meiboon–Gill (CPMG) pulse sequence was used to determine nanoparticles
size-dependent T2 relaxivity of CS-coated MnFe2O4 as a negative contrast dye. This experiment
using phantoms represented the relaxivity of water protons (r2) in presence of per mM of CS-coated
nanoparticles as a contrast agent. MRA experiments were carried out to examine the performance of
CS-coated MnFe2O4 nanoparticles as MRA or blood pool/positive contrast agent of sizes 6, 10, and 15 nm
in rat brain with and without contrast agents using the time-of-flight (TOF) three-dimensional (3D)
sequence and Maximum Intensity Projection (MIP).

3. Results and Discussion

3.1. X-ray Diffraction (XRD) Analysis

XRD analysis reveals the structural characterization of the MnFe2O4 nanoparticles for the
determination of average particle size and phase of the nanoparticles. The XRD patterns of as-dried
MnFe2O4 at different pH presented in Figure 1a provides clear evidence of the formation of the ferrite
phase. Bragg’s reflections indexed as (111), (220), (311), (420), (511), (440), and (620) confirmed the
formation of a well-defined single phase cubic spinel structure without any detectable impurity phase
belonging to the space group Fd3m shown in Figure 1a. A significant broadening of the XRD peaks
indicates that the ferrite particles are of nanometric size. The crystallite size of the samples was
determined using the maximum intensity peak (311) by Scherrer’s formula [53]: d = 0.9λ/βcosθ,
where β is the full-width half maxima measured in radians, θ is the Bragg’s angle, and λ = 1.5418 Å
is the wavelength of Cu Kα energy. The interplanar spacing (dip) obtained from the XRD pattern,
yielded the lattice parameter using the formula, a = dip

√
(h2 + k2 + l2), where h, k and l are the Miller

indices. The dip values and intensities of diffraction peaks matched with the single crystalline MnFe2O4
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(JCPDS Card No. 074–2403). The XRD results of MnFe2O4 at different pH shown in Figure 1 are
comparable with the previously reported results [54,55].

Figure 1. XRD studies of as-dried MnFe2O4 nanoparticles at different pH. (a) XRD patterns of the
samples synthesized at pH of 9, 10, 11, and 12, (b) pH dependence particle size (d) and lattice parameter
(a), (c) nanoparticle size dependence of X-ray density (dx) and specific surface area (S), (d) nanoparticle
size dependence of hopping length (L) for tetrahedral (A) and octahedral (B) site.

Figure 1b shows the pH dependence of nanoparticle size (d) and lattice parameters (a) extracted
from the XRD patterns comparable with the previously reported values [54,55].

We see in Figure 1b that the particle size increases monotonically with the increase of pH, which is
5, 6, 10, and 15 nm at the pH of 9, 10, 11, and 12, respectively, synthesized in four separate batches.
Thus, we varied the nanoparticle size by controlling the pH. There was a steady but non-linear increase
of lattice parameters with increased pH, which was 8.43, 8.48, 8.49, and 8.50 Å, respectively. From the
experimental lattice parameter and grain size, we determined the X-ray density, dx, the hopping length
LA and LB (the distance between the magnetic ions on A and B-sites), and the specific surface area of the
particles S [56] using the relations dx = 8Mw/Na3, LA = aexp

√
3/4, LB = aexp

√
2/4, and S = 6/(d× dx).

Figure 1c,d show the variations of dx, LA, LB, and S with the crystallite size d. Both dx and S decreased
with the increase of nanoparticle size d. The hopping length LB was lower than the LA, while both LA
and LB slightly increased with d because of the change of cation distributions.

In the bulk condition, MnFe2O4 is a normal spinel with 80% Mn2+ occupying tetrahedral (A) sites,
while 20% of Mn2+ occupying octahedral (B) sites [57]. However, an inversion factor of x changes for
the MnFe2O4 nanoparticles. Barik et al. [58] demonstrated that the change in the degree of inversions
(x) with the lattice constants and listed theoretical and experimental lattice parameters of several
spinel ferrites of different compositions in which the theoretical and experimental lattice parameters of
MnFe2O4 are quite close. Further, O’Neill et al. [59] demonstrated through a histogram the difference of
experimental and calculated lattice constants Δa on 66 simple oxide spinels where Δa was small for most
of the oxide spinels. Considering aexp ≈ ath we would get an estimation of the inversion parameter x
considering other interactions negligible from the relation of ath = 8/3

√
3
[(
(rA + RO) +

√
3(rB + RO)

)]
.

In this relation, rA, rB, and Ro are the ionic radii of Mn2+, Fe3+, and O2−, respectively. Considering the
random cation distribution (Mn1−xFex)

[
Mnx/2Fe1−x/2

]
2
O4, we determined the inversion parameter

x as 0.79, 0.44, 0.37, and 0.30 for the nanoparticle size d of 5, 6, 10, and 15, respectively. The cation
distributions became (Mn0.21Fe0.79) [Mn0.79Fe1.21] O4, (Mn0.56Fe0.44) [Mn0.44Fe1.56] O4,, (Mn0.63Fe0.37)
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[Mn0.37Fe1.63] O4, (Mn0.70Fe0.30) [Mn0.30Fe1.70] O4 for the particle size of 5, 6, 10 and 15 nm, respectively.
This was in line with the fact that with the increase of particle size, the occupancy of Mn2+ on A-site
increased, which was 80% in the bulk state. Figure 2A shows nanoparticle size (d) dependence of
ionic radii on tetrahedral and octahedral sites (rA and rB) (left axis) and bond length ( dAL and dBL)
(right axis), oxygen parameters u43m and u3m and shared tetrahedral edge (dAE), shared octahedral
edge (dBE), unshared octahedral edge (dBEU). In Figure 2A, the variations of the ionic radii in
tetrahedral and octahedral sites rA and rB demonstrate that rA < rB, but with the increase of
the nanoparticle size rA increases as 0.525, 0.585, 0.597, and 0.609Å, while rB decreases as 0.707,
0.679, 0.674, and 0.668 Å. This was because with the increase of nanoparticle size, the value of x
decreased, which led to the transfer of Mn2+ from B site to A site progressively. Similar behavior
was observed for tetrahedral and octahedral bond length with the change in the nanoparticle size.

We determined the tetrahedral bond length and octahedral bond length, dAL = aexp
√

3
(
u43m − 0.25

)

and dBL =

√
aexp

(
3
(
u43m
)2 − 11/4u43m + 43/64

)
. O’Neill et al. [59] suggested that since the cations

in ferrites have different sizes, therefore, any change in x would define the lattice parameter, a and
oxygen parameter u, which have a unique relation, u43m = (rA + Ro)/

√
3aexp. There are two ways of

representation for the oxygen parameter: u43m, when the origin of the unit cell is considered on an A-site
cation 43m and u3m when the origin of the unit cell is at octahedral vacancy 3m, where, u3m = u43m − 1/8.
The oxygen parameters of u43m and u3m plotted with the variations of particle size in Figure 2A, are in
the same order but different in values. For a perfect fcc structure for which the u43m

ideal and u3m
ideal are 0.375

and 0.250, respectively [56]. O’Neill et al. [59] demonstrated a relationship between the Madelung
constant M and the oxygen parameter u. There exists a crossover for u = 0.2555 between normal and
inverse spinel. The structure is normal above 0.2555 and inversely smaller than this value. We obtained
u3m as 0.2514, 0.2547, 0.2553, and 0.2560 for 5, 6, 10, and 15 nm, respectively. Thus, we saw that for
5 nm, the structure was mostly inverse with x = 0.79. For the size 6 and 10 nm, the structures were
mostly disordered with x = 0.44 and 0.37, and for the size of 15 nm, the structure was mostly normal

with x = 0.30. We determined shared tetrahedral edge, dAE = aexp
√

2
(
2u43m − 0.5

)
, shared octahedral

edge, dBE = aexp
√

2
(
1− 2u43m

)
and unshared octahedral edge dBEU = aexp

√(
4u2 + 3u43m + 11/16

)
and

presented this in Figure 2A. The shared tetrahedral edge increased with the increase in nanocrystallite
size, and the shared octahedral edge decreased while the unshared octahedral edge slightly increasesd.
This was because of the transfer of larger cation Mn2+ on the A-site and the smaller cation Fe3+ on the
B-site with increased nanocrystallite sizes.

Figure 2b shows the nanoparticle size dependence of interionic distances between cations (Me-Me)
(b, c, d, e, f ), between cations and anions (p, q, r, s) and bond angles (θ1, θ2, θ3, θ4, θ5). The interionic
distances between cations b, c, d, e, and f were calculated using the relations b =

(
aexp/4

)√
2,

c =
(
aexp/8

)√
11 , d =

(
aexp/4

)√
3, e =

(
3aexp/8

)√
3, f =

(
aexp/4

)√
3 and cations and anions

p, q, r, and s were calculated using the relations p = aexp
(
1/2− u3m

)
, q = aexp

(
u3m − 1/8

)√
3,

r = aexp
(
u3m − 1/8

)√
11, s = aexp/3

(
u3m − 1/2

)√
3. The bond angle was calculated using the

relations θ1 = cos−1
((

p2 + q2 − c2
)
/2pq

)
, θ2 = cos−1

((
p2 + r2 − e2

)
/2pr

)
, θ3 = cos−1

((
2p2 − b2

)
/2pr

)
,

θ4 = cos−1
((

p2 + s2 − f 2
)
/2ps

)
, θ5 = cos−1

((
r2 + q2 − d2

)
/2rq
)
. We found that when nanoparticle size

increased, the value of x decreased, and therefore, Mn2+ was transferred to the A-site replacing Fe3+ to
B-site. From Figure 2b, it can be assumed that the magnetization should increase with the increase in
nanocrystallite size because of the increase of B-B interactions as the bond length B-O, p decreases and
the bond angle B-O-B, θ3 and θ4 increase because of the migration of Mn2+ to A-site and Fe3+ to B-site
with the increase of crystallite size.
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Figure 2. XRD studies of as-dried MnFe2O4 nanoparticles synthesized at different pH. (a) nanoparticle
size dependence of ionic radii on tetrahedral and octahedral sites (rA and rB) (left axis) and bond length
(dAL and dBL) (right axis), oxygen parameters (u) and shared tetrahedral edge (dAE), shared octahedral
edge (dBE), unshared octahedral edge (dBEU), (b) nanoparticle size dependence of interionic distances
between cations (Me-Me) (b, c, d, e, f), between cations and anions (p, q, r, s) and bond angles
(θ1, θ2, θ3, θ4, θ5).

3.2. TEM and EDX Analysis

Figure 3a–d shows the TEM bright field, dark field, selected area diffraction pattern,
and high-resolution TEM images of the CS-coated nanoparticles synthesized at pH = 10 with the
crystallite size of 6 nm obtained from XRD. Figure 3a shows bright-field images acquired from the
transmission beam, while Figure 3b shows dark field images acquired by a diffracted beam. Selected area
diffraction (SAED) patterns in Figure 3c provide information on the nanoparticles’ structure and the
high-resolutoin TEM image presented in Figure 3d demonstrates crystallinity. The d-values of the
diffraction rings in Figure 3c were determined using Velox software and yielded values that exactly
match the literature, and the diffraction pattern was indexed accordingly. The SAED pattern was
consistent with the XRD pattern showing the cubic spinel structure of the MnFe2O4 nanoparticles
belonging to the Fd3m space group.

(311) 
(220)

(420)

(620)

(440)

(a) 

(b) (c) 

(d)

Figure 3. TEM images of the CS-coated MnFe2O4 nanoparticles at pH 11. (a) bright field (BF),
(b) dark-field (DF), (c) selected area diffraction (SAED) pattern, and (d) high-resolution TEM image.
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From the diffraction circle, conical dark-field images acquired using Velox software. Both the
bright field and dark field images show the dispersion of the coated nanoparticles. The high-resolutoin
TEM image in Figure 3d along the zone axis indicates good crystallinity. The d-spacing depicted from
the high-resolutoin TEM image was d311 = 251.7 pm.

The EDX technique provides an effective atomic concentration of the sample on top surface
layers of the solids under investigations. The EDX spectrum of MnFe2O4 nanoparticle in as-dried
condition at room temperature shows the peaks of Mn, Fe, and O along with the C substrate peak.
The microanalysis of EDX data indicates the constituent elements as Mn (at% 12.33) Fe (at% 31.53),
and O (at% 36.65), respectively.

3.3. Magnetic Measurements

Figure 4a–d shows M-H hysteresis loops of the bare MnFe2O4 nanoparticle of sizes of
5, 6, 10, and 15 nm measured at 5 and 300 K with a maximum applied magnetic field, Hmax = 5
Tesla. The negligible coercivity indicated that the MnFe2O4 nanoparticles of different particle sizes
exhibited a typical superparamagnetic nature [56] with small interactions between the particles. A small
volume fraction of ferromagnetic phases was embedded in the superparamagnetic matrix. The increase
of all the parameters with the nanoparticle size, such as maximum magnetization (Mmax), coercivity (Hc),
and remnant ratio (Mr/Mmax) indicated that inter-particle interactions increased with the increase of
nanoparticle size. Two types of interactions exist in the magnetic nanoparticle, which are exchange
and dipolar interactions. For sufficiently small particle size, thermal energy dominates over exchange
energy, which reduces Mmax, Hc, Mr/Mmax.

Figure 4. M-H hysteresis loops of MnFe2O4 nanoparticles in the as-dried condition measured at 5
and 300 K with a maximum applied field of 5 Tesla. The M-H loops of the MnFe2O4 nanoparticles at
different pH are presented, (a) 5 nm, (b) 6 nm, (c) 10 nm, and (d) 15 nm.

Further demagnetization occurs in superparamagnetic nanoparticles by the dipolar interactions,
which reduces all above parameters [60]. At 5 K, however, exchange energy dominates over thermal
energy for which exchange energy overcomes the barrier of thermal energy. The dipolar interactions
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weaken as a result of which Mmax, Hc, and Mr/Mmax increase, and the samples show ferrimagnetic
nature. M-H curves indicate that at 300 K with an applied magnetic field of 5 T, the magnetization is not
saturated. Maximum magnetization recorded from the M-H curve was 11, 25, 34, and 66 emu/g with an
applied field of 5 Tesla for the particle sizes of 5, 6, 10, and 15 nm, respectively at 5 K, whereas maximum
magnetization values were 8, 12, 19 and 41 emu/g at 300 K. These values were lower than that of the
bulk manganese ferrite, which was 80 emu/g, reported in the literature [61,62]. The smaller quantity of
magnetization may be due to the higher percentages of atoms located on the nanoparticles’ surface,
producing a magnetically inactive layer or disordered layer on the surface.

Figure 5 shows the variations of Mmax, magnetic moment (nB), Hc, and Mr/Mmax with particle
sizes at 5 and 300 K acquired from M-H loops. The magnetic phase transition from ferromagnetic to
superparamagnetic state occurred between these two temperatures of 5 and 300 K. In Figure 5a, there is
an increase of Mmax from 11 to 66 emu/gm at 5 K and 8 to 41 emu/gm at 300 K with the increase of particle
size from 5 to 15 nm. Both Mr/Mmax and Hc decreased significantly from 5 K to 300 K because of the
ferrimagnetic to superparamagnetic transition. Using the formula, ne

B = Ms × Mw
5585 Bohr magneton/ f .u

gives an experimental magnetic moment ne
B. Figure 5b shows the variations of ne

B with particle size.
The theoretical magnetic moment of MnFe2O4 using Néel’s two sublattice model was 5μB irrespective
of cation distribution for MnFe2O4 because of the similar magnetic moment of 5μB for both Mn2+ and
Fe3+. The values of ne

B for the particle sizes of 5, 6, 10, and 15 nm were 0.46, 1.05, 1.43, and 2.77μB

at 5 K, whereas, 0.34, 0.50, 0.79, and 1.72 μB at 300 K. The differences between the theoretical and
experimental magnetic moment showed that we need to invoke Yafet–Kittel’s three sublattice model [63].

We determined the Canting angles using the relation, αYK = cos−1
(

ne
B+MA
MB

)
, where, MA and MB are the

magnetic moments on A and B sites. Figure 5c presents the nanoparticle size-dependence of canting
angles, which shows almost a linear relationship. The αYK at both 5 and 300 K decreases with the
increase of nanoparticle size from 5 to 15 nm.

Figure 5. (a) Maximum magnetization (b) Bohr magneton, (c) Canting angles, (d) squareness ratio,
(e) coercivity, and (f) anisotropy with size variations of MnFe2O4 nanoparticles.

Consequently, we see a linear increase of magnetic moment and magnetization with an increase
in nanoparticle diameter. Figure 5d–f presents the variations of effective anisotropy, squareness ratio,
and coercivity with the size of nanoparticles. A large enhancement in anisotropy at 5 K than 300 K
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demonstrates that the nanoparticles are in the blocked state at 5 K, whereas at 300 K the nanoparticles
are in the superparamagnetic state.

This change manifests in the variations of Mr/Mmax and Hc. The Mr/Mmax changed from 0.27 to
0.38 at 5 K, and 0.038 to 0.045 at 300 K with the increase of the nanoparticle size, and the Hc increased
from 76 to 93 Oe at 5 K and from 4 to 10 Oe at 300 K.

We analyzed magnetization data with an inversion parameter x, oxygen parameter u43m,
bond length p, and q and the bond angle θ2 and θ3. The results presented in Figure 6a show
that u43m decreases linearly with the increase of x, i.e., with the increase of Mn2+ on the A-site as
a result of which lattice parameter increases and also increases the oxygen parameter. MnFe2O4 is
essentially a normal spinel in the bulk state with 20% Mn2+ on the B-site. We see that with the
increase of nanoparticle size, the concentration of Mn2+ ions on the B-site decreases, which reduces the
distortion of the MnFe2O4 spinel structure. In Figure 6a, magnetization increases with the decrease in
the inversion parameter, x, i.e., with the decrease in Mn2+ ions on B-site and with subsequent increase
in Fe3+ ions on B-site shown in Figure 6b. The increase in Fe3+ ions on the B-site oxygen parameter
increases as a result of which magnetization increases, as shown in Figure 6c. We already found from
Figure 2B that the nanoparticle size dependence of bond length, p decreases, and the bond angles θ3

and θ4 increase. Magnetization increases because of an increase in the B-O-B bond angles, θ3 and θ4,
and reduction of B-O bond length, p, because of the increase in B-B interactions.

Figure 6. Maximum magnetization with (a) inversion parameter, (b) with cation distribution in the
octahedral site, and (c) with oxygen parameter.

3.4. Mössbauer Spectroscopy Analysis

Mössbauer spectroscopy is a tool to probe the hyperfine parameter of magnetic nanoparticles.
Figure 7a–d represents the Mössbauer spectroscopy of MnFe2O4 nanoparticles for nanoparticle
size of 5, 6, 10, and 15 nm. Table 1 presents the hyperfine parameters such as chemical shift,
quadrupole splitting, hyperfine magnetic field, and relative area extracted from the experimental and
theoretical fitting of the Mössbauer spectra. We observed from Figure 7 that the samples of different
sizes consist of a central doublet region, which confirmed that the major magnetic phase of the samples
for all the nanoparticle sizes was largely superparamagnetic. From Table 1, we observe that three
subspecies were required to fit the experimental data. Two of them exhibited fast relaxation and
represented superparamagnetic phases, and the other one showed slow relaxation that represents
ferrimagnetic phases. The area of the ferrimagnetic phase increased with the increase of nanoparticle
size, which was 10, 15, 25, and 25% for the size of 5, 6, 10, and 15 nm. Thus, the volume fraction of the
ferromagnetic phase increased with the increase of nanoparticle size. The quadrupole splitting, ΔEq of
Fe2+ was about 3 mm/s, which was much larger than Fe3+, and the ΔEq values of a low spin of Fe3+

were smaller than 0.8 mm/s. The ΔEq values presented in Table 1 indicate that iron is present in the
form of Fe3+ and low spin [64]. It is critical to estimate cation distributions because most of the Fe3+

are magnetically isolated with the nonmagnetic coordination atoms, and they do not contribute to the
long-range magnetic order [64].
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Figure 7. Mössbauer spectra of MnFe2O4 nanoparticles in the as-dried condition for different
nanoparticle sizes measured at room temperature and without any applied magnetic field (a) 5 nm,
(b) 6 nm, (c) 10 nm, and (d) 15 nm. In the spectrum, hollow red circles represent experimental data,
the solid red line represents theoretical fitting, and the other three lines represent sub spectra of three
subspecies named a, b, and c to fit the data.

Table 1. Hyperfine parameters of MnFe2O4 nanoparticles with different pH without magnetic field
and at room temperature.

Particle Size (nm) FWHM
Isomer Shift

mm/s
Quadruple Splitting

mm/s
Hyperfine Field

kG
Area

5
0.390 0.258 0.700 0 0.450
0.373 0.428 0.700 0 0.450
0.800 0.319 0.137 453 0.100

6
0.447 0.277 0.700 0 0.420
0.413 0.412 0.700 0 0.430
0.800 0.396 0.264 432 0.150

10
0.410 0.260 0.700 0 0.370
0.380 0.420 0.700 0 0.380
0.800 0.330 0.295 450 0.250

15
0.708 0.319 0.700 0 0.370
0.426 0.370 0.700 0 0.380
0.718 0.336 0.470 488 0.250

3.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Figure 8a–d presents the FTIR spectra of uncoated, CS-coated MnFe2O4 nanoparticles and pure
CS having different nanoparticle sizes. For the uncoated sample, two peaks were found near the wave
number 400 cm−1 and 600 cm−1, due to metal- oxide stretching bonds at tetrahedral sites and octahedral
sites. Another peak was found near the wave number 3500 cm−1, which was due to the O-H stretching
band of associated water bound with the sample in the as-dried condition. For pure CS, peaks were
found at waves number 1090, 1420, 1610, and 2850 cm−1 due to the stretching vibration of C-O-C- in a
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glycosidic linkage, CH3 in amide group, NH2 in the amino group, and CH2 stretching vibration to a
pyranose ring which was a characteristic peak of chitosan. CS-coated MnFe2O4 samples have similar
peaks of CS, and the peaks are shifted, which means the samples coated well with CS [65]. We observed
the similarity in behaviors for other particle sizes, i.e., for the nanoparticle sizes of 6, 10 and 15 nm.

Figure 8. FTIR spectra of uncoated MnFe2O4, CS-coated MnFe2O4, and CS nanoparticles for sizes of
(a) 5 nm, (b) 6 nm, (c) 10 nm, and (d) 15 nm.

3.6. Dynamic Light Scattering (DLS) Measurements

We carried out DLS measures to determine the hydrodynamic size (Hd) and polydispersity index
(PDI). The hydrodynamic size (Hd) is the size of the MNPs in association with the hydration layer
around the nanoparticle, and the polydispersity index (PDI) indicates the degree of dispersion of
nanoparticle in a colloidal suspension. Figure 9a,b represents the concentration and size dependence of
the hydrodynamic diameter distribution (Hd). Figure 9c,d presents the mean Hd and PDI of CS-coated
MnFe2O4 nanoparticles with concentration and nanoparticle sizes.

In the DLS measurement, laser beam incident on the nanoparticle moves with dragging force
to modify their surfaces due to coating elements and hydration layer, which causes their sizes to
increase from 5 to 100 nm [66]. The average Hd was found to vary from 86 to 149 nm for different
concentrations of nanoparticles and from 94 to 150 nm for different nanoparticle sizes, whereas the
average core size was in the range of 5–15 nm from XRD. Therefore, Hd size distributions are greater
than the core diameter observed by TEM. Demirci et al. [67] found the particle agglomerations in size
range ~60–300 nm for MnFe2O4 nanoparticles. For biomedical applications, hydrodynamic diameter
and the PDI are critical parameters. The PDI determines the extent of aggregation, and a lower PDI
value is a prerequisite for biomedical applications. The range of hydrodynamic diameter for the
biomedical applications should be less than 250 nm with a PDI value of less than 0.300 [68]. The Hd

of the CS-coated MnFe2O4 nanoparticles in this study was less than 250 nm, and the PDI was nearly
0.300, which were satisfactory for biomedical applications.
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Figure 9. Hydrodynamic diameter (Hd) of CS-coated MnFe2O4 nanoparticles measured at 25 ◦C. In the
figure, we present (a) distribution of Hd with concentration and (b) with nanoparticle size at 25 ◦C.
Analyzing the data in (a) and (b), we presented (c) concentration and (d) nanoparticle size dependence
of hydrodynamic diameter (Hd) and the polydispersity index (PDI).

3.7. Zeta Potential

We studied zeta potentials of CS-coated MnFe2O4 nanoparticles across sizes. Nanoparticles have a
surface charge that attracts a thin layer of ions of opposite charge to the nanoparticle surface. The double
layers of ions travel with the nanoparticle as it diffuses throughout the solution. The electric potential
at the boundary of the double layer is known as the zeta potential of the particles and has values
that typically range from +100 mV to −100 mV. Zeta potential is a tool for understanding the stability
and coating condition of the nanoparticle in the colloidal suspension. The surface charge may be
positive or negative, depending on the solution’s nature by generating ionizable functional groups of
nanoparticles [69].

Zeta potential increases with rising electrophoretic, electrostatic, hydrophilic material, and hydrophobic
organic surface charge mobility by changing the (+ve), (−ve) charge of nanoparticles in disperse solution.
If the suspension is stable, it means that the suspension possesses a high zeta potential value. The magnitude
of the zeta potential is a determining factor of colloidal stability, which nominally holds values greater
than +30 mV or less than −30 mV for stable colloidal suspension [70,71]. Dispersions with a low zeta
potential will eventually aggregate due to Van der Waals’s interparticle attractions. Figure 10 presents the
distribution of the zeta potential for CS-coated MnFe2O4 of the concentration of 2 mg/mL. We see from
Figure 10 that the value of zeta potential for CS-coated MnFe2O4 nanoparticles at 2 mg/mL concentration
is +47 mV, +46 mV, +44 mV, and +41 mV for the nanoparticle sizes of 5, 6, 10, and 15 nm respectively,
which are higher than +30 mV and is satisfactory for stable colloidal suspension.
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Figure 10. Zeta potential of CS-coated MnFe2O4 nanoparticles for 5 nm, 6 nm, 10 nm, and 15 nm at
room temperature during the DLS measurement.

3.8. Cytotoxicity Analysis

Cytotoxicity is crucial for biomedical applications. We examined the cytotoxicity of CS-coated
MnFe2O4 nanoparticles in HeLa cells cultured to a confluent state in DMEM (Dulbecco’s Modified
Eagles’ Medium) containing 1% penicillin-streptomycin, gentamycin, and 10% fetal bovine serum (FBS).
Cells (4 × 105/200 μL) were seeded onto 48 well plates and incubated at 37 ◦C + 5% CO2. After 24 h,
we added 25 μL of the sample (filtered) in each well. We examined cell mortality under an inverted
light microscope after 24 h of incubation. After 24 h of incubation, insoluble samples washed out
with fresh media. We then examined the cytotoxicity using a Hemocytometer and inverted light
trinocular microscope. We repeated this examination twice. Figure 11a,b shows the images of the
HeLa cells, which reflect the cytotoxic effect of CS-coated MnFe2O4 samples with the particle sizes of
5, 6, 10, and 15 nm at the concentration of 2 mg/mL, as well as the medium using a solvent and without
solvent as a control. By this figure, it is clear that the cells’ survival was 100% and 95% in the absence
and presence of the solvent, respectively.

Figure 11. Cytotoxicity results assessed by survival of Hela cells (a) with and without solvent and
(b) CS-coated MnFe2O4 nanoparticles at different particle sizes, where the corresponding cell culures
are pictured on the top panel.
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On the other hand, to observe the effect of toxicity of the coated particles with biocompatible
polymer materials on Hela cell lines, four different solutions with different particle sizes were
prepared, and the toxicity effect was observed using a hemocytometer. The survival cells were
90%, 90%, 90%, and 85% observed for the particle sizes of 5, 6, 10, and 15 nm, respectively, as shown
in Figure 11b. Therefore, no cytotoxic effect was observed for the chitosan-coated MnFe2O4.

Thus, the prepared manganese ferrite nanoparticles were nontoxic. Almost every cell survived
when incubated with the sample, which meant the sample itself was nontoxic. The mortality of the
cells will not occur when this sample is applied to the body for localized hyperthermia and as an MRI
contrast dye. These nanoparticles are, therefore, noncytotoxic and viable for cell lines. These culture
studies should be taken in the context of the doses used in the in vivo MRI analysis, but future in vivo
cytotoxicity tests would further establish the lethal doses for these nanomaterials.

3.9. Magnetic Hyperthermia with Specific Loss Power (SLP)

Hyperthermia is a minimally invasive therapeutic technique for the selective heat treatment
approach in cancer therapy, justified by the cancerous cell’s vulnerability to high temperatures.
Cancer cells have a high potential to be destroyed at about 42 ◦C while normal cells can survive at
temperatures higher than 46 ◦C, which offers a window of hyperthermia therapy [72]. Magnetic particle
hyperthermia is based on the magnetic nanoparticles as heat mediators when subjected to an alternating
magnetic field.

Figure 12a–d shows the time-dependent temperature rise of chitosan-coated MnFe2O4 nanoparticles
of different concentrations with different particle sizes. The heat was applied with a radio frequency
magnetic field with an amplitude of 20 mT and a resonance frequency of 342 kHz. The sample was
placed inside an induction coil attached to a heating station, and the power controlled by the power
supply. The RF current switched on and off for different holding times. An optical fiber thermometer
recorded the temperature. From Figure 12a–d, it is clear that the temperature increases with the increase
of particle sizes and the concentrations of MnFe2O4 nanoparticles. The synthesized nanoparticles with
particle sizes of 6, 10, and 15 nm for different concentrations reached threshold temperatures (42 ◦C).
Figure 12d represents the maximum temperature (Tmax) rise of chitosan-coated MnFe2O4 nanoparticle
solutions with the nanoparticle size, d. The rise of temperature of the chitosan-coated MnFe2O4

nanoparticle in an AC magnetic field could be attributed to the different processes of magnetization
reversal such as magnetic hysteresis, Néel and Brownian relaxation, and eddy current losses of the
magnetic nanoparticles activated by the AC magnetic field [9,13,73–76]. Eddy current losses are
negligible due to the high resistivity of ferrites. In the current study, MnFe2O4 nanoparticles showed
superparamagnetic behavior, and therefore, heat generation due to hysteresis loss partially contributed
to the total heat. Néel rotations caused by the spins of the nanoparticles and Brownian rotations
resulted from the particle movement to align itself with the magnetic field contribute to the total
amount of heat generation. The required therapeutic temperature of the samples having particle sizes of
6, 10, and 15 nm was reached within 20 min for 2, 3, and 4 mg/mL sample concentrations. For 4 mg/mL
concentration, the time required to reach the desired hyperthermia temperature was less than the 2 and
3 mg/mL concentrations. This is because there are more magnetic particles for 4 mg/mL concentration
resulting in an increased particle-particle interaction, which increases the exchange coupling energy
and affects the heating characteristics33. The plateau temperature of the time-dependent temperature
curve over a prolonged period opens up the possibility of using nanoparticle heating for drug delivery,
hyperthermia treatment of cancer, and other targeted therapy. The Tmax for all samples with different
concentrations and different particle sizes shown in Figure 12e shows that the temperature increases
with particle sizes. The efficiency of the heating capacity of a magnetic material is quantified through
SLP, defined as the amount of heat generated per unit gram of magnetic material per unit time.
The specific loss power from the time dependence temperature profile of each curve was determined
from the slope of the linear rise of temperature with time using the formula: SLP = C/m × ΔT/Δt,
where C is the specific heat of water, ΔT/Δt is the linear rise of temperature with time, and m is the
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mass of the nanoparticles of solution. The SLP value should be as high as possible to minimize the
number of magnetic nanoparticles applied for hyperthermia. It is interesting to note that though
there is a temperature rise in the case of higher sample concentration, the values of SLP are higher for
lower sample concentration and particle sizes shown in Figure 12f. This may be attributed to high
particle concentration results in particle agglomeration, suggesting stronger dipole–dipole interactions,
which decrease magnetic heating efficiency [77]. Similar results were observed by Urtizberea et al. [78],
Presa et al. [79], and Martinez-Boubeta et al. [80] who found that SLP decreases with increasing
concentration of iron-oxide nanoparticles. Smaller nanoparticle size gives rise to higher Néel and
Brownian motion. Further, smaller particle size gives rise to a smaller hysteresis area. Again, at lower
concentrations, Néel and Brownian motion and the hysteresis area are smaller, giving rise to a higher
specific loss. Concentration optimization of the nanoparticle is crucial for biomedical applications.

 
Figure 12. Time dependence temperature curves of CS-coated MnFe2O4 nanoparticles with a RF magnetic
field of an amplitude of 26 mT and a frequency of 342 kHz. The curve presents time dependence of
temperature curves of (a) 1 mg/mL, (b) 2 mg/mL, (c) 3 mg/mL, (d) 4 mg/mL. Subsequently, nanoparticle size
dependence of (e) maximum temperature (Tmax), and (f) specific loss power (SLP) are presented.

3.10. MRI Analysis

3.10.1. MnFe2O4 as Negative Contrast Agent

MRI is a diagnostic technique widely employed due to its ability to distinguish between healthy
and pathological tissues. Manganese ferrites are good T2 contrast agents of MRI though, at exceedingly
small nanoparticle size, MnFe2O4 nanoparticles exhibit good positive blood pool contrast [81,82]. As a
T2 contrast agent, the parameter which determines the quality of contrast is known as relaxivity (r2).
To determine r2 relaxivity in this study, a series of phantom images were acquired at a different echo
time. Phantom images were acquired for MnFe2O4 nanoparticle solutions at different particle sizes.
We developed phantoms by filling small Eppendorf tubes with five different concentrations for each
particle size. The Eppendorf tubes were then inserted inside a 50 mL falcon tube, which was placed
inside a mouse body coil. The CMPG pulse sequence was used to determine T2 relaxation in which the
repetition time TR was 4000 ms. The series of images procured at echo times (TEs) are 7, 14, 21, 28, 35,
42, 49, 56, 63, 70, 77, 84, 91, 98, 105, and 112 ms.

Figure 13a represents a slice at TE of 14 ms for the particle sizes of 5, 6, 10, and 15 nm. The degree
of darkening increases with the increase of the concentration of the nanoparticle. We recorded each
voxel’s intensity at different echo times, which dropped exponentially with the increase of echo time.
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The relaxation time of each voxel determined from the exponential relation of intensity drop with
the relaxation time: I = Io exp((−τ)/T2 ), where I0 is the maximum intensity, T2 is echo time, and τ
is relaxation time. The inverse of relaxation time 1/T2 is also known as relaxation. In Figure 13b,
concentration dependence of relaxation at different particle size = 5, 6, 10, 15 nm are presented.

 
Figure 13. MRI data of CS-coated MnFe2O4 spinel ferrites nanoparticles. (a) Images acquired at TE
of 14 ms (particle sizes of 5, 6, 10, and 15 nm) for CS-coated MnFe2O4 spinel ferrites nanoparticles
with different values of concentrations (0.17, 0.34, 0.51, 0.68 and 1.03 mM) inside the five tubes in each
image 1 to 5 represents lower to higher concentration of the nanoparticles in solution demonstrating
contrast agents at different particle sizes. (b) Absolute R2 (or 1/T2) mapping images for particle sizes of
5, 6, 10, and 15 nm at different concentrations. (c) Nanoparticle size dependence of relaxivity (r2) of
CS-coated MnFe2O4 nanoparticles.

The variation of relaxation with concentration is fully linear. From the slope of the linear
fitting, we determined relaxivity r2 for each particle size. The r2 relaxivities were 84 (±08) mM−1s−1,
90 (±07) mM−1s−1, 103 (±06) mM−1s−1, and 125 (±13) mM−1s−1 for the nanoparticle sizes of
5, 6, 10, and 15 nm, respectively. The relaxivity (r2) or relaxation (R2) is directly related to the magnetic
moment and particle sizes of nanoparticles [83]. Therefore, particles of higher magnetic moments,
smaller particle sizes produce shorter relaxation time, which is essential for good negative contrast
enhancement. Figure 13c shows linear dependence of nanoparticle size dependence of r2 relaxivity.

3.10.2. Magnetic Resonance Angiography (MRA) with Time-of-Flight (TOF)

We tested the contrast efficacy of CS-coated MnFe2O4 nanoparticles for the blood pool imaging
or MRA experiment using the TOF 3D sequence. Figure 14a shows image slices with and without
contrast agents for 5 nm, while Figure 14b represents images for 10 nm, and Figure 14c shows the
image slices for the size of 15 nm. To acquire the angiography images, we used the repetition time
(TR) of 22 milliseconds, echo time (TE) of 3 ms, with a 30◦ flip angle. The total numbers of scans were
168, with a thickness of 2 mm and FOV of 36 × 36. The reconstruction of the images was achieved
using Maximum Intensity Projection (MIP) post-processing software. For the nanoparticle size of 6
and 10 nm in Figure 14a,b the contrast agents enhanced the contrast of the rat veins than the veins of
pre-injection control, while for the nanoparticle size of 15 nm, the contrast of the image deteriorated
in the post-injection image than the pre-injection control in Figure 14c. Previous studies [82,83]
demonstrated that Mn-based contrast agents possess similar characteristics as Gd-based contrast
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agents that enhance T1 or positive contrast of MRI. MnFe2O4 is the most nontoxic form among other
Mn-based compounds. Previous studies [84,85] demonstrated that to act as a positive contrast agent,
r2/r1 should be minimum where r1,2 are the relaxivities of contrast agents for which nanoparticle size
should be exceedingly small, preferably less than 5 nm. In this study, we see in Figure 14a,b the pre-
(A and B) and post-contrast agent injecting images (A’ and B’) that contrast-enhancing efficacy of
chitosan-coated MnFe2O4 as the MRA contrast agent is higher when the nanoparticle size is 5 and
10 nm. With the increase of nanoparticle size as 15 nm in Figure 14c, the contrast-enhancing efficacy of
the MnFe2O4 nanoparticles degrades as evidenced by comparing the images of pre- (A and B) and
post-contrast agent (A’ and B’) injecting images.

Figure 14. MRA with TOF 3D in vivo demsontrated in rat brain. Images from maximum intensity
projection (MIP) are shown, where A and A’ represents a slice of MIP with and without contrast agents
at 3◦ from the horizontal position, B and B’ represents with and without contrast agents at the sagittal
position for the nanoparticle size of (a) 6 nm, (b) 10 nm, and (c) 15 nm.
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4. Conclusions

Different characterization techniques yielded good coordination to demonstrate that CS-coated
MnFe2O4 nanoparticles of different sizes undergo successful surface modifications. From the
hyperthermia studies, we see that with a RF magnetic field of amplitude 26 mT, the SLP in the
range of 100–330 depending on the particle sizes and concentrations. The results suggested that to
obtain a trade-off between higher specific loss power and Tmax, MnFe2O4 nanoparticles sizes should
be in the range of 6–10 nm and the concentration in the range of 2–3 mg/mL. In vitro and in vivo
imaging performed by MRI at 7T shows promising results. T2 calculated from the concentration
dependence of relaxation and were 84 (±08) mM−1s−1, 90 (±07) mM−1s−1, 103 (±06) mM−1s−1 and
125 (±13) mM−1s−1 for the nanoparticle sizes of 5, 6, 10, and 15 nm, respectively. The MRA studies are
in line with previous studies, which confirm that to use nontoxic, biocompatible, and biodegradable
MnFe2O4 as MRA contrast agents, nanoparticle sizes should be exceedingly small, preferably less than
5 nm. Thus, CS-coated MnFe2O4 has the promise of using both positive and negative contrast agents
of MRI and hyperthermia with nanoparticle size variations.
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Abstract: The effects of various oxygen flows on indium gallium zinc oxide (IGZO) based thin-film
transistors (TFTs) with different channel width sizes have been investigated. The IGZO nano-films
exhibited amorphous phase while the bandgap energy and sheet resistance increased with increasing
oxygen flow rate. The electrical characteristics were evaluated with different sizes in channel width
using fixed channel length. The distributions in terms of threshold voltage and current on–off level
along the different channel width sizes have been discussed thoroughly. The minimum distribution
of threshold voltage was observed at an oxygen flow rate of 1 sccm. The TFT electrical properties
have been achieved, using an oxygen flow rate of 1 sccm with 500 μm channel width, the threshold
voltage, ratio of on-current to off-current, sub-threshold swing voltage and field effect mobility to be
0.54 V, 106, 0.15 V/decade and 12.3 cm2/V·s, respectively. On the other hand, a larger channel width of
2000 μm could further improve the ratio of on-current to off-current and sub-threshold swing voltage
to 107 and 0.11 V/decade. The optimized combination of oxygen flow and channel width showed
improved electrical characteristics for TFT applications.

Keywords: IGZO; TFT; oxygen flow; channel width; electrical property

1. Introduction

The flat panel display applications such as active-matrix liquid crystal displays (AMLCDs),
active-matrix organic light-emitting diode (AMOLED) displays and electrophoretic displays are widely
dependent on transparent conducting oxide (TCO) based thin-film transistor (TFT) as a switching
element [1–3]. The TCOs are also useful for the next generation optoelectronic devices for the potential
to produce high/low conductivity with high visual transparency at the same instant. The amorphous
indium gallium zinc oxide (a-IGZO) has become one of the emerging TCO materials for TFT applications
due to its high transmittance, low-cost processing at low temperature, and excellent surface quality [4,5].
It exhibits better performance than those based on hydrogenated amorphous silicon (a-Si:H), poly-Si
and other TCO materials such as ZnO and IZO, in particular by electrical properties including high
field-effect mobility, sharp sub-threshold swing, and high on/off current ratio characteristics [6–8].
Besides that, the a-IGZO film has been used in other applications such as an alignment layer for LCD
and bio-sensor technology [9,10]. In addition, it contemplates an encouraging material for higher
field effect mobility in amorphous phase which can be easily grown at lower temperature on Si,
glass or flexible substrates using several deposition methods [11–13]. Among all, radio frequency (RF)
sputtering has been used widely to achieve high-quality a-IGZO films. The other important issue is
a suitable gate dielectric material for TFT devices. A simple, low-cost e-beam deposited SiO2 has been
established as an alternative promising gate dielectric material to obtain high-performance a-IGZO
TFT applications [14].
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Inevitably, it is still desirable to optimize the process parameters such as argon flow, oxygen
flow, deposition radio frequency power, substrate temperature, channel layer thickness and chamber
pressure, etc. There have been several reports on the performances of a-IGZO TFTs to consider those
types of process parameters during film formation [15–17]. Especially, the electrical properties of
a-IGZO TFTs were influenced by the oxygen flow rate (OFR) during film growth immensely [18].
The physical properties of film could be affected by the absorption of oxygen molecules during film
formation [19]. As an n-type material for doping, each oxygen vacancy generates two free electrons in
the conductor band. The adsorbed oxygen at the surface can further influence the stability of IGZO
TFTs [20]. The electron concentration decreased and would increase the resistivity in the oxide film
with increased oxygen content, which influenced the electrical characteristics of the a-IGZO TFT [21].
On the other hand, the TFT performances depend not only on the process parameters but are also
influenced by channel dimension with contact source-drain of a-IGZO TFT [22–24]. Generally, the TFT
performances are not influenced too much by the variation of the channel width. The infant change of
threshold voltage with a width of TFTs is considered as an infringe effect due to the instability of devices
from the poor fabrication process. However, several researchers reported the noticeable variation of
electrical properties with changing channel width of TFTs based on tunneling effect, heating effect and
trap charge effect. For example, Lee et al. focused on the various channel width at a fixed length of TFTs
using high-k dielectric material ZrO2 and obtained good performance and showed better stability of
TFTs using argon ambient deposited a-IGZO film [25]. They also showed that the electrical performance
changed slightly with a change in the size of the channel width of a-IGZO TFTs. In addition, Liu et
al. investigated channel width-dependent threshold voltage variation in a-IGZO TFTs with different
drain voltages on lower size to higher size channel width and have shown the noticeable variation
of threshold voltage with channel width at low drain to source voltage [26]. Kwon et al. studied
the performance of organic TFTs with variation in channel width and reported the large variation of
threshold voltage and mobility with increased channel width [27]. Hatzopoulos et al. investigated
the channel width-dependent electrical characteristics of bilayer amorphous and nano-crystalline
silicon TFTs [28]. However, the conjugate effect of O2 flow rate and channel width on the electrical
performances of a-IGZO TFTs has not been established. This type of study would be important to
develop TFTs with different channel widths controlled by a common bottom gate structure deposited on
the glass substrate at room temperature fabrication process. It is scientifically interesting to understand
the basic device operation phenomena without a complicated high-temperature annealing process
and the passivation layer. It is desirable to investigate the a-IGZO TFT performances at different
channel dimensions using low-cost, easy processing e-beam deposited gate dielectrics fabricated on
glass substrates for flat-panel display applications. It can be figured out with different O2 flow rates
along the different sizes of channel width in a-IGZO TFTs with a possible mechanism. The variation of
threshold voltage along the different size of channel width could be minimized with an optimized
O2 flow rate. The different flow rates of O2 create more variation of electrical performances TFTs in
threshold voltage, field mobility, the ratio of on-current to off-current and sub-threshold swing voltage
along with changes of channel resistance, parasitic source-to-drain resistance, surface roughness and
trap charge density, etc.

In this report, we focused on the influence of O2 flow rate on the electrical properties of different
sizes of channel width a-IGZO TFTs. This study attempted to find the suitable oxygen flow during
film growth for achieving uniform electrical characteristics from the low size to higher size width
of TFTs with a possible mechanism. Thus, the fabrication of TFTs with different sizes of channel
width would be more favorable to be employed in the display application. The variation of other
performance parameters such as field effect mobility, the ratio of on-current to off-current, sub-threshold
swing voltage, trap charge density was investigated in addition to a threshold voltage at different
oxygen contents as well as different sizes of the channel width. It is therefore possible to obtain
high-performance a-IGZO TFT with optimized O2 flow rate, the dimension of channel width, and argon
flow rate using low-cost e-beam deposited SiO2 gate dielectric.
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2. Materials and Methods

The indium-tin oxide (ITO)-coated glass substrates had a sheet resistance of 15 Ω/sq. They were
washed in acetone, alcohol and DI water, subsequently, before being dried by N2 gun and a hotplate.
A vacuum tape was used to provide the common bottom gate of ITO. The experimental samples
were deposited with gate dielectric SiO2 ~200 nm by an e-beam evaporator system. The e-beam
chamber’s base vacuum pressure was 8 × 10−6 Torr. During the evaporation, it increased to about
10−4–10−5 Torr due to the evaporation of the depositing materials [29]. The chamber temperature was
also slightly increased during the deposition to 23–30 °C due to the heating effect from the e-beam
sources. The a-IGZO ~40 nm films were deposited by RF sputtering using the power of 70 W at 3 mTorr
pressure under a fixed Ar flow rate of 30 sccm and different O2 flow rates, including 0, 1, 3 and 6 sccm.
Then, 100 nm Al metallic film was deposited by a thermal evaporator system and was patterned to
form the different sizes of TFT source/drain following photolithography and lift-off. The channel
width was varied at 500 μm, 800 μm, 1500 μm and 2000 μm. The channel length was fixed at 200 μm.
On the other hand, SiO2 was deposited on p + Si at the same time for capacitance measurement
and a-IGZO film grown on clean bare glass for the investigation of physical characteristics of films.
A schematic illustration of the device structure is shown in Figure 1. A micrograph of the un-patterned
common gate with different channel width based a-IGZO TFTs is displayed in Figure 2. The optical
transmittance characteristics (Jasco, ISN-723, Tokyo, Japan), X-ray diffraction (XRD, Bruker, D2 Phaser,
Billerica, MA, USA) analysis, and X-ray photoelectron spectroscopy (XPS, VG Scientific Microlab
350, Waltham, MA, USA) were carried out. The sheet resistance of a-IGZO film was measured using
a Hall-effect automatic measurement system (KeithLink Tech, Taipei, Taiwan). For quality assurance,
the films were grown on cleaned bare glass at the same time when preparing for the TFT samples.
In addition, the TFT devices’ electrical properties were evaluated by a semiconductor parameter
analyzer (Agilent, B1500A, Santa Clara, CA, USA).

 

Figure 1. Schematic illustration of the device structure of amorphous indium gallium zinc oxide
(a-IGZO) thin-film transistor (TFT) fabricated on a glass substrate.

Figure 2. A micrograph of un-patterned a-IGZO TFT devices with different channel sizes.
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3. Results and Discussion

To investigate the effects of O2 flow rate during sputtering of IGZO film, the film microstructure
was characterized by X-ray diffraction analysis. The amorphous structure was confirmed by XRD
analysis at different O2 flow rates at constant argon flow. The amorphous structure remained unchanged
with the increased oxygen flow during film growth, as shown in Figure 3. The notable halo crest occurs
at 23◦ from SiO2 of the glass substrate but there was no individual sharp diffraction peak for crystalline
structure because of the irregular arrangement of atoms inside of layer. The physical structure of
a-IGZO films at different oxygen contents has not been well-justified because of the amorphous phase.
Nevertheless, the crystalline properties can be achieved at higher O2 flow with high-temperature
annealing in vacuum ambient [30].

Figure 3. The amorphous phase of the as-deposited IGZO films at different O2 flow rates was confirmed
by XRD analysis.

The optical transmittance spectra at different oxygen flow rates of the as-deposited a-IGZO films
on the clean bare glass are shown in Figure 4. It has appeared that the transmittance is higher than 90%
in the visible and near-infrared range (wavelength 450 nm to 1000 nm) for the RF sputtered films under
the various O2 flow rates. The transmittance increased with an increased O2 flow rate from 0 sccm
to 3 sccm at the longer wavelength region due to improved internal film quality with a decreased
defect. The oxygen ion could easily escape during the deposition. However, the transmittance at
the highest O2 flow rate of 6 sccm dropped slightly, likely caused by the defects in the nanostructure of
film due to the high density of oxygen content. A sharp absorption occurred near 350 nm only for
the oxygen-based samples because of the strong electronic band transitions of carriers. It is also shown
that at lower than 370 nm wavelength region the transmittance drops sharply for all the IGZO films
(inset (a)). This suggests improved film quality using oxygen flow in conjunction with the argon flow
process. The bandgap energy of each film can be calculated using the plot method by the equation
in [31]:

αhν = k (hν − Eg)1/2, (1)

where α, h and ν represent the absorption coefficient of a-IGZO film, Planck constant and the radiation
frequency, and k is a constant. The absorption coefficient is determined using the following equation [32]

α = [ln(1/T)]/d, (2)

where T is the measured transmittance and d is the film thickness. The optical band gap (Eg) can
be obtained by extrapolating the straight-line portion of (αhν)2 vs. hν plots to the energy axis.
The bandgap energy extends from 3.47 eV to 3.55 eV with the increase in O2 flow rate from 0 to 6 sccm.
This phenomenon is likely caused by a change in carrier concentration [33,34].
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Figure 4. Optical transmission spectra of radio frequency (RF) sputtered a-IGZO films on clean bare
glass with different O2 flow rates during film growth. Subfigures are shown for the variation of
transmittance at (a) shorter and (b) longer wavelength range.

The XPS analysis was carried out for further physical characteristics of the as-deposited a-IGZO
films, and the results are shown in Figure 5. The variation of the binding energy of In 3d5/2, Ga 2p3/2

and Zn 2p3/2 are not so much affected as compared with the O1s state by the change in oxygen flow rate.
The chemical shift of O1s is more prominent than the other electronic states because of the insensitive
nature of In, Ga and Zn at the normal environment. The binding energy values at the peak intensity
of O1s state with an oxygen flow rate of 0 sccm, 1 sccm, 3 sccm and 6 sccm are 530.2 eV, 530.4 eV,
530.5 eV and 530.7 eV, respectively. The binding energy values at peak intensity for all the elements
with different OFR are shown in Table 1. The enhancement in binding energy suggested that the carrier
concentration of film was altered when more oxygen content was introduced in the film. The drop
in intensity at a high O2 flow rate of 6 sccm agrees well with the earlier results in enhanced defect
properties with decreased transmittance. Yao et al. revealed that the electron concentration decreased
with increased oxygen flow rate while the atom ratios of ZnO, Ga2O3, and In2O3 remained almost
the same [35]. Lee et al. found that the value of Ga/(In + Ga + Zn) and Zn/(In + Ga + Zn) ratio was
increased and In/(In + Ga + Zn) decreased with increasing oxygen flow rate [36]. The noticeable
variation of the binding energy of In 3d5/2, Ga 2p3/2 and Zn 2p3/2 could be changed with various RF
power during a-IGZO film growth [37].

Table 1. The binding energy values at peak intensity of In 3d3/2, Ga 2p3/2, Zn 2p3/2, and O 1s electronic
state with different oxygen flow rate (OFR), along with the corresponding standard values.

Element In3d3/2 Ga2p3/2 Zn 2p3/2 O1s

Standard value 451.3 1117.4 1021.5 531.4

OFR

0 451.8 1117.5 1021.7 530.2
1 451.8 1117.5 1021.7 530.4
3 451.8 1117.5 1021.7 530.5
6 451.8 1117.5 1021.6 530.7

In order to change the parasitic resistance of source to drain with different width channel of
a-IGZO TFTs, the surface sheet resistance was measured to understand the surface resistance properties
of the as-deposited a-IGZO films at different O2 flow rates. The sheet resistance values of the a-IGZO
surface are 9.64 × 1011 Ω/sq, 3.54 × 1012 Ω/sq, 8.53 × 1012 Ω/sq and 9.54 × 1013 Ω/sq for the various
O2 flow rate of 0 sccm, 1 sccm, 3 sccm and 6 sccm, respectively. The sheet resistance increasing
tendency revealed the high surface roughness as well as decreased carrier concentration of film due to
the higher density of oxygen content plasma. The sheet resistances were evaluated to set up the possible
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correlation with different sizes of channel width at each O2 flow rate. The variation of sheet resistance
and bandgap energy with different oxygen flow are plotted together in Figure 6.

Figure 5. The XPS analysis of the as-deposited a-IGZO films with the different oxygen flow rates:
(a) In 3d5/2 (b) Ga 2p3/2 (c) Zn 2p3/2 and (d) O1s (solid, dash, dot and dash–dot lines are indicated for
OFR at 0 sccm, 1 sccm, 3 sccm and 6 sccm, respectively).

Figure 6. The variation of sheet resistance and bandgap energy of the as-deposited a-IGZO films with
various oxygen flow rates.

The influence of O2 flow rate is substantial by channel width variation. Figure 7 displays
the transfer characteristics of a-IGZO TFT with the different O2 flow rate at 0 sccm, 1 sccm, 3 sccm
and 6 sccm. The drain voltage was fixed at 1 V, and the swing gate voltage was varied from −1 V to
+3 V. In general, the transfer characteristics showed that a minimum distribution in terms of threshold
voltage variation, on-current and off-current level along the increasing channel width, was observed
from Figure 7b using the oxygen flow rate of 1 sccm. On the other hand, the maximum distribution was
found from Figure 7d with the highest O2 flow rate at 6 sccm. It should be noted that the off-current
level increased up at the beginning of negative voltage through the lower size to higher size devices,
especially at the −1 to 0 V negative bias. Also, there has been smoother characteristics respect to
off-current level, and on-voltage from sweep gate voltage −1 V to 3 V achieved only at oxygen flow
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rate of 1 sccm rather than the other flow rates. In order to understand the impact on the electrical
prosperities by the process parameter of various O2 flow rate and physical dimension of channel width,
we further characterized each transfer characteristic curve to obtain field-effect mobility (μfet), threshold
voltage (Vth), sub-threshold swing voltage (SS) and the ratio of on current to off current (Ion/Ioff).
Consequently, the reason for the dissimilarity of each parameter would be discussed on the mechanism
due to oxygen flow treatment and channel width. After that, both effects would be combined to show
how they influence together on electrical characteristics of a-IGZO TFTs. Furthermore, the effects of
OFR and channel width on gate leakage current are shown in Figure 7e,f. The leakage current increased
substantially with increasing OFR for the channel width of 500 μm, which could impact the device’s
performances. On the other hand, the effect of channel width on gate leakage current at OFR of 1 sccm
could be considerably smaller.

⋅

Figure 7. Typical transfer characteristics of a-IGZO based TFT with oxygen flow rate of (a) 0 sccm,
(b) 1 sccm, (c) 3 sccm and (d) 6 sccm. The fixed drain voltage is 1 V, gate voltage sweeping from −1 V
to +3 V (the open square with solid line, open circle with dash line, open triangle with dot and open
hexagon with dash–dot line represent the transfer characteristics for channel width 500 μm, 800 μm,
1500 μm and 2000 μm, respectively). The effects of (e) OFR and (f) channel width (W) on gate leakage
current are presented.
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The field-effect mobility can be extracted using the following equation:

μfet =
gm × L

Cox × W × Vds
, (3)

where gm is the transconductance that is defined by the derivative of drain current with respect to
gate voltage, L is the length of the channel, W is the width of the channel and Cox is gate oxide
capacitance per unit area which was obtained at 4 nF/cm2 by C-V measurement of MOS capacitor
using the same thickness and maintained same deposition condition of SiO2. The obtained field effect
mobility without O2 flow-based sample was 11.9 cm2/V·s, 9.4 cm2/V·s, 8.3 cm2/V·s and 7.4 cm2/V·s for
the corresponding channel widths of 500 μm, 800 μm, 1500 μm and 2000 μm, respectively. The mobility
was slightly improved for each size of channel width based TFTs when introduced with small amount
of oxygen flow rate at 1 sccm and the values became 12.3 cm2/V·s, 10.8 cm2/V·s, 9.4 cm2/V·s and
9.1 cm2/V·s. However, the mobility has become lower at the higher oxygen flow rates at 3 sccm and
6 sccm, with a maintained tendency of decreased associates along with increased channel width size.
The calculated mobility results for all sizes of channel width at different oxygen flow rates are presented
in Tables 2–5. The field effect mobility decreased with increasing O2 flow rate for each size of channel
width because of the increased defects. This trend is in good agreement with the reported results based
on the oxygen flow rate study [38]. It is also effectively degraded with increasing channel width at
each fixed oxygen flow rate due to the increased surface to volume ratio of the channel surface with
different contact size of channel width-based source-drain. However, the mobility could be increased
with increasing channel width due to the decrease of the source-drain contact resistance at a fixed
ratio of W/L [39]. The mobility could be improved using the little oxygen content of plasma during
the deposition. The fluctuations of mobility along the channel width were also suppressed at the lower
oxygen flow rate. These changes of mobility may arise from the dimension effect of TFTs rather than
just oxygen flow rate. The high oxygen flow rate at 6 sccm greatly influenced the mobility of TFTs and
resulted in very low mobility for all types of channel width because of not only higher defects and
decreased carrier concentration but also the increased parasitic effect due to higher sheet resistance with
increasing sizes of source-drain. These results also suggest that field effect mobility with the various
channel width can be controlled using the appropriate oxygen flow rate in plasma during film growth.

Table 2. The electrical performance parameters of a-IGZO TFT with different sizes of channel width at
an oxygen flow rate of 0 sccm.

Channel Width
(μm)

V th

(V)
Ion/Ioff

SS
(V/decade)

μfet

(cm2/V·s)

500 0.41 2.2 × 106 0.18 11.9
800 0.65 1.6 × 106 0.22 9.4

1500 0.89 3.0 × 107 0.16 8.3
2000 0.90 1.1 × 107 0.13 7.4

Table 3. The electrical performance parameters of a-IGZO TFT with different sizes of channel width at
an oxygen flow rate of 1 sccm.

Channel Width
(μm)

V th

(V)
Ion/Ioff

SS
(V/decade)

μfet

(cm2/V·s)

500 0.54 2.6 × 106 0.15 12.3
800 0.66 1.0 × 107 0.17 10.8

1500 0.77 1.2 × 106 0.13 9.4
2000 0.86 1.5 × 107 0.11 9.1
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Table 4. The electrical performance parameters of a-IGZO TFT with different sizes of channel width at
an oxygen flow rate of 3 sccm.

Channel Width
(μm)

V th

(V)
Ion/Ioff

SS
(V/decade)

μfet

(cm2/V·s)

500 0.58 5.9 × 105 0.23 10.2
800 0.69 3.4 × 105 0.27 8.8

1500 0.98 2.7 × 105 0.21 7.6
2000 1.0 8.2 × 104 0.20 5.8

Table 5. The electrical performance parameters of a-IGZO TFT with different sizes of channel width at
an oxygen flow rate of 6 sccm.

Channel Width
(μm)

V th

(V)
Ion/Ioff

SS
(V/decade)

μfet

(cm2/V·s)

500 0.64 5.9 × 103 0.35 5.5
800 0.94 4.2 × 104 0.26 4.6

1500 0.98 7.1 × 104 0.25 3.9
2000 1.16 1.2 × 103 0.44 -

The threshold voltage (Vth) is calculated from each transfer characteristic curve by extra-plotting
of Ids

1/2 vs. Vgs, and the calculated values are also shown in Tables 2–5. The threshold voltages for
the pure argon based samples are 0.41 V, 0.65 V, 0.89 V and 0.90 V, corresponding to the channel width
of 500 μm, 800 μm, 1500 μm and 2000 μm, respectively. The threshold voltage differs by 0.49 V from
the lower size to the higher size channel width. On the other hand, the threshold voltage for the oxygen
flow rate at 1 sccm based samples are 0.54 V, 0.66 V, 0.77 V and 0.86 V, with a corresponding channel
width of 500 μm, 800 μm, 1500 μm and 2000 μm, respectively. It has been noted that a hysteresis
analysis by taking a double sweep could help to extract information on gate insulator and interface
quality [40,41]. The variation of the threshold voltage is about only 0.32 V from the lower to higher size
channel width. The threshold voltage was increased with increasing channel width, while the variation
values from lower to higher size channel width at an oxygen flow rate of 3 sccm and 6 sccm are 0.43 V
and 0.52 V. It has been suggested that the threshold voltage is small for the smaller channel width
of the device and the threshold voltage is increased with increasing channel width at each O2 flow
rate. It increased as well with an increased O2 flow rate at a fixed channel width. The threshold
voltage change with channel width has been well-maintained with respect to the O2 flow rate fixed at
1 sccm. The effects of both oxygen content and dimension of channel width played some important
roles. It became more irregular when the oxygen flow increased to a higher rate at 6 sccm. The higher
size devices associated with 1500 μm and 2000 μm squeeze the threshold voltage at an oxygen flow
rate of 1 sccm even more than the samples with no oxygen flow. The results indicate that the proper
amount of oxygen flow can be helpful to improve the uniformity of threshold voltage and to avoid
the sort of channel effect of TFT from low order to high order device size for TFTs with different sizes
of the channel width. The distribution of threshold voltage would be also affected by the contact of
source-drain on channel surface due to sheet resistance. The total volume to surface ratio changes with
channel width as the length remains constant.

Sub-threshold swing voltage (SS) is one of the key factors to characterize transistor performance
for high speed and low power operation in low voltage portable devices. It is determined from
the slope of log Ids versus Vgs curve and the corresponding equation is

SS =
d Vgs

d(log Ids)
. (4)

The evaluated values of SS at pure argon based samples are 0.18 V/decade, 0.22 V/decade,
0.16 V/decade and 0.13 V/decade, and at an oxygen flow rate of 1 sccm they are 0.15 V/decade,
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0.17 V/decade, 0.13 V/decade and 0.11 V/decade with the corresponding channel width of 500 μm,
800 μm, 1500 μm and 2000 μm, respectively. The very small SS is obtained at about 0.11 V/decade from
the biggest size of the channel width of 2000 μm at an O2 flow rate of 1 sccm and all the other data are
also shown in Tables 2–5. The results have indicated that the uniformity of SS can be obtained with
a small amount of oxygen flow during film deposition. The SS values are somewhat increased when
much more oxygen is introduced to the channel deposition. The SS values are shown lower along with
the sizes of channel width with the low oxygen flow rate of 1 sccm because of the smoother surface of
channel material with respect to the other samples. It is well known that small SS values can lead to
higher mobility and good stability of TFTs. Therefore, the optimized O2 flow rate and channel width
would be associated with 1 sccm and 2000 μm, respectively. The small SS values are also attributed
to the lower number of interfacial trap charge densities in the interfacial surface of the channel and
gate dielectric. It would be expected with a lower number of interfacial charges produced at an O2

flow rate of 1 sccm because of lower values of SS. The higher number of interfacial charge densities
may play a more important role to increase the off-current level due to higher leakage current with
increased O2 flow rate, and also increased channel width.

The TFT performances are very much dependent on the ratio of on-current to the off-current
(Ion/IOff) and all the evaluated values with channel width and O2 flow rate are shown in Tables 2–5.
It is significantly changed when increased O2 flow rate on the a-IGZO film deposition. Even without
oxygen inlet, the Ion/IOff achieved higher than 107 for the larger width of the channel but remarkably
decreased at the higher O2 flow rates of 3 and 6 sccm. It is shown about 103–104 for the higher channel
width and even so for the smaller sizes of channel width-based a-IGZO TFTs. The on-current level
was increased with increasing channel width at an oxygen flow rate of 0 sccm and 1 sccm because of
the increased current in the channel. The phenomena are in good agreement with the reported results
by Liu et al. [26]. The distribution in both on- and off-current levels was achieved along the different
channel width sizes when more oxygen was introduced during the film formation. The off-current
level at the initial negative voltage is increased with the increasing channel width from lower sizes to
higher sizes at each fixed O2 flow rate. The higher channel width thus produced more leakage current
that increased the off-current level. This phenomenon disturbed strongly at the higher oxygen flow
rate at 6 sccm. The off-current level reached above 10−5 order for the largest channel width of 2000 μm
based TFTs. This disturbance might be caused by the increased self-heating effect from the higher
surface roughness of the channel [42]. The corresponding threshold voltage was also increased to
1.16 V. On the other hand, the on-current level for the higher size devices behaved normally like
the higher on-current level corresponding to the higher size devices at an oxygen flow of 0 and 1 sccm.
This effect became prohibited for the higher oxygen flow rate samples.

In the discussion, the a-IGZO TFTs electrical performance parameters are dependent upon the O2

flow rate during sputtering. The transfer characteristics from the lower to higher size channel width
at different O2 flow rate showed lots of dissimilarities, such as distribution of on- and off-current
level. The variation of the off-current level along O2 flow rate followed a more-or-less linear fashion.
The worst distribution was observed at the high O2 flow rate at 6 sccm. The leakage current increased
above 10−6 at higher sizes of channel width-based a-IGZO TFTs. It should be noted that the leakage
current variation at negative gate voltage 1 V along the channel width depends on the oxygen flow
rate. It is varied only by one order at O2 flow rate of 1 sccm and is increased the order at 0 sccm as
well as the higher flow rates of 3 sccm and 6 sccm. The variations are shown in the same manner
for each channel width-based TFTs. In this report, the threshold voltage was also increased with
increasing O2 flow rate due to the higher resistivity of the film. The subthreshold swing voltages
increased with increasing O2 flow rate because of the increased defects. The off-current level is
increased with increasing oxygen flow rate due to the increased defect in the interfacial region and
the lower density of oxygen vacancy suppresses the carrier concentration in the film. In addition,
the channel width dependent field effect mobility, threshold voltage, subthreshold swing voltage and
ratio of on-current to the off-current at a fixed O2 flow rate of 1 sccm are plotted together, as shown in
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Figure 8. The variation of threshold voltage with channel width is short of uniformity as compared with
conventional devices. However, the increased tendency of mobility and on-current with increasing
channel width has been reported by Lee et al. without considering the oxygen flow effect on the a-IGZO
surface [24]. Nevertheless, the process parameter of O2 flow rate changed the sheet resistance of
the channel surface which could increase the parasitic effect of source-drain on channel material.
This effect gradually increased as the channel width of the a-IGZO TFT was increased [22]. Therefore,
the O2 flow rate effect on the TFTs with different sizes of channel width lead to large variation without
considering the optimization of O2 flow rate during the deposition of a-IGZO films. The source to
drain resistance could influence the electrical performances of a-IGZO TFT and as a result to have
achieved the short channel effect due to the lack of ohmic contact. This affected the voltage drop at
the source and drain contacts. In addition, the water and oxygen molecules in the atmosphere can also
affect the device performance of the oxide semiconductor-based TFTs, due to the lack of a passivation
layer or cap layer [20]. A suitable passivation layer could be thus employed to improve the uniformity
of the a-IGZO TFTs. The variation (Δ) of each of the electrical parameters from low value to high value
with the various O2 flow rates are plotted together, as shown in Figure 9. In addition, the e-beam
deposited SiO2 is a promising gate dielectric at a low drain voltage of 1 V.

Figure 8. The field effect mobility (μfet), sub-threshold swing voltage (SS), threshold voltage (Vth),
and ratio of on-current to off-current (Ion/Ioff) with different sizes of channel width at an oxygen flow
rate of 1 sccm.

The phenomena regarding changing performance parameters of a-IGZO TFTs at the higher
fixed drain voltage of 2~5 V exhibited a similar trend. However, at drain voltage higher than 6 V,
the performances were degraded due to the intrinsic characteristics of the as-deposited gate dielectric
SiO2. Further annealing and/or plasma treatment can be developed to improve the quality of the SiO2

dielectric film.
The output characteristics of the a-IGZO TFT are shown in Figure 10 for the devices from O2

flow rate of 0 sccm, 1 sccm and 6 sccm for the lower size to higher size channel width. All the output
characteristics exhibited positive drain current at zero gate voltage because of carrier transportation
of channel by the drain to source voltage. Again, the output characteristics supported the better
ohmic performance of a-IGZO TFT at an oxygen flow rate of 1 sccm than the other OFR samples.
Three different output characteristics were shown with saturation region, saturation current and pinch
of voltage. On the other hand, the hump effect increased with increasing O2 flow rate. The effect might
be originated from structural defects which act as traps for the charge carriers under bias. Thus, higher
OFR introduced higher structural defects and decreased the ohmic contact properties of metal on
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the a-IGZO surface, especially for large channel width. The stress-induced hump phenomenon was also
observed by Choi and Han for wide channel width (W > 100 μm) [43]. This problem could be avoided
by employing the post-fabrication annealing process. However, the characteristics have been shown
with excellent n-type enhancement mode with low drain current at zero gate voltage. In addition,
the output characteristics revealed that the ohmic contact could be affected by sheet resistance with
unsuitable O2 content in the a-IGZO film. The stability and better ohmic contact could be further
improved with a surface treatment such as annealing, plasma process, or even by replacing the metal
of source-drain contact.

Figure 9. The variation (Δ) of each electrical parameter from the lower to higher sizes channel width
with the various O2 flow rates.

Figure 10. The output characteristics of a-IGZO TFT at an oxygen flow rate of (a) 0 sccm, (b) 1 sccm and
(c) 6 sccm. The gate voltage varied−1 V to 3 V with an increased step voltage of 0.5 V. (Solid, dot, dash and
dot–dash lines represented for channel width 500 μm, 800 μm, 1500 μm and 2000 μm, respectively).
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4. Conclusions

In conclusion, O2 flow rate is one of the key factors for obtaining better performances, especially
for TFTs with different sizes of the channel width. The results showed that the suitable channel width
at an optimized oxygen flow rate could produce high-performance a-IGZO TFTs. However, the very
high O2 flow rate could degrade the performance of TFT, in particular Ion/Ioff ratio as compared with
the small amount of O2 in the irrespective channel width. The small amount O2 flow rate would be
sufficient to obtain high performances and also to exhibit less variation with channel width in TFTs.
This study has paved the way to minimize the variation of threshold along the different dimension TFTs
usingthe single optimized oxygen flow rate. The optimized TFT electrical properties were achieved at
the oxygen flow rate of 1 sccm with 500 μm channel width. The threshold voltage, the ratio of on-current
to off-current, sub-threshold swing voltage and field effect mobility were 0.54 V, 106, 0.15 V/decade and
12.3 cm2/V·s, respectively. The mobility decreased with increasing oxygen flow rate from 1 to 6 sccm by
~55%. The threshold voltage increased by ~16% at the constant channel width of 500 μm. The better
ohmic contact behavior and high performance TFTs can be achieved while considering both the effects
of O2 flow rate and the channel width design for the future TFT applications.
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Abstract: In this study, curved nanostructures, which are difficult to obtain, were created on an
Si substrate through the bonding, swelling, and breaking processes of the polymer and silicone
substrate. This method can be utilized to obtain convex nanostructures over large areas. The method
is simpler than typical semiconductor processing with photolithography or compared to wet- or
vacuum-based dry etching processes. The polymer bonding, swelling (or no swelling), and breaking
processes that are performed in this process were theoretically analyzed through a numerical analysis
of permeability and modeling. Through this process, we designed a convex nanostructure that can be
produced experimentally in an accurate manner.

Keywords: nanostructure; nanopatterning; soft lithography; soft material; swelling

1. Introduction

Nanoscale structures are recognized for their diverse application and versatility in a variety of fields
such as electronics and communications technology, optical technology, biotechnology, environment
and energy technology, and national defense technology [1–4]. There has been an increasing interest
in nanostructure processing with curved surfaces. This is because nanostructures used in essential
parts such as light guide panels, lenses, labs-on-chips, among others required in displays, optics,
and nano-biotechnology are decreasing in size but increasing in precision. There is a large demand
for highly reproducible nanostructures. Previously, methods such as the lithography thermal reflow
technique, gray-tone photolithography, diamond milling, and beam direct writing have been suggested
as methods for the creation of curved micro- and nano-scale structures [5–9]. However, there are still
some unresolved issues regarding the use of the methods for the fabrication of high-quality curved
structures. In addition, because these methods are heavily equipment-dependent and require high
processing costs, and taking into account processing time and energy efficiency, they are not adequate
for mass-production. Such methods show low structural reproducibility and have a limitation in
scaling down to smaller structures. Park et al. reported a method that can implement nano-lenses in an
area of 1 μm or less us organic vapor deposition. Although the above method does not require the use
of expensive semiconductor processes, the dimensions and shapes of the standardized nano-lenses are
not uniform because they are crystallized on a specific surface-treated substrate by controlling organic
vapor in a vacuum. Additionally, lenses can be aggregated together [10].
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There is an increasing interest in soft lithography approaches, which are capable of mass replicating
nanostructures [2,4,9–17]. Kim et al. demonstrated that line-type nanostructures can be transferred
uniformly onto SiO2 substrate using the PDMS (polydimethylsiloxane) swelling method/applied
soft lithography technique [18]. These technologies semi-permanently conserve the nanostructure’s
Si master mold, which requires high processing costs. They are advantageous for mass production
as they enable infinitely reversible and repeatable processes. Additionally, since the processing
precision of the semiconductor process is maintained, the error range of the fabricated nanostructures
is significantly small. With such advantages, several functional types of soft lithography have been
developed, including technology for replication between different types of material, 3D replication
technology, etc. [14,19].

In this study, convex structures were uniformly formed on a silicon substrate using the bonding,
swelling, and breaking process of modified polydimethylsiloxane (MPDMS), which was replicated
from an Si master mold. The bonding, swelling (or lack thereof), and breaking processes of the
PDMS nanostructures on the silicon substrate were analyzed theoretically with permeability modeling.
Through our experimental results and theoretical analysis, we have developed a novel fabrication
method for convex nanostructures. Our method allows for easy and accurate fabrication, suggesting
the method’s applicability.

2. Materials and Methods

2.1. Fabrication of SPDMS (Soft PDMS)

The soft polydimethylsiloxane (SPDMS) (Dow Corning) mixture of Sylgard 184 elastomer and
curing agent was fabricated in a mass ratio of 10:1 and stirred using a glass rod for approximately 5 min
in a disposable container. Air bubbles in the mixed SPDMS were removed in a vacuum oven (OV-12,
JEIO Tech, Deajeon, Korea) for 30 min, and the SPDMS mixture was poured into a thermally cured
hard PDMS (HPDMS) substrate. Subsequently, it was heated in an oven at 70 ◦C for 1 h. For reference,
the Young modulus of SPDMS is about 2 MPa [19].

2.2. Fabrication of HPDMS (Hard PDMS)

The HPDMS mixture was prepared by mixing VDT-731 (vinylmethylsiloxane-dimethylsiloxne
copolymer, trimethylsiloxy terminated, Gelest Inc., Morrisville, PA, USA), a Pt catalyst (platinum1,3-
divinyl-1,1,3,3-tetramethyl-disiloxane-complex, Karstedt catalyst in Xylene, JSI Silicon Corp,
Seongnam, Republic of Korea), and a monomer (2,4,6,8-tetramethyl-2,4,6,8-tetravinylcycloterasiloxane,
Sigma Aldrich Corp, Saint Louis, MO, USA) at a ratio of 3.4 g:2 drops:1 drop. The mixture was placed in
a disposable container and mixed for 1 min using a glass rod. Air bubbles in the mixed HPDMS were
removed in the vacuum oven at room temperature for approximately 5 min. Next, 1 g of HMS-301
(methylhydosiloxane-dimethylsiloxane copolymer, trimethylsiloxane terminated, Gelest Inc., Morrisville,
PA, USA) was mixed into the HPDMS mixture. It was then stirred slowly with a glass rod to prevent air
bubbles. The HPDMS mixture was poured into the Si master with nanostructures and cured by heating
in an oven at 70 ◦C for 20 min. The tensile modulus of the HPDMS was 6.32 MPa in air, and significantly
decreased to 0.60 MPa when swelled by the THF solvent.

2.3. Fabrication and Treatment of MPDMS (Modified PDMS)

The modified PDMS (MPDMS) was composed of SPDMS (soft polydimethylsiloxane) on HPDMS
(hard polydimethylsiloxane), which is shown in Figure 1. The thermally curable MPDMS stamp was
fabricated by the replica molding process (one of the lithography methods) using an Si substrate with
a nano-scale structure as the master mold [14]. Subsequently, the Si substrate was cleaned using
ultrasonication for 1 min in each of acetone, ethanol, and deionized water, sequentially. The Si substrate
was completely dried in N2 gas. Next, the prepared MPDMS stamp and Si substrate were treated
with plasma on each surface for 2 min 30 s using oxygen at a flow rate of 800 cc per minute and
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85 watts of energy using a plasma cleaner (CUTE, FEMTO SIENCE) for the irreversible bonding process.
Immediately after the Si substrate and MPDMS surfaces were exposed to the plasma, the MPDMS
stamp was carefully placed on the Si substrate. Subsequently, the MPDMS stamp placed on the Si
substrate was heated in an oven at 70 ◦C for 5 min. As a result, the Si substrate and the MPDMS stamp
were bonded.

Figure 1. Schematic illustrations of the replica molding process for fabricating the modified PDMS
(MPDMS) stamp from the Si master nano-mold.

2.4. Fabrication of Fully Swelled MPDMS

The bonded MPDMS stamp and Si substrate were dipped for 5 min in swelling organic solvents
such as tetrahydrofuran (THF, swelling ratio: 1.38), hexane (swelling ratio: 1.34), 1,2-dichlorobenzene
(1,2-DCB, swelling ratio: 1.28), all of which have high penetration properties for PDMS. The bonded
MPDMS stamp and Si substrate were completely dried in N2 gas. Subsequently, the MPDMS stamp
and the Si substrate were separated from the edge of the bonded plane.

2.5. Fabrication of Convex-Type Nanostructures on Si

The polymer transferred onto the Si substrate was etched using a deep silicon etcher
(TCP-9400DFM, LAM) in 17 mTorr (2.2644 Pa) of Cl2/HBr/O2, with a main power of 300 watts
and a bottom bias of −225 watts. Subsequently, the remaining polymer was completely removed in a
polymer remover solution (Dynasolve 218, DYNALOY) at 45 ◦C with an agitation of 150 rpm for 2 h.
As a result, convex nanostructures were uniformly formed on the Si substrate.

3. Results and Discussion

3.1. Curved Nanostructure Creation via the Bonding, Swelling (or Lack Thereof), and Breaking Process from
Replica Molding

In this study, we performed convex nanostructure fabrication using PDMS nanopattern transfer
technology. PDMS nanopattern transfer technology is divided into two steps. The first step is the
replica molding step [13]. Figure 1 illustrates the fabricating process of replicating MPDMS stamps
through molding and curing processes using an Si-based master mold with micro- and nano-scale
structures [14]. We defined the nanostructured HPDMS (hard polydimethylsiloxane) on the SPDMS
backing substrate as modified PDMS (MPDMS).

Figure 2a is an optical image of an Si master nano-mold with a 1 inch × 1 inch size. Figure 2b
shows the nanostructure of Figure 2a. Nanostructures of circular holes with a diameter of 400 nm,
an interval of 200 nm, and a depth of 520 nm were fabricated on an Si wafer using the photolithography
and etching process with an inductively coupled plasma reactive ion etcher (ICP-RIE). Figure 2c
shows an optical image of the MPDMS stamp, which was replicated from the Si master nano-mold in
Figure 2a and whose structure is reversed through the replica molding method. Figure 2d shows the
nanostructure of Figure 2c.
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Figure 2. (a) Optical image of the uniformly etched Si master nano-mold. (b) Cross-sectional and top
SEM images of arrayed circular nano-holes with a relief depth of 520 nm. (c) Optical image of the
replicated MPDMS stamp from the Si master nano-mold. (d) Cross-sectional and top SEM images of
the replicated MPDMS stamp with a circular pillar structure.

Figure 3a is a schematic diagram showing the bonded state of the oxygen-plasma-treated MPDMS
stamp and Si substrate. Figure 3b is a schematic diagram of a state where the MPDMS stamp is
dipped into THF (tetrahydrofuran) and THF has completely penetrated into the entire MPDMS stamp.
If enough time is given for THF to penetrate into the MPDMS stamp, the concentration of THF in
the MPDMS stamp remains constant regardless of the penetration path and the penetration area.
In other words, the degree of breakdown of the bonds between HPDMS’s molecular chains is the same
throughout the entire polymer. If a relatively low critical tensile stress is applied in this state, then the
probability of a fracture occurring at the bottom of the HPDMS pillar with the smallest cross-sectional
area is high [20]. As above, if the MPDMS stamp does not swell at all, the state of the bonds between
HPDMS’s molecular chains is the same throughout. If a relatively high critical tensile stress is applied
in this state, then the probability of a fracture occurring at the bottom of the HPDMS pillar with the
smallest cross-sectional area is high. Figure 3c shows the broken MPDMS structure when critical
tensile force is applied to Figure 3b. Figure 3d shows the MPDMS convex nanostructure transferred to
a Si substrate.

Figure 3. Schematic process flow to fabricate the convex nanostructure from the MPDMS stamp:
(a) The irreversible bonding step; (b) the fully swelling step; (c) the breaking step on applied tension;
(d) the resulting convex nanostructure transferred to the Si substrate.

3.2. Curved Nanostructure Creation via the Bonding, Swelling (or Lack Thereof), and Breaking Process from
Replica Molding

Figure 4a,b shows the top and cross-sectional views, respectively, of convex patterns of MPDMS
stamps (diameter of 300 nm, spacing of 300 nm, and height of 40 nm) uniformly transferred onto
the Si substrate through the bonding, no swelling (the swelling was skipped) and breaking process.
Figure 4c,d shows the top and cross-sectional views, respectively, of the convex patterns of the MPDMS
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stamp uniformly transferred to the Si substrate through the bonding, full swelling, and breaking
process. As the transferred MPDMS convex nanopatterns are used as hard masks for the etching
process, convex Si nanostructures (diameter of 250 nm, spacing of 350 nm, and height of 160 nm) that are
difficult to form by conventional photo lithography were easily formed. An important parameter that
affects the change of curvature is determined by the degree of swelling. Swelling is determined by the
concentration of THF, the time of swelling, and the shape and size of the nanostructure. For example,
in the case of full swelling, in which HPDMS nanostructures are completely penetrated by THF,
the effect is the same as no swelling. However, in the case of the full swelling step, less energy is
required for the breaking step than in the case of no swelling step (i.e., swelling is skipped). Therefore,
the uniformity and accuracy of the nanostructure formation step are improved even with a small
force. Figure 4e,f shows the Si nano lens structures, which were formed after deep RIE using the
convex patterns in Figure 4c,d as hard masks for the etching process. The convex nanostructures
fabricated through this process are used as a functional structure in biological and medical fields
as well as in the development of optical lenses and sensors [21]. In this study, experiments were
conducted with one type of nano-structure. However, by using the bonding, full swelling, and breaking
process, curvature is not controllable, but is determined naturally via swelling and breaking mechanics.
Since the diameter and height of the fabricated curved nano-structure depends on the diameter of the
initial nano-structure of the Si master nano-mold, it is thought that if a smaller Si nano-mold structure
is used, a smaller-diameter curved structure can be fabricated.

 

Figure 4. Fabricated convex nanostructures after transfer to the Si substrate by the MPDMS bonding,
swelling (i.e., no swelling or full swelling), and breaking process (used as a hard mask against
dry etching): (a,b) are SEM images of the top and cross-sectional views, respectively, of transferred
convex patterns (diameter of 300 nm, spacing of 300 nm, and height of 40 nm) onto the Si substrate by the
bonding and breaking process (no swelling). (c,d) are SEM images of the top and cross-sectional views
of fully swelled and transferred convex patterns, respectively. (e,f) present convex Si nanostructures
formed by deep reactive ion etching (RIE) through the MPDMS hard masks with convex patterns as
shown in (c,d).
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3.3. Mechanical Modulus Measurement of the HPDMS

A dynamic mechanical analyzer (DMA) (DMA 8000, Perkin Elmer, Waltham, MA, USA) was
used to measure the tensile modulus of the HPDMS. In order to investigate the effect of THF swelling
on the mechanical properties of HPDMS, a ceramic-coated fluid bath of the DMA machine was
utilized. Among DMA testing configurations, the film tension mode was adopted because the tensile
elastic response is important when analyzing stress concentration in the nanostructures during the
initial stage of the transfer process. The HPDMS specimens were fabricated with dimensions of
20 mm length, 5 nm width, and 1mm thickness using an aluminum mold. The HPDMS solution was
thoroughly mixed and then poured into rectangular grooves. After degassing trapped air in the mixed
solution under vacuum, thermal curing was conducted at 90 ◦C for 30 min. With the gauge length of
10 mm, the dynamic actuation was conducted both in the air and in the THF solvent. For consistency,
the measurement in the THF solvent started after 2 min of immersion. The measured tensile modulus
values were averaged with results from at least five specimens.

Figure 5 shows the modulus measurement result of the HPDMS specimens under ambient
conditions and under the THF-swelled condition. The tensile modulus of the HPDMS was 6.32 MPa
in the air and significantly decreased to 0.60 MPa when swelled by the THF solvent. It is verified
that the THF treatment greatly weakens the intermolecular attraction among the polymeric chains.
Note that the modulus value during 3 min of the cyclic measurement was kept constant, meaning that
the mechanical stiffness was saturated to the modulus level of 0.60 MPa.

 

Figure 5. Tensile modulus of HPDMS in air and in THF.

3.4. Numerial Analysis of Permeability and Modeling in the Bonding, Controlled Swelling,
and Breaking Process

A stationary stress analysis was conducted to validate the failure process of convex nanostructures.
Interpenetrating swelling properties of the HPDMS and polymer networks were obtained from
the experiment (Figure 5) and were utilized to carry out a numerical simulation by using Young’s
modulus (tensile modulus) of the fully swelled HPDMS. We assume that Young’s modulus is the
tensile modulus in an environment where tensile force is applied. The failure process was studied by
examining two main tensors: diffusion of the chemical solvent and stationary stress under the specific
swelled conditions.

3.4.1. Concentration Diffusion Analysis

The concentration equation is defined as:

∂C
∂t

+
→
U · ∇C = ∇ · (D∇C) + R (1)

130



Nanomaterials 2020, 10, 2414

where C is the concentration (mole/m3) and D is the diffusion coefficient (m2/s). In addition,
→
U is the

fluid velocity and R is the net rate at which C is produced in a chemical reaction. In this simulation,
convection is suppressed to obtain a pure diffusion profile with time. The reaction of the PDMS
polymer does not take place during swelling.

3.4.2. Stationary Stress Analysis

The stationary stress–strain equation is expressed as:

∇ · σ+ Fv = 0 (2)

σ = σ0 + C : (ε− ε0 − αθ) (3)

ε =
1
2

(
∇u + (∇u)T

)
(4)

where σ is the stress tensor, Fv is the body force, ε is the strain tensor, σ0 and ε0 are the initial stress and
strain tensors, respectively, α is the thermal expansion, θ = T − Tre f , u is the displacement field, and C
is the 4th-order elasticity tensor.

This displacement field gradient can be defined as:

∇u =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
∂u
∂X

∂u
∂Y

∂u
∂Z

∂v
∂X

∂v
∂Y

∂v
∂Z

∂w
∂X

∂w
∂Y

∂w
∂Z

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (5)

where (X, Y, Z) are material coordinates and (x, y, z) are spatial coordinates.

3.4.3. Numerical Simulation and Modeling of Permeability

In this study, two failure modes, such as fracture at upper regions and fracture at lower regions
of pillar type nanostructures, were investigated by using experimental data as numerical input data.
We studied how to propagate the concentration of chemical solvent with time before the stationary
stress analysis was carried out to study the failure process.

We used the diffusion coefficient 1E-16 m2/s for the HPDMS and chemical solvents [21]. Figure 6
shows the schematic of a cylindrical bead nanostructure. For the boundary conditions of concentration
diffusion, the axial symmetry condition is used at the axial line, whereas the bottom regions and the
top-right are set as the insulation boundary. Only the constant concentration is provided at the blue
regions as C = 12.3 M.

(a) (b)

CUCDn

CUCDn

CUCDn

Figure 6. Schematic of cylindrical bead nanostructure: (a) geometry; (b) boundary conditions of
concentration simulation.
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The concentration propagation with time is revealed in Figure 7. The PDMS swelling due to
chemical solvents starts from the outside before moving into the PDMS (as shown in Figure 7a,b)
and the concentration still does not reach the top of the center of the nanostructure in Figure 7c. Finally,
the PDMS is fully swelled in Figure 7d. We also conducted a stationary stress analysis by using the
numerical results of concentration diffusion. The result at 10 s (Figure 7c) was used as the partially
swelled condition and 120 s (Figure 7d) was used as the fully swelled condition.

 
(a)            (b) 

(c)             (d) 

Figure 7. Concentration profile of a cylindrical bead nanostructure with time: (a) 1 s; (b) 5 s; (c) 10 s;
(d) 120 s.

In Figure 8, the partially swelled regions are divided into region I (non-swelled region) and region
II (fully swelled region). The classified curve was obtained from the Bezier polygon, which is based
on {r, z} = {[−1E−7m, 2E−7m], [1E−7, 6E−7], [5E−7, 8E−7]}. For boundary conditions, a 2D axial
symmetric boundary was applied to the axisymmetric line. A fixed boundary condition was applied
to the bottom of the pillar nanostructure and the prescribed displacement of 80 nm for the partially
swelled condition and 170 nm were set to the top of nanostructure. All other boundaries were used as
free boundary conditions. In Figure 8, the schematic of the partially swelled nanostructure is shown
for simulation of the swelling condition. Area I of the HPDMS is dried, as E = 6.32 MPa, and area II of
the HPDMS is swollen, as E = 0.6. The Poisson ratios are v = 0.45 and 0.47 for the dried condition and
the swollen condition, respectively.

Figure 9 shows the simulation results for the partially swelled PDMS (Figure 9a) and for the fully
swelled PDMS (Figure 9b). The maximum stress of the partially swelled PDMS is 0.762 MPa at the edge
of the bottom, whereas the maximum stress of the fully swelled PDMS is 0.475 MPa. It was reported
that the maximum strengths of dry PDMS and swollen PDMS are 0.76 and 0.45 MPa, respectively [22].
As compared to the literature, the maximum stresses for both the partially swelled PDMS and the fully
swelled PDMS are greater than the material strength. This means that the partially swelled PDMS
breaks near the top of the nanostructure and the fully swelled HPDMS fractures at the bottom of
the nanostructure.
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Figure 8. The schematic of the partially swelled nanostructure.

(a)             (b) 

Figure 9. Stress analysis results for (a) the partially swelled condition and (b) the fully swelled condition.

4. Conclusions

In this study, convex nanostructures over large areas were formed on a silicon substrate by
using the bonding, swelling, and breaking of MPDMS that was replicated from an Si master mold.
In addition, the bonding, swelling (or lack thereof), and breaking process of the PDMS nano-mold on the
silicon substrate was analyzed theoretically through numerical analysis of permeability and modeling.
Through this process, we have developed a novel fabrication method for convex nanostructures that
can easily and accurately be fabricated, which usually represents a difficult engineering problem.
Easily fabricated, curved nanostructures can be essential parts required in the fields of displays,
optics, and nano-bio diagnosis, and they can play an important role in light guide panels, lenses,
and labs-on-chips.
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Abstract: In this work, we demonstrate the enhanced synaptic behaviors in trilayer dielectrics
(HfO2/Si3N4/SiO2) on highly doped n-type silicon substrate. First, the three dielectric layers were
subjected to material and chemical analyses and thoroughly investigated via transmission electron
microscopy and X-ray photoelectron spectroscopy. The resistive switching and synaptic behaviors
were improved by inserting a Si3N4 layer between the HfO2 and SiO2 layers. The electric field within
SiO2 was mitigated, thus reducing the current overshoot in the trilayer device. The reset current
was considerably reduced in the trilayer device compared to the bilayer device without a Si3N4

layer. Moreover, the nonlinear characteristics in the low-resistance state are helpful for implementing
high-density memory. The higher array size in the trilayer device was verified by cross-point array
simulation. Finally, the multiple conductance adjustment was demonstrated in the trilayer device by
controlling the gradual set and reset switching behavior.

Keywords: resistive switching; X-ray photoelectron spectroscopy; synaptic device; metal oxide;
current overshoot

1. Introduction

Resistive switching memory is very attractive for a wide range of applications due to its various
resistive switching characteristics stemming from a number of resistive switching materials by easily
tunable resistive switching parameters such as on-resistance, off-resistance, and operation voltage [1–5].
Moreover, its simple structure, such as metal–insulator–metal (MIM) with 4F2 (F is feature size), can be
scaled down via a lithography process [1–6]. Further, the multiple resistance states triggered by
electrical pulses can be used for high-density memory. Finally, the good retention properties, such as
NAND flash and high endurance, provide an edge over other competing memory products. The types
of resistive switching should be characterized depending on the possible applications, such as in storage
class memory, neuromorphic devices, and logic devices. Among them, a neuromorphic device using
resistive switching memory is attracting considerable attention [7–10]. To meet the needs of efficient
data processing in the era of big data, neuromorphic computing provides a major breakthrough that can
replace the existing Von Neumann computing. In particular, neuromorphic systems are specialized in
data processing, such as complex pattern recognition. Moreover, they take an energy-efficient approach
by carrying out data processing in a parallel manner. In a neuromorphic system, the conductance
of the resistive switching memory cell placed on a cross-point array has multiple states and can
be updated and controlled by the input pulse from the neuron circuit. The conductance control of
resistive switching is similar to the synaptic weight adjustment in biological synapses in the human
nervous system.

Resistive switching and artificial synaptic behaviors are observed in many insulators, such as
oxide [11–13], nitride [13–15], organic materials [16], and 2D materials [17]. Among them,
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metal–oxide-based resistive switching memories such as HfO2 have proven to have the best resistive
switching performances in terms of, e.g., endurance, retention, and variability. Excellent resistive
switching has been reported when using metal bottom electrodes [18,19]. HfO2-based resistive switching
memory with ITO electrode can also be used for flexible and transparent electronic devices [20]. On the
other hand, the HfO2-based resistive memory with a silicon bottom electrode has not yet been
reported as superior to the metal bottom electrode. However, the metal–oxide–semiconductor structure
has other advantages, such as self-rectification and low-power operation. The most effective way
to enhance resistive switching is to design multiple dielectric stacks [21]. The use of an oxygen
reservoir, such as a TiOx layer, is popular in metal–oxide-based resistive switching memory. Abundant
oxygen vacancies are created in the main resistor for resistive switching. A tunnel barrier, such as
SiO2 and Al2O3, with a large band gap, can enhance the resistive switching properties by reducing
the operation current and increasing the nonlinearity of the I–V curve in the low-resistance state
(LRS) [22,23]. The SiO2 layer can be easily formed when using silicon substrate as the bottom electrode
and different methods such as native oxide, thermal oxide, and chemical vapor deposition (CVD).
Another advantage of inserting the tunnel barrier with a high band gap is a reduction in the LRS
current [21,22]. To employ the advantageous tunnel barrier in resistive switching, the insulating
property of the SiO2 layer is maintained after the forming and set processes. If the excess electric field
is applied on the tunnel barrier with a high compliance current, breakdown of the tunnel barrier can
occur. Therefore, the use of a careful device stack design is necessary to ensure a stable tunnel barrier
layer; for example, the thicknesses of the tunnel barrier and the main resistor are important. In addition,
the dielectric constant should be considered to properly distribute the electric field throughout multiple
dielectric layers.

In this work, we fabricated a trilayer (HfO2/Si3N4/SiO2) resistive switching memory device and
demonstrated low current switching by suppressing the current overshoot and nonlinear I–V curves
in the LRS. The trilayered dielectric stacks were confirmed via high-resolution transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) before electrical characterization.
Through a comparative study with a control group without a Si3N4 layer, it was verified that the Si3N4

layer can relieve the concentration of the electric field in SiO2. Finally, we demonstrated the improved
synaptic behaviors by achieving gradual conductance control in the trilayer structure compared to the
device without a Si3N4 layer.

2. Materials and Methods

The Ni/HfO2/Si3N4/SiO2/Si device was prepared as follows: The ion implantation was conducted
in the Si substrate to increase the conductivity on the single crystalline Si surface as the bottom electrode.
Phosphorus (P) as an impurity was used to form an n-type Si bottom electrode, where the dose and
energy were 5 × 1015 cm−2 and 40 keV, respectively. The Si lattice damage caused by ion implantation
was cured by the annealing process. Next, a 2.5-nm-thick SiO2 film was deposited via low-pressure
chemical vapor deposition (LPCVD) by reacting SiH2Cl2 (40 sccm) and N2O (160 sccm) at 785 ◦C
after removing native oxide through HF cleaning. Then, a 3.5-nm-thick Si3N4 layer was deposited via
LPCVD by reacting SiH2Cl2 (30 sccm) and NH3 (100 sccm) at 785 ◦C. After that, a 3.5-nm-thick HfO2

layer was deposited by atomic layer deposition (ALD) system by reacting tetrakis (ethylmethylamino)
hafnium (TEMAH) and ozone (O3) at 300 ◦C. Finally, a 100-nm-thick Ni top electrode was deposited
by a thermal evaporator and patterned by a shadow mask containing circular patterns with a diameter
of 100 μm. A Ni/HfO2/SiO2/Si device was prepared as a control device in the same way, except for the
Si3N4 layer.

The electrical properties were characterized both in DC mode using a Keithley 4200-SCS
semiconductor parameter analyzer (Keithley Instrumnets, Cleveland, OH, USA) and in pulse
mode using a 4225-PMU ultrafast module (Keithley Instrumnets, Cleveland, OH, USA) During
the measurements, a bias voltage and pulse were applied to the Ni top electrode, while the Si bottom
electrode was grounded. XPS depth analysis was conducted with a Nexsa (ThermoFisher Scientific,
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Waltham, MA, USA) with a Microfocus monochromatic X-ray source (Al-Kα (1486.6 eV)), a sputter
source (Ar+), an ion energy of 1 kV, and a beam size of 100 μm × 100 μm.

3. Results and Discussion

Figure 1a,b respectively shows the schematics and a TEM image of the Ni/HfO2/Si3N4/SiO2/Si
device. Single crystalline Si substrate and amorphous HfO2, Si3N4, and SiO2 layers could be observed
in the TEM image. In addition, the TEM image provides information about the exact film thicknesses of
HfO2 (3.5 nm), Si3N4 (3.5 nm), and SiO2 (2.5 nm). The energy-dispersive X-ray spectra (EDS) line scan
was obtained through scanning transmission electron microscopy (STEM) and is shown in Figure S1.
Next, the XPS depth profile of HfO2/Si3N4/SiO2/Si was investigated to determine the elements in each
layer. Figure 1c shows the XPS spectra Hf 4f of HfO2 as the first dielectric layer [24]; Hf 4f is typically
composed of a 4f 5/2 and 4f 7/2 spin–orbit doublet, which are respectively centered at 20 and 18.5 eV.
This result is consistent with existing literature about HfO2 on a Si substrate [24]. Figure 1d shows
the Si 2p spectra for the Si3N4 layer, SiO2 layer, and Si substrate. The peak intensity that is located at
about 99.5 eV is higher at the deeper etching level (level 11) than it is at level 7. This indicates that
the Si substrate is more exposed by X-ray beams at the deeper etching level (level 11) [21]. Moreover,
the peak point at etch level 11 is shifted to the right compared to that at etch level 7, indicating that the
Si–O bond located at 103.5 eV is increased at level 11 [25]. Figure 1e shows the N 1s spectra at level 7
and level 11, where the peak is centered at about 398 eV [26]. The peak intensity at level 11 is much
weaker than that at level 7. This result is consistent with the Si 2p result shown in Figure 1d.

Si

SiO2

Si3N4

HfO2

Ni

Figure 1. Device configuration and material analysis of the Ni/HfO2/Si3N4/SiO2/Si device. (a) Schematic
drawing of the device stack; (b) TEM image; (c) XPS Hf 4f spectra at etch level 3; (d) XPS Si 2p spectra
at etch levels 7 and 11; and (e) XPS N 1s spectra at etch levels 7 and 11.

Figure 2a,b shows the I–V characteristics of the Ni/HfO2/SiO2/Si and Ni/HfO2/Si3N4/SiO2/Si
devices. For a fair comparison, the compliance current (CC) of 5 μA is applied to both devices.
The initial cells are activated with the positive bias DC sweep. The current is significantly increased
during the reverse sweep, which indicates that soft breakdown occurs within the dielectrics. The CC
can protect the device from permanent breakdown. Subsequently, the reset process is conducted by the
negative bias sweep, causing the state of the device to be changed to the high-resistance state (HRS).
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This process can be explained by the rupture of the conducting path in dielectrics. Then, the set process
follows to make the state of device be the LRS again. The HRS and LRS of the device can be repeatedly
switched in the repetitive set and reset process. It should be noted that high current (~10 mA) flows
within the Ni/HfO2/SiO2/Si device in the LRS. The current is very high despite the fact that 5 μA is
applied on the Ni/HfO2/SiO2/Si device during the forward and reverse sweep in the LRS under the
positive bias. Subsequently, the high LRS current without CC in a negative bias is the real current level.
This suggests that current overshoot occurs during the set process, meaning that the LRS current cannot
be tightly controlled by CC. An abrupt transition is observed during the reset process, indicating that
the conducting path is ruptured at once. The I–V characteristics of the Ni/HfO2/Si3N4/SiO2/Si device
are substantially different from those of the Ni/HfO2/SiO2/Si device, as shown in Figure 2b. The LRS
current in a negative region is lower than the CC of 5 μA. This implies that the current overshoot is
suppressed during the set process at a positive region. The bipolar resistive switching is driven by
the temperature and electric field [27–30]. The Ni/HfO2/SiO2/Si device shows abrupt reset with high
current, indicating that Joule heating is the dominant mechanism of the reset process. On the other
hand, the electric field may be more important for the Ni/HfO2/Si3N4/SiO2/Si device considering the
switching at low current.

Figure 2. I–V characteristics of the (a) Ni/HfO2/SiO2/Si device and (b) Ni/HfO2/Si3N4/SiO2/Si device
including forming, set, and reset processes; cycling data of I–V characteristics of (c) Ni/HfO2/SiO2/Si
device and (d) Ni/HfO2/Si3N4/SiO2/Si device.

Figure 2c,d shows the cycling trend of the Ni/HfO2/SiO2/Si and Ni/HfO2/Si3N4/SiO2/Si devices,
respectively. Time series statistical analysis could provide the indirect information of filament
evolution [31,32]. Both HRS and LRS are stable except for the initial few points during the cycling
for the Ni/HfO2/SiO2/Si device. This indicates that the large size of conducting filament could be
uniformly formed and ruptured. On the other hand, the read current of the Ni/HfO2/Si3N4/SiO2/Si
device has larger variation during the cycling, and the read current in the HRS is increased. The larger
variation is probably due to the fact that the filaments are formed and ruptured in multiple layers

139



Nanomaterials 2020, 10, 2462

(HfO2/Si3N4/SiO2), and these formations and ruptures would be quite random processes spatially
inside the insulators.

Figure 3a shows the statistical distribution of the Ni/HfO2/SiO2/Si and Ni/HfO2/Si3N4/SiO2/Si
devices in the LRS and HRS. The LRS resistance of the Ni/HfO2/Si3N4/SiO2/Si device is much
higher than that of the Ni/HfO2/SiO2/Si device. However, the variations of the LRS and HRS of the
Ni/HfO2/Si3N4/SiO2/Si device are worsened. Figure 3b shows the ratio between reset current (IRESET)
and CC. From this ratio, we can obtain information on how much CC suppresses the overshoot current
during the set process. IRESET is rather smaller than CC in the Ni/HfO2/Si3N4/SiO2/Si device. However,
the IRESET/ICC ratio of the Ni/HfO2/Si3N4/SiO2/Si device is more than 1000. Other advantages of the
Ni/HfO2/Si3N4/SiO2/Si device are its high nonlinear I–V characteristic and its low-current operation.
The nonlinearity is defined as the ratio between the current at read voltage (VREAD) and the current
at half read voltage (1/2·VREAD) for the half bias scheme in the cross-point array (Figure S2). Further,
the nonlinearity is defined as the ratio between the current at VREAD and the current at 1/3·VREAD for
the 1/3 read scheme. The LRS resistance is the main leakage path in the cross-point array structure
when reading the target cell with the HRS. Therefore, the current at 1/2·VREAD or the current at
1/3·VREAD should be suppressed to reduce crosstalk among the cells. Figure 3c shows the nonlinearity
of both devices when applying the 1/2 read scheme and the 1/3 read scheme. The nonlinearities
of the Ni/HfO2/SiO2/Si device in the LRS are about 2 and 3 for the 1/2 read scheme and the 1/3
read scheme, respectively. This indicates that the LRS follows Ohmic conduction with a slope of 2.
The nonlinearity of the Ni/HfO2/Si3N4/SiO2/Si device in the LRS is substantially higher due to its
nonlinear I–V characteristics.

Figure 3. Statistical distributions of (a) high-resistance state (HRS) and low-resistance state (LRS)
resistance, (b) IRESET/ICC, and (c) nonlinearity for Ni/HfO2/SiO2/Si and Ni/HfO2/Si3N4/SiO2/Si devices.

Figure 4 shows the read margin as a function of the number of word lines for the Ni/HfO2/SiO2/Si
and Ni/HfO2/Si3N4/SiO2/Si devices. Here, the 1/2 read scheme and the 1/3 read scheme are applied to a
virtual cross-point array without line resistance. The detailed array read schemes are well known in the
literature, and we discuss in detail equation and the scheme in Figure S3. The Ni/HfO2/Si3N4/SiO2/Si
device shows higher read margin compared to the Ni/HfO2/SiO2/Si device. This is due to the fact
that Ni/HfO2/Si3N4/SiO2/Si has higher LRS resistance and nonlinear I–V curves in the LRS. The read
margin at the 1/3 read scheme is also higher than that of the 1/2 read scheme.
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Figure 4. Read margin of Ni/HfO2/SiO2/Si and Ni/HfO2/Si3N4/SiO2/Si devices when applying (a) 1/2
read scheme and (b) 1/3 read scheme in cross-point array.

The conducting path would be formed in the SiO2 layer during the set process for the
Ni/HfO2/Si3N4/SiO2/Si device. The electric field is concentrated within the SiO2 layer with consideration
of the dielectric constants (HfO2: ~20 and SiO2: ~4). Therefore, high current cannot be avoided
in the LRS after the set process. On the other hand, the overshoot current was mitigated in the
Ni/HfO2/Si3N4/SiO2/Si device during the set process. This can be explained by the dispersion of the
focused electric field of the SiO2 layer due to the Si3N4 layer. The dielectric constant of the Si3N4 layer
(Si3N4: ~7) is slightly higher than that of SiO2 and lower than that of HfO2. Therefore, a Si3N4 layer
between the HfO2 layer and the SiO2 layer is a good buffer layer to reduce the current overshoot.

Next, we compared the tendency of conductance change as a function of identical pulse during the set
and reset process. Figure 5a shows the conductance changes of the Ni/HfO2/SiO2/Si device for potentiation
(set process) and depression (reset process), respectively. The pulse amplitude voltages with a pulse width
of 450 μs are 6 V and −3.5 V for potentiation and depression, respectively. The conductance values are
extracted from the middle point of read pulse (1 V and 450 μs). For potentiation, the conductance value
increases abruptly in response to the 18th pulse. The depression curve shows several fluctuations after
the first decrease in conductance. Such randomness and abrupt conductance change are not suitable
for a hardware-based neuromorphic synaptic device. On the other hand, the conductance values in
the Ni/HfO2/Si3N4/SiO2/Si device are gradually controlled by the potentiation and depression pulses
(Figure 5b). The voltages of the set pulse and reset pulse are 7 and −4.5 V, respectively, and the pulse
width is 450 μs. Further, the read pulse (1 V and 450 μs) is inserted between set pulses or reset pulses
to obtain the conductance value. It should be noted that a gradual conductance update is possible
when the same pulse is repeatedly applied on the device for potentiation and depression. Moreover,
the conductance value of the Ni/HfO2/Si3N4/SiO2/Si device is substantially lower than that of the
Ni/HfO2/SiO2/Si device. Therefore, the improved synaptic properties, such as the low energy and
multiple conductance, of the Ni/HfO2/Si3N4/SiO2/Si device are beneficial for synaptic applications.
The conductance update method of the Ni/HfO2/Si3N4/SiO2/Si device is suitable for offline learning.
To apply it to online learning that provides information by reading conductance values in real time,
improvement in variation will be required [33].
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Figure 5. Potentiation and depression characteristics for (a,b) Ni/HfO2/SiO2/Si device and (c,d)
Ni/HfO2/Si3N4/SiO2/Si device.

4. Conclusions

In summary, we fabricated a CMOS-compatible trilayer device (Ni/HfO2/Si3N4/SiO2/Si) and
characterized its resistive and synaptic characteristics. The TEM and XPS provide the exact dielectric
thickness and chemical information of the trilayer device. The Si3N4 layer could alleviate the
concentrated electric field into the SiO2 layer in the trilayer design, so the conducting paths are not
formed in all dielectrics in the LRS. This property can reduce reset current and provide a nonlinear
I–V curve in the LRS. The high nonlinearity in the trilayer device can enlarge the array size in the
cross-point array architecture. Finally, we demonstrated that gradual set and reset switching in a
trilayer device can be highly suitable for emulating the synaptic behavior of a biological synapse in the
human nervous system by controlling multiple conductance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2462/s1,
Figure S1: The STEM image and EDS line scan of Ni/HfO2/Si3N4/SiO2/Si. Figure S2: Definition of nonlinearity of
I–V in the LRS. Figure S3: Read operation scheme in virtual cross-point array structure.
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Abstract: Resorcinol-formaldehyde/titanium dioxide composite (RF/TiO2) gel was prepared
simultaneously by acid catalysis and then dried to aerogel with supercritical fluid CO2.
The carbon/titanium dioxide aerogel was obtained by carbonization and then converted to nanoporous
titanium carbide/carbon composite aerogel via 800 ◦C magnesiothermic catalysis. Meanwhile,
the evolution of the samples in different stages was characterized by X-ray diffraction (XRD),
an energy-dispersive X-ray (EDX) spectrometer, a scanning electron microscope (SEM), a transmission
electron microscope (TEM) and specific surface area analysis (BET). The results showed that the final
product was nanoporous TiC/C composite aerogel with a low apparent density of 339.5 mg/cm3 and
a high specific surface area of 459.5 m2/g. Comparing to C aerogel, it could also be considered as
one type of highly potential material with efficient photothermal conversion. The idea of converting
oxide–carbon composite into titanium carbide via the confining template and low-temperature
magnesiothermic catalysis may provide new sight to the synthesis of novel nanoscale carbide materials.

Keywords: titanium carbide; sol-gel; confining template; magnesiothermic catalysis

1. Introduction

Carbide aerogel is a type of foamed material with three-dimensional nanoporous structure.
It combines the advantages of traditional aerogels such as low density, large specific surface area,
opening-pore structure and the intrinsic properties of carbides. The crystal structure of typical carbide
consists of hybrid bonds including ionic bonds, covalent bonds and metallic bonds, leading to the
fundamental characteristics of high hardness, high melting point, wear resistance and conductivity.
Therefore, carbide aerogel could be prospectively applied not only in heterogeneous catalysis,
heat-resisting materials, superhard additives, fuel cells and sensor elements, etc., but also in high
technology fields such as machinery, the chemical industry, carburization and microelectronics,
etc. [1–5]. Traditional synthesis methods of carbide include the direct carbonization method [6–8],
the carbothermic method [9–15], self-propagation high-temperature synthesis [16–20], the mechanical
alloying method [21–24], the microwave method [25,26], the molten salt method [27–30] and the plasma
method [31,32]. The carbothermic method is widely promoted because it possesses the advantages
of low cost, simple equipment, high production efficiency and mass production capacity. However,
this method needs high temperature (1200–1500 ◦C for SiC and 1300–2000 ◦C for TiC) in an inert or
reducing atmosphere, usually leading to the agglomeration and growth of the carbide [9,10,12–15].
Thus, it is difficult to prepare the ultrafine and nanoscale carbide materials with monolithic appearance.

Nanomaterials 2020, 10, 2527; doi:10.3390/nano10122527 www.mdpi.com/journal/nanomaterials
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Only a few works on nanoporous monolithic carbide aerogel have been reported. For example,
in 2012 our group developed a facile method for the low-temperature magnesiothermic conversion
from C/SiO2 aerogel to SiC aerogel via the confining template reaction method at 700 ◦C [33].
In 2015, a novel low-temperature pseudomorphic transformation of TiC and NbC aerogels was
achieved via a solid–gas–solid reaction between the metal and carbon aerogels in aid of iodine
catalysts [34]. Kong et al. carried out a series of works about the preparation, control and properties of
silicon-carbide-based aerogels, including pure SiC aerogel, mainly by using carbothermal reduction at
1500 ◦C [35]. These works provide exciting ideas to develop novel nanoporous carbide aerogels.

Previous studies have successfully demonstrated the facile route to carbide-based aerogel. Overall,
however, it is difficult to find a delicate balance between the ultrafine structure (high porosity, nanoscale
skeleton, high specific surface area, etc.) and rigorous preparation conditions (high temperature
and long treating time). By comparison with silicon carbide, titanium carbide normally needs higher
treating temperature, indicating the difficulty to maintain both its nanoscale structure and its monolithic
appearance. By comparison with the pseudomorphic transformation method, the solid-state reaction is
relatively easy to control and scale up. Carbon aerogel is an excellent template because of its low density
and high porosity [36–41], so it was a good choice for us to increase the strength of the framework
structure. Thus, in this paper, we tried to apply the simple low-temperature magnesiothermic conversion
method to synthesize titanium carbide in the TiO2/C composite aerogel to maintain its nanoporous
microstructure and overcome the disadvantage of high temperature and high energy consumption in
the preparation process. The main idea was to develop the methods of (1) preparing low-density C/TiO2

composite aerogel via a co-gelled process and (2) achieving the magnesium-catalyzed conversion with
relatively low temperature and short reaction time. We finally obtained a self-supported monolithic
nanoporous TiC/C composite aerogel with low density (339.5 mg/cm3) and large specific surface area
(459.5 m2/g) via a magnesium-catalyzed reaction of only 800 ◦C and 4 h. This method achieved the goal
of controllable structure and adjustable property for the carbide-based aerogels, which may promote
the studies of the other novel carbide aerogels with high performances.

2. Experimental Setup

2.1. Materials

The reagents, including resorcinol (AR, 99.5 wt.%), formaldehyde (AR, 37.0 wt.% in water),
acetonitrile (AR, 99.0 wt.%), acetic acid (AR, 99.5 wt.%), nitric acid (AR, 65.0 wt.%), tetra-n-butyl
titanate (CP, 98.0 wt.%), ethanol, concentrated hydrochloric acid (AR, 37.0 wt.%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Magnesium powders (1.74 g/mL at
25 ◦C, 99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). All reagents were used without
further purification.

2.2. Preparation of RF/TiO2 Composite Gel and Aerogel

The synthesis process of preparation is detailed in Scheme 1, displaying the mixture of two parts
named as RF system and TiO2 system. The key of RF/TiO2 composite gel preparation was to successfully
compound two monomer gels into one co-gel, so it was very important to control the proportion and
concentration of precursors and the reaction condition based on the reaction mechanisms. Firstly, 1.1 g
of resorcinol and 2.5 mL of formaldehyde solution (37.0 wt.%) were uniformly mixed with the molar
ratio 3:1 in 10 mL of acetonitrile at 30 ◦C to achieve colorless transparent solution A for the RF system,
while 10 mL of acetonitrile, 2 mL of acetic acid, 150 uL of 65.0 wt.% nitric acid and 4 mL of tetra-n-butyl
titanate were uniformly mixed at 0 ◦C in an ice bath to achieve pale yellow semitransparent solution B
for another part. Then, solution A was poured slowly into solution B to achieve a red uniform solution.
The pH value was in the range of 1~3. Here we determined the molar ratio of the carbon element
and the titanium element at the appropriate value 7.6 according to the initial experiments. It must be
noted that the mixed solution was stirred at 0 ◦C because of the temperature sensitivity of tetra-n-butyl
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titanate. Four milliliters of distilled water could be added to promote the hydrolysis of tetra-n-butyl
titanate. After stirring for 30 min, the mixed solution was transferred to a proper sealed container
(such as plastic tubes) and gelled at 50 ◦C within 2 h. The color turned opaque dark red. The wet hybrid
gel was placed at room temperature (RT) and aged for 24 h, then removed and repeatedly substituted
by ethanol every 6 h for 6 times in order to remove water and residual chemicals. The gel was cut into
small slices with a thickness of less than 2 mm, which was beneficial for the magnesiothermic catalysis.
At last, they were dried by CO2 supercritical fluid to obtain red-brown RF/TiO2 aerogels.

Scheme 1. Scheme of the preparation of RF/TiO2 hybrid gel.

2.3. Conversion of RF/TiO2 Aerogel into TiC/C Composite Aerogel

The RF/TiO2 aerogel was placed in a high-temperature carbide furnace under flowing nitrogen
(250 mL/min) at 800 ◦C for 2 h with a heating rate of 3 ◦C/min to completely carbonize it, so as to obtain
black C/TiO2 aerogel. Subsequently, C/TiO2 aerogel was subject to low-temperature magnesiothermic
reduction and acid treatment to be converted into TiC/C composite aerogel. In a typical procedure,
100 mg C/TiO2 aerogel and 110 mg magnesium powders were sealed in a steel ampoule with an
inner volume of 80 cm3 in a glove box full of argon. The magnesium was separately dispersed next to
the samples. Then, the ampoule was pushed into a tube furnace under flowing argon (120 mL/min).
The temperature was increased to 800 ◦C and maintained for 4 h. It should be noted that the thickness
of the samples was controlled less than 1 mm due to the penetration depth of magnesium vapor.
After it cooled to ambient temperature, the ampoule was opened under an inert atmosphere to avoid
oxidation. The collected samples were immersed in 10 mL ethyl alcohol. To remove the redundant Mg
and the by-product MgO, the corrosion treatment was carried out for 6 h by adding the mixed solution
of 10 mL ethyl alcohol, 1.6 mL distilled water and 2 mL concentrated hydrochloric acid (HCl). Then,
the purified samples were repeatedly washed by ethyl alcohol every 2 h for more than 4 times and
dried by CO2 supercritical fluid.

2.4. Characterizations

The phase structure of the sample was analyzed by a Model Rigaku D/Max-RB powder X-ray
diffractometer (Rigaku, Tokyo, Japan) to analyze its diffraction pattern and obtain the information
such as the composition and the structure of the atoms or molecules inside the material. Cu target
Kαradiation (λ = 0.15406 nm) was adopted in the test, with the working voltage of 40 kV and
current of 0.04 A. The scanning step was adopted with the step length of 0.08◦ and the scanning
range of the diffraction angle of 10◦~80◦. Raman spectra were detected at 514 nm excitation using a
HORIBA Jobin-Yvon HR800 Raman system (HORIBA Jobin-Yvon, Paris, France) at room temperature.
X-ray photoelectron spectroscopy (XPS) was examined by Thermo ESCALAB 250XI (Thermo Fisher
Scientific, Waltham, MA, USA). The morphology of the sample was collected by a Philips XL30FEG
scanning electron microscope (Royal Philips Electronics, Amsterdam, The Netherlands) with the
acceleration voltage of 10 kV; the sample was subject to gilding before observation. Composition
analysis was carried out on the samples by an Oxford energy-dispersive X-ray (EDX) spectrometer
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(Oxford Instruments NanoAnalysis, Concord, MA, USA). Transmission electron microscopy (TEM) was
conducted with a Model JEM-2100 electron microscope (JEOL Corp, Tokyo, Japan) made by Japanese
JEOL Corp. operating at 200 keV. Nitrogen adsorption–desorption isotherms were measured at liquid
nitrogen temperature (77 K) by a Quantachrome Autosorb-1MP analyzer (Quantachrome, Boynton
Beach, FL, USA) after the samples were degassed in a vacuum at 150 ◦C for at least 12 h. The specific
surface area was calculated by Brunaur–Emmett–Teller (BET) method.

3. Results and Discussion

3.1. Appearance and Structural Characterization

Figure 1 shows the appearances of the three samples of RF/TiO2 aerogel, C/TiO2 aerogel and the
objective TiC/C composite aerogel. Because all of the samples we obtained had monolithic appearances
of regular cylinders, we measured the mass, the diameter and the thickness directly to calculate
the density (weighting method). Table 1 lists their average values of densities, diameters and linear
shrinkage ratios after repeated measurements. According to Figure 1, the volume of C/TiO2 aerogel
shrunk slightly after carbonization, while the TiC/C composite aerogel had no obvious shrinkage and
maintained a monolithic appearance similar to its original template.

Figure 1. Appearances of samples of (a) RF/TiO2 aerogel, (b) C/TiO2 aerogel and (c) TiC/C composite
aerogel subject to magnesiothermy catalysis, HCl treatment and CO2 supercritical treatment.

Table 1. Densities and diameters of RF/TiO2, C/TiO2 and TiC/C composite aerogels.

Samples Density (mg/cm3) Diameter (cm) Linear Shrinkage Ratio (%)

RF/TiO2 234.8 ± 7.6 0.723 –
C/TiO2 355.1 ± 10.4 0.582 19.5%
TiC/C 339.5 ± 7.9 0.569 2.2%

The XRD analysis results of RF/TiO2, C/TiO2 and TiC aerogels are shown in Figure 2. Only one
broad peak in the range of 15–30◦ was found in the XRD spectrum of RF/TiO2 aerogel, which indicated
the existence of an amorphous substrate. Several obvious diffraction peaks of C/TiO2 aerogel were
detected and indexed as anatase-TiO2 phase (PDF No. 21-1272). However, the diffraction peaks,
located at 2θ = 35.906◦, 41.710◦, 60.448◦, 72.369◦ and 76.139◦ in the sample of objective product TiC/C
aerogel, corresponded to the typical (111), (200), (220), (311) and (222) diffraction peaks of cubic-TiC
phase, respectively (PDF No. 32-1383). Meanwhile, the phase of TiO2 disappeared. This indicated that
TiC had been generated from the reaction between TiO2 and C through the magnesiothermic catalysis
reaction. The final sample contained crystalline titanium carbide. The successful conversion of C/TiO2

aerogel into TiC/C aerogel could also be further verified in the following SAED (selected area electron
diffraction) patterns. In addition, a broad peak of amorphous carbon was also displayed in TiC/C
composite aerogel.
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Figure 2. XRD spectra of RF/TiO2 aerogel, C/TiO2 aerogel and the objective product TiC/C aerogel.

Raman spectra of C/TiO2 and TiC/C aerogels are shown in Figure 3. For C/TiO2 aerogel,
the high-frequency branch of the Eg mode of anatase-TiO2 was detected at 152.1 cm−1, as well as B1g,
A1g + B1g and Eg peaks at 411.4 cm−1, 518.6 cm−1 and 616.7 cm−1. However, there was just one weak
peak at 155.3 cm−1 for TiC/C aerogel assigned to the strongest mode Eg, which was in accordance with
the XRD analysis. The D band and G band of carbon were observed obviously at about 1353.3 cm−1

and 1586.6 cm−1 for both C/TiO2 aerogel and TiC/C aerogel. X-ray photoelectron spectroscopy (XPS)
emissions of carbon (1 s) and titanium (2 p) of these two samples are shown in Figure 4 to obtain more
detailed information regarding the chemical environment of elements. In both aerogels, it was found
that the binding energies (BEs) of C 1 s belonged to C-C, C-O, C=O and O-C=O. Two strong peaks
centered at about 457.9 eV and 463.6 eV were ascribed to Ti 2p3/2 and 2p1/2. As for the TiC/C aerogel,
another weak but non-negligible peak could be found at 281.35 eV in the C (1 s) region, which further
confirmed the presence of titanium carbide [42,43]. The binding energies at 456.06 eV and 460.81 eV
belonging to Ti(III), at 455.12 eV and 459.84 eV belonging to Ti(II), as well as at 454.47 eV and 458.6 eV
belonging to Ti(0) were probably caused by the partial reduction of TiO2 [44,45].
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Figure 3. Raman spectra of C/TiO2 and TiC/C aerogels.

Figure 4. XPS spectra of (a) C/TiO2 and (b) TiC/C aerogels.

3.2. Morphology and Composition Analysis

Figure 5 shows the SEM diagrams (a–c) of RF/TiO2, C/TiO2 and the resulting TiC/C aerogels,
respectively. According to the SEM diagrams, these three aerogels all exhibited random nanoporous
network structures. The nanoparticles on the framework were distributed uniformly in a globular
manner. TiC/C aerogel (Figure 5c) acquired through magnesiothermic catalysis of C/TiO2 aerogel
(Figure 5b) maintained the porous structure of the original template, which was consistent with the
appearances in Figure 1. SEM images indicate that the objective product TiC/C aerogel had no obvious
deformation or agglomeration, with a similar spherical particles structure. The results showed that the
growth of TiC particles was confined in the microstructure of the original template. Hence, the structure
of TiC/C aerogel could be facilely adjusted by controlling the microstructure and shape of the C/TiO2

aerogel template.
According to the EDX spectra, relative oxygen content decreased significantly after carbonization

and magnesiothermic reduction, which indicated the success of conversion. A small amount of oxygen
(Figure 5f) was related to oxidation at the surface of TiC nanoparticles exposed to etching solution or
the oxygen absorption at the surface of C nanoparticles. In spite of this, the weight ratio of oxygen and
titanium fell from 1.18 to 0.23 after magnesiothermic reduction. Additionally, in order to confirm the
content of the Ti element in the resulting TiC/C aerogel, we measured the mass loss after air calcination
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at 600 ◦C for 1 h and calculated that the weight percent of Ti was about 30%, which was close to the
identification of the EDX spectra.

Transmission electron microscopy (TEM) was investigated in order to further understand the
microstructure and nanocrystalline structure of TiC/C composite aerogel. Figure 6a,b indicates that
the mutually supported framework structures mainly consisted of regular spherical or near-spherical
clusters and irregular pores. According to Figure 6c, all the elements had a uniform distribution,
while the oxygen content was obviously limited, which was identical to the EDX spectra analysis,
indicating a homogeneous TiC distribution. The SAED patterns (insets in Figure 6a,b) show two kinds
of different concentric diffraction rings corresponding to the Miller indices of the tetragonal lattice of
the anatase-TiO2 phase and the cubic lattice of the cubic TiC phase, respectively, which is consistent
with the relevant XRD results. The lattice fringes of both aerogels were also easily observed in the
high-resolution transmission electron images (HRTEM, Figure 7).

Figure 5. SEM images of (a) RF/TiO2 aerogel, (b) C/TiO2 aerogel and (c) TiC/C aerogel; the EDX spectra
of samples (d–f) corresponding to (a–c).
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Figure 6. TEM images with SAED inset patterns of (a) C/TiO2 aerogel and (b) TiC/C aerogel; (c) mapping
results of TiC/C aerogel.

Figure 7. HRTEM images of (a) C/TiO2 aerogel and (c) TiC/C aerogel with (b,d) the magnified images
of the corresponding selected areas in the white circles.
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3.3. Specific Surface Area Analysis

The nitrogen adsorption/desorption isotherm (Figure 8a,b) of C/TiO2 aerogel and TiC/C aerogel
showed Type IV curves, which suggests that they were typical mesoporous materials. They exhibited
mixing H1 and H3 hysteresis loops, which are deemed mesoporous systems with cylindrical pores
and wedge-shaped pores stacked by nanoparticles. Based on the BJH (Barrett–Joyner–Halenda model)
analysis on the desorption curves (shown as insets in Figure 8a,b), pore-size distributions were similar
with a single peak around 36 nm. Specific surface area analysis is listed in detail in Table 2. The specific
surface area of TiC/C aerogel after magnesiothermic reduction arrived at 459.5 m2/g, which was
obviously reduced compared to C/TiO2 aerogel (780.6 m2/g). This may be because the aerogels of the
two frameworks reacted to form TiC/C aerogel during magnesiothermic catalysis, which made the
original crosslinking framework stack. Another reason may be the dissolution of some impurities
containing magnesium during the corrosion process after magnesiothermic catalysis. Due to the
reduction in micropore contents, the specific surface area reduced and the average pore size increased.

Figure 8. Adsorption and desorption curves and pore size distribution curves of (a) C/TiO2 aerogel
and (b) TiC/C aerogel.

Table 2. Data related to the pore structures of RF/TiO2 aerogel, C/TiO2 aerogel and TiC/C aerogel.

Sample
Specific Surface

Area (m2/g)
Average Pore

Diameter (nm)

Pore Size of
Maximum

Distribution (nm)

Total Pore
Volume (cm3/g)

C/TiO2 780.6 13.05 36.1 2.547
TiC/C 459.5 13.97 35.7 1.605

3.4. Photothermal Conversion

A simple experiment was conducted to compare the photothermal conversion properties of
three different samples (C aerogel, C/TiO2 aerogel and TiC/C aerogel). Here, C aerogel was obtained
after the corrosion of C/TiO2 aerogel with HF. The results of SEM, EDX spectrum and Raman are
shown in Figure S1. These three samples were placed under illumination at different light intensities
(600, 800, 1000, 1200 W/m2) within 8 min. The whole process, including the temperature rise during the
illumination and the temperature reduction after the shut-off light source, was recorded using a thermal
camera connected to the application of AnalyzIR (Video S1). Figure 9d shows all the temperature
variation curves (the average value of a selected area, as shown in Figure 9a) of these three aerogels at
four different light intensities. It indicates that C aerogel delivered the fastest response both at the
beginning and the ending of illumination. The first derivative curves at the beginning and the ending
of illumination within 1 s were compared in Figure S2a,b to further understand the response speeds of
different aerogels. We found that C aerogel had the highest sensibility. Nevertheless, the temperature
variations of TiC/C aerogel reached the maximum, which exceeded that of C aerogel after a period of
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illumination (Figure 9b with the highest temperature of the whole area marked). Figure 9e shows the
average temperature variation within 54 s before the ending of illumination at different intensities.
Meanwhile, the comparisons of temperature variation with C aerogel within 54 s before the ending of
illumination are shown amplified in Figure S2c,d. It was obvious that TiC/C aerogel arrived at the
highest equilibrium temperature regardless of the light intensity. The opposite results may be due to
the difference of thermal conductivity coefficients between C and TiC. According to the cooling part of
these curves, TiC/C aerogel dissipated heat slower than C aerogel (obviously observed in Figure 9c),
which indicated its coefficient of thermal conductivity was lower. The equilibrium temperature was
determined by the combined effect of heat absorption and heat dissipation. Under illumination, these
three aerogels were able to convert the energy of illumination into thermal energy. Some thermal
energy was absorbed, leading to the rise in temperature, while another part was dissipated. Because of
the lower thermal conductivity, TiC/C aerogel had no obvious heat dissipation effect and thus could
reach a higher equilibrium temperature. This showed that the TiC/C aerogel was also a highly potential
material of efficient photothermal conversion.

Figure 9. Thermal camera image of three samples after illuminating for 90 s: (a, b) in the equilibrium
state; (c) within 6 s after turning off the illumination; (d) temperature variation curves of C, C/TiO2 and
TiC/C aerogels at four different light intensities; (e) average temperature variation within 54 s before
the ending of illumination at different intensities of three samples.

4. Conclusions

With RF/TiO2 aerogel as the template, a novel nanoporous TiC/C aerogel material was prepared
by means of a confining template of magnesiothermic catalysis under low temperature (800 ◦C) and
short reaction time (4 h). Firstly, RF/TiO2 aerogel was acquired via sol-gel of a compound acid catalysis.
After carbonization and subsequent magnesiothermic reaction, the objective product TiC/C aerogel
was successfully obtained. It mainly maintained the nanoporous structure of the original material
with very integral appearance and ultrafine morphology. Moreover, it had low density (339.5 mg/cm3)
and comparatively large specific surface area (459.5 m2/g). XRD and TEM analyses indicated the
formation of cubic TiC phase. The TiC/C aerogel was discovered as a potential material of highly
efficient photothermal conversion. This preparation method can be expected to solve the bottleneck
problems of preparing nanoscale titanium carbide materials with controllable structure, adjustable

154



Nanomaterials 2020, 10, 2527

composition and density as well as integrated functional structure at low temperature. In addition, this
confining reaction method with controllable template structure can expand the study of conversion of
carbon/transition metallic oxides to carbides at low temperature, and it is expected to further expand
to the study of transition metals such as Hf, Ta and W.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2527/s1,
Figure S1: (a) The corrosion of C/TiO2 aerogel with HF; (b) Raman spectrum, (c) SEM image, (d) EDX spectrum of
C aerogel, Figure S2. The 1st derivative curves at the beginning (a) and the ending (b) of illumination within 1 s;
(c) the comparisons of temperature variation within 54 s before the ending of illumination; (d) the difference in
temperature variation compared with C aerogel within 54 s before the ending of illumination, Video S1: The whole
process of the temperature rise and the temperature reduction.
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Abstract: The catalytic deoxygenation of coconut oil was performed in a continuous-flow reactor over
bimetallic NiCo/silicoaluminophosphate-11 (SAPO-11) nanocatalysts for hydrocarbon fuel production.
The conversion and product distribution were investigated over NiCo/SAPO-11 with different applied
co-reactants, i.e., water (H2O) or glycerol solution, performed under nitrogen (N2) atmosphere.
The hydrogen-containing co-reactants were proposed here as in-situ hydrogen sources for the
deoxygenation, while the reaction tests under hydrogen (H2) atmosphere were also applied as a reference set
of experiments. The results showed that applying co-reactants to the reaction enhanced the oil conversion
as the following order: N2 (no co-reactant) < N2 (H2O) < N2 (aqueous glycerol) < H2 (reference).
The main products formed under the existence of H2O or glycerol solution were free fatty acids (FFAs)
and their corresponding Cn−1 alkanes. The addition of H2O aids the triglyceride breakdown into
FFAs, whereas the glycerol acts as hydrogen donor which is favourable to initiate hydrogenolysis of
triglycerides, causing higher amount of FFAs than the former case. Consequently, those FFAs can be
deoxygenated via decarbonylation/decarboxylation to their corresponding Cn−1 alkanes, showing the
promising capability of the NiCo/SAPO-11 to produce hydrocarbon fuels even in the absence of
external H2 source.

Keywords: deoxygenation; coconut oil; in-situ hydrogen; nickel–cobalt bimetallic
nanoparticles; biorefinery

1. Introduction

Hydrotreating is a typical process in the production of petroleum fuels from fossil crude oils
using active sulfided catalysts, e.g., supported NiMo, CoMo, and NiW, operated under hydrogen
atmosphere [1]. However, in order to secure economic feasibility as well as the environmental
sustainability, many studies have been carried out to improve the process by finding new kinds of
alternative resources, applying an inert ambient to the process, and/or using non-sulfided catalysts [2–4].
Nowadays, renewable oils, animal fats, and biodiesel from low-grade oils/fats are considered as
alternative sources for hydrocarbon fuel production [5–7]. Lately, an upgrading of hydrocarbon fuels,
which mostly consists of linear alkanes, to higher fraction of branched alkanes for the use as jet fuel-like
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hydrocarbons has received considerable attention because the demand of fuel for the aviation sectors
has been increasing.

Principally, jet fuel-like hydrocarbon is produced from renewable oils through well-known
processes where the oxygen in the oil’s molecules is removed by hydrodeoxygenation followed by
hydro-isomerization/cracking, and distillation as the last step. To this procedure, a huge amount of
hydrogen is required. For example, one molecule of triglyceride (TG) in vegetable oil reacts with
twelve molecules of hydrogen gas (H2) for hydrodeoxygenation (HDO), six molecules of H2 for
decarbonylation (DCO), or three molecules of H2 for decarboxylation (DCO2) route to form three
molecules of alkanes [8,9]. The H2 consumption for the catalytic deoxygenation via those three major
pathways is in the order of HDO > DCO > DCO2 [10]. Therefore, the DCO/DCO2 pathway has been
more widely studied due mainly to its less hydrogen consumption. Specifically, three molecules of H2

are initially used for breaking a TG molecule into propane and free fatty acids (FFAs). Then, FFAs will
further convert to hydrocarbons via DCO2 reaction without the need of hydrogen source. To promote
the deoxygenation rate, well-designed non-sulfided catalysts are essential.

Hollak et al. [11] studied the catalytic activity of Pd/C catalyst for HDO of triglycerides (TGs) and
FFAs. The results showed that even though the hydrogen produced in-situ from glycerol reforming
can help for hydrocarbon product formation, the main products were still long-chain unsaturated
hydrocarbons. This could be because the hydrogen production from glycerol using Pd/C catalyst was
rather low. Similarly, Chiapper et al. [12] found that unsaturated hydrocarbon products were also the
most selective in the deoxygenation of coconut oil and palm kernel oil over PtSnK/SiO2, even though
mild hydrogenation treatment was performed to saturate mono- and polyunsaturated bonds in TGs
prior to deoxygenation. A comparison of three catalysts, i.e., 1 wt% Pt/C, 5 wt% Pd/C, and 20 wt%
Ni/C, was studied by Morgan and co-workers [13] for the deoxygenation of TGs (tristearin, triolein,
or soybean oil) under N2 atmosphere. The supported non-noble Ni metal was found to provide
significantly higher TGs conversion and fraction of C8–C17 compounds than the noble Pd and Pt metals.
Miao et al. [14] also attempted to convert palmitic acid through non-noble Ni metal supported on
ZrO2 with low-pressure or without external supply of H2 in the presence of water. The conversion
of palmitic acid was significantly improved, and the results showed that hydrogenolysis promoted
palmitic conversion and DCO occurred as the major reaction. Although non-noble Ni metal can be
efficient to drive the reaction under H2 atmosphere, about 20 wt% of Ni loading was needed in their
research. Apart from the widely used Ni-based catalysts, Co-based catalysts also have been reported
providing high yield of hydrocarbons from deoxygenation of TGs (triolein, ceiba oil, and sterculia
oil) under inert N2 flow condition via DCO2 pathway [15]. Moreover, it is well-documented that
lower acidity of Co than Ni may assist lowering of catalyst coking and subsequent deactivation. Thus,
Co shows potential to be addressed as an alternative or a component in Ni-based bimetallic catalysts.

The H2 produced from glycerol aqueous-phase reforming (APR) is of interesting to utilize for
the in-situ deoxygenation of TG molecules. In 2002, the pioneer work [16] applied glycerol into
the system to generate in-situ H2 for the reaction. However, the hydrogen production is always
accompanied by several side reactions, such as methanol decomposition, water gas shift reaction,
and methanation [17–20]. Therefore, the hydrogen yield is highly related to the performance of the
catalysts which actively involves for the C–C, C–H, and C–O bonds scission, especially the cleavage
of the C–H bond. The development of bimetallic catalysts such as Ni-Cu [17,18] or Ni-Co [19] is an
efficient way to control the selectivity as the second metal can affect metal particle sizes or strengthen
metal-support interaction to improve water gas shift reaction or inhibit methanation reaction.

Previously, Zhong and co-worker [21] studied the in-situ hydrogen production from high
temperature water with Ni catalysts. In the system, high temperature water, with weak hydrogen
bonds, was oxidized by active reductant metals as following; M + H2O→ H2 +MxOy. Those results
suggested that co-feeding with glycerol and water is clearly proved to be a facile hydrogen source for
the deoxygenation of TGs to hydrocarbon fuels [21,22].
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In this work, we studied the deoxygenation of TG to hydrocarbon alkanes via catalytic
deoxygenation (under N2 ambient) and in-situ HDO (by H2O or glycerol addition) in comparison with
conventional HDO (under H2 ambient) to yield oxygen-free hydrocarbons. The NiCo (about 10 wt%
metal loading) supported on commercially available silicoaluminophosphate-11 (SAPO-11) was
used as the deoxygenation catalyst. SAPO-11 is a molecular sieve material with 10-ring porous
structure that has been extensively utilized due to its stability and potential activity in many catalytic
processes [23,24]. The catalytic hydro/deoxygenation reactions of medium-chain (mostly C12) TGs in
coconut oil, without hydrogenation treatment prior to deoxygenation, were examined to describe the
reaction pathway via the degree of oxygen removal and product distribution, depending on the variable
feed molecules. To the best of our knowledge, it is reported for the first time that SAPO-11-supported
NiCo nanoparticles could directly convert coconut oil to jet fuel-like hydrocarbons with the in-situ
hydrogen donors.

2. Materials and Methods

2.1. Materials

Commercial coconut oils were obtained from local companies in Thailand. Analytical grade
glycerol (C3H8O3, 99% purity) was obtained from Fisher Scientific, Fair Lawn, NJ, USA. Hydrogen gas
(H2, 99.99% purity) and nitrogen gas (N2, 99.5% purity) were obtained from S.I. Technology Co.,
Ltd., Bangkok, Thailand. SAPO-11 powder, used as the catalyst support, was purchased from
ACS Material, Pasadena, CA, USA. Deionized (D.I.) water (18.2 MΩ·cm, at 25 ◦C) was produced
by water purification machine in laboratory. Hydrocarbon standards (C8–C18) for calibration were
purchased from Sigma-Aldrich, Buchs, Switzerland. Analytical reagent grade of nitrate salts of nickel
(Ni(NO3)2·6H2O) and cobalt (Co(NO3)2·6H2O) were purchased from Ajax FineChem, Taren Point,
NSW, Australia.

2.2. Catalyst Preparation

The catalyst was prepared by co-impregnation technique by dissolving nitrate salts of Ni and Co in
D.I. water. Then, SAPO-11 powder was further added to obtain 5 wt% loading of each metal. Mixing as
well as drying were employed using a magnetic stirrer hot plate at 85 ◦C for 3 h and transferred to
vacuum oven at the same temperature for overnight. The resultant powder was calcined in static air at
500 ◦C for 5 h. The final sample was denoted as NiCo/SAPO-11. Before catalytic testing, the catalyst
powder was pelleted, sieved into 0.5–1.0 mm. in size.

2.3. Catalyst Characterization

Crystalline phase of the prepared catalyst was analysed by X-ray diffraction (XRD) measurement
using an X-ray diffractometer (D8 ADVANCE, Bruker, Ltd., Karlsruhe, Germany) with Cu Kα

radiation (wavelength of 1.5406 Å). The diffraction angle was scanned from 2θ of 5◦ to 80◦,
with steps of 0.5◦/min and counting at 0.02 s/step. The specific surface area and pore structures
of the samples were calculated by the Brunauer–Emmett–Teller (BET) and the density functional
theory (DFT)/Barrett–Joyner–Halenda (BJH) methods, respectively, via nitrogen adsorption–desorption
technique (Quantachrome Autosorb-iQ3, Boynton Beach, FL, USA). The total pore volume was
measured at the relative pressure (P/P0) of 0.98. Before measurement, the sample of approximately
0.2 g was outgassed at 120 ◦C for 3 h under helium flow. Total acidity and strength of acid sites
of catalyst were evaluated by ammonia (NH3)-temperature programmed desorption (NH3-TPD)
carried out using Quantachrome Chemisorption Analyzer ChemStar TPX Series (Boynton Beach, FL,
USA). Scanning electron microscopy (SEM) analysis was performed with a S-3400N (Hitachi-Science
& Technology, Berkshire, UK), operated at 5 kV. Transmission electron microscopy (TEM) images
were acquired by JEOL-JEM-2100Plus instrument (Akishima, Tokyo, Japan) equipped with an energy
dispersive X-ray spectrometer (EDS). The TEM machine was operated at an accelerating voltage of
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200 kV. Before measurement, the sample was reduced at 700 ◦C in a flow of H2 for 2 h. The obtained
powder was grounded then dispersed in ethanol, followed by sonication for 30 min to make the particle
well-dispersed, and dropped onto a gold grid.

2.4. Catalytic Deoxygenation Testing in Continuous-Flow Fixed-Bed Reactor

The deoxygenation reaction was operated in a custom-made continuous-flow trickle-bed reactor
made of the stainless steel 316, with an external diameter of 1.28 cm, internal diameter of 1 cm, and length
of 70 cm. The catalyst bed was located at the middle of the fixed-bed reactor and held in position with
quartz wool plugs at uniform temperature position (confirmed by inside thermocouples inserted in
the catalyst bed). The reaction in the continuous system consists of a feed tank, a reactor unit, and a
gas–liquid product separation unit, as shown in Figure 1. The temperature was controlled by using
electrical furnace with two positions of temperature controller. A K-type thermocouple was inserted
to contact the catalyst bed for temperature monitoring. The pressure of the reactor was manually
controlled by using back pressure regulator (BPG) for two-phase flow. High-performance liquid
chromatography (HPLC) pump and mass flow controller (MFC) were used to control the flow rate of
liquid and gas feed, respectively.

Figure 1. Schematic diagram of continuous-flow reactor system for catalytic testing.

In a typical run, 4 mL of catalyst was loaded into a reactor and reduced with 50 cm3/min of pure
H2 at 650 ◦C for 2 h. After the catalyst reduction step, the continuous reaction system was immediately
flushed with reaction gas (N2 or H2) and set up to the desired temperature under pressurized condition.
Liquid feeds—coconut oil, water, and glycerol solution—were separately introduced by two-suction
line in the HPLC pump.

Four different experimental practices were performed as follows:
Practice #1 was designed as a reference experiment for the purpose of investigating the catalytic

performance on HDO of feed oil over NiCo/SAPO-11 catalyst. The reaction was performed at 330 ◦C
under 50 bar of H2 atmosphere, and liquid feed (i.e., coconut oil) was introduced into the reactor with
liquid hourly space velocity (LHSV) of 1 h−1.

Practice #2 aimed to investigate the catalytic performance on the deoxygenation with absent H2.
The procedure was similar to that described in practice #1, except the operating gas which was N2.
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Practice #3 aimed to investigate the catalytic performance on the coupling deoxygenation of feed
oil with in-situ H2 production by glycerol-APR. In short, the feed was introduced into the reactor by
two-suction lines in HPLC pump, one for oil feed (80% by vol.) and one for glycerol solution feed
(20% by vol.). The glycerol solution of 36 wt% glycerol in water (140 g of glycerol in 250 g of water)
which was 0.1 mole ratio of glycerol: water) was used at a total LHSV of 1 h−1.

Practice #4 aimed to investigate the catalytic performance on the solvent-free HDO by adding 5%
by volume of water into the reaction.

2.5. Liquid and Gaseous Product Analysis

Two-phase back pressure regulator was used to reduce a mixed-phase flow streams from high
pressure into ambient before they went to a liquid–gas phase separator placed downstream. The liquid
products were analysed by gas chromatography–mass spectrometry (GC–MS, Shimadzu GCMS-QP2020,
Kyoto, Japan) equipped with a capillary column (DB-1HT, 30 m × 0.32 mm × 0.1 μm) to
inform the quantitative/qualitative data of FFAs, hydrocarbons, and other intermediate products.
Detailed information of this method is applied elsewhere [25,26]. Briefly, 10 μL of sample was injected
into the injection port in a split mode with the inlet temperature of 340 ◦C. In a GC oven, the oven
temperature was kept at 40 ◦C for 5 min then increased to 240 ◦C with a rate of 15 ◦C/min, then ramped
by 8 ◦C/min to 370 ◦C, which was maintained for another 15 min. The total analysis run time was
about 50 min. In the MS zone, the temperatures of ion source and interface were held at 250 ◦C during
the analysis. The m/z was scanned from 2 to 500. The calibration curves of alkane standards (n-C8 to
n-C18) were used to quantify their weight in the liquid products, and the response factor for isomer
products was assumed to be equal to its corresponding n-alkanes. For other oxygenated intermediates,
the calculation was referenced by the same type of known standards.

Gas phase was analysed using an online GC equipped with two columns (molecular sieve 5A and
Porapak Q), thermal conductivity detector (TCD) and flame ionization detector (FID). The GC was
calibrated for all of the gaseous products obtained, including CO, CO2, CH4, C2H6, and C3H8.

Feed conversion and product selectivity were calculated based on mass balance. The catalytic
performance was evaluated according to oil conversion (Equation (1)), liquid hydrocarbon yield
(Equation (2)), selectivity to liquid hydrocarbon product (Equation (3)), and selectivity to gas species
(Equation (4)):

Oil conversion (%) = ((mass of oil fed −mass of oil remaining)/(mass of oil fed)) × 100, (1)

Liquid hydrocarbon yield (%) = (mass of liquid hydrocarbon produced/mass of oil fed) × 100, (2)

Selectivity to liquid hydrocarbon product (%) = (mass of each liquid hydrocarbon
product/mass of liquid hydrocarbon product in total) × 100,

(3)

Selectivity to gas species (%) = (mass of each gas species/mass of gas in total) × 100, (4)

Contribution percentages of the HDO (Equation (5)) and DCO/DCO2 (Equation (6)) pathways
were calculated based on the total moles of n-alkanes with even numbers or odd numbers of carbon
atoms in the liquid product as follows:

HDO (%) = (mass of C8, C10, C12, C14, C16, and C18 in product/mass of feed) × 100, (5)

DCO+DCO2 (%) = (mass of C9, C11, C13, C15, and C17 in product/mass of feed) × 100, (6)
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3. Results and Discussion

3.1. Catalyst Characterization

The XRD pattern of NiCo/SAPO-11 (Figure 2a) suggested an alloy formation between Ni and
Co, matched with PDF 01-074-5694, in accordance with Huynh and co-workers [27] who prepared
bimetallic Ni-Co supported on different acidic materials used in Phenol HDO. Figure 2b,c show
porous characteristics of the NiCo/SAPO-11 and SAPO-11 support. The obtained isotherms for all
samples could be classified as type IV with hysteresis loops at 0.4 < P/P0 < 0.8 of H4 type [28].
These results showed that samples possess mesopore structures [29]. High adsorption of N2 appeared
in the low relative pressure range, and the hysteresis loops were detected, suggesting the existence
of both micropores and mesopores. The pore size distribution plots calculated by DFT method
revealed two types of peaks with narrow micropores (high intensity at pore diameter < 2 nm) and
mesopores (broad peak at pore diameter ≥ 2 nm) at approximately 0.98 and 7.78 nm, respectively.
Upon NiCo loading, the BET surface area and pore volume of NiCo/SAPO-11 were ~134.4 m2/g and
~0.140 cm3/g, respectively, which were slightly lower than those of pristine SAPO-11 (~154.7 m2/g and
~0.139 cm3/g, respectively).

 
Figure 2. (a) XRD patterns, * 2θ = 44.41◦, 51.78◦, and 76.09◦ (powder diffraction file (PDF) for Ni-Co
alloy (01-074-5694)); (b) N2 adsorption-desorption isotherms; and (c) pore-size distributions of SAPO-11
and the reduced NiCo/SAPO-11 catalyst.

The SEM image (Figure 3a) indicated that 10 wt% metal loading does not change the microstructure
of SAPO-11 support, which is normally rod-like and has non-smooth surface. The bright field TEM
image (Figure 3b) of the catalyst clearly shows Ni-Co nanoparticles, presented in black spots, in a
spherical shape dispersed on the support, presented in the dark grey area. The metal particle size,
estimated by measuring at least 100 particles, was about 9–18 nm. This range is consistent with
San-Jose-Alonse and co-workers [30], who varied the proportion of Ni:Co. They showed that the
particle size of samples prepared by impregnation was ~14.1 nm. (for Co), ~8.6 nm. (for NiCo),
and ~7.0 nm. (for Ni). It is evidenced by EDS elemental mappings (Figure 3c,d) of the corresponding
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TEM image (Figure 3b) that Ni and Co species appeared at identical areas of the bimetallic particles,
possibly due to the alloy structure formation, in good agreement with previous XRD results (Figure 2).
Figure 3e,f display the high-resolution TEM (HRTEM) image of a single NiCo nanoparticle and its
corresponding EDS line profile, respectively. These results confirm the co-existence of Ni and Co with
comparable content of each metal, which was consistent with the analysis result from an inductively
coupled plasma–mass spectrometry (ICP-MS) (results not shown). Additionally, lattice spacings of
around 1.28 and 2.42 nm which were rotated by 53◦ were evidenced [31]. Evaluated by the NH3-TPD
technique, total acidity of the SAPO-11 was 0.456 mmol/g, whereas NiCo/SAPO-11 catalyst showed
lower values at 0.338 mmol/g (results not shown), coincided with the lower surface area of the
supported catalyst.

 

Figure 3. (a) Scanning electron microscopy (SEM) image; (b) transmission electron microscopy (TEM)
image; (c,d) corresponding energy dispersive X-ray spectrometer (EDS) elemental mappings of Ni and
Co; (e,f) EDS line profile of the NiCo/SAPO-11 catalyst.

3.2. Feed Compositions

Table 1 shows fatty acid compositions directly evaluated by GC–MS. It is seen that C12,
C16, and C18 fatty acids are major components in coconut oil, with oxygen content ~13 wt%,
the ratio of saturated/unsaturated FFAs ~3 times, which might induce different product distributions.
The molecular weights for further calculation were 779.7 g/mol for coconut oil.
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Table 1. Fatty acid composition of coconut oil.

Fatty Acid Content (wt%)

Octanoic acid (C8:0) 0.9
Decanoic acid (C10:0) 3.3

Dodecanoic acid (C12:0) 30.1
Myristic acid (C14:0) 21.5
Palmitic acid (C16:0) 17.9
Stearic acid (C18:0) 5.2
Oleic acid (C18:1) 15.9

Linoleic acid (C18:2) 4.8
Eicosanoic acid (C20:0) 0.2
Eicosenoic acid (C20:1) 0.2

Saturated FFAs 79.1
Unsaturated FFAs 20.9

Oxygen 12.9

3.3. Hydrogen Production from Glycerol Aqueous-Phase Reforming (Gly-APR) over NiCo/SAPO-11

As of the complexity during the glycerol-APR process, the reactions of dehydration,
dehydrogenation and hydrogenolysis could possibly take place on NiCo/SAPO-11 since the fact that
this bifunctional catalyst comprises two main catalytic sites; (1) metal sites prefer to dehydrogenation
and (2) acid sites prefer dehydration. Table 2 summarizes the main products such as propylene
glycol (C3H8O2), ethylene glycol (C2H6O2), acetaldehyde (C2H4O), 1-propanol, 2-methyl- (C4H10O),
2-propanone, 1-hydroxy- (C3H6O2), and ethanol (C2H5OH) obtained in the condensable phase,
which can be confirmed by the fact that side reactions occurred. The most abundant liquid product was
ethylene glycol (~17.8%), followed by propylene glycol (~11.0%), and 2-propanone, 1-hydroxy- (~10.5%).
In addition, trace amounts of 1-propanol, 2-methyl-, acetaldehyde, and ethanol could be detected
(~7.1%). These results show a good agreement with the literature in that the same intermediates
were reported [32,33]. The comparatively higher selectivity to ethylene glycol indicated that the
primary hydroxyl group of glycerol is eliminated by the dehydrogenation pathway. However,
the formation of propylene glycol and 2-propanone, 1-hydroxy- indicated that both pathways
of the dehydration/hydrogenolysis were presented on Lewis sites of the catalyst. It also points
out the high C–C, C–H cleavage activity of catalyst, accompanied by an increased production of
hydrogen. As NiCo/SAPO-11 catalyst was identified to be of weak and medium strength acid sites
(i.e., Lewis sites), this would lead to the formation of oxygenated hydrocarbons in the liquid phase
(i.e., acetaldehyde, 1-propanol, 2-methyl-, 2-propanone, 1-hydroxy-, and ethanol), suggesting that Lewis
sites are involved in C–O cleavage. The result also signifies that dehydrogenation, which competes with
dehydration/hydrogenolysis, was significantly favoured over bifunctional NiCo/SAPO-11 catalyst.

Table 2. The list of investigated intermediates and their selectivity in liquid product during the glycerol
aqueous-phase reforming over NiCo/SAPO-11 catalyst according to the GC–MS analysis.

Liquid Product Retention Time (min) Selectivity (%)

Acetaldehyde 1.050 1.13

Ethanol  1.259 1.97

1-propanol, 2-methyl-  4.843 30.47

2-propanone, 1-hydroxy-  10.585 56.75

Propylene glycol 11.035 7.89

Ethylene glycol 17.858 1.80

Reaction conditions: glycerol solution 36 wt%, and 4 mL catalyst, 230 ◦C, 30 bar N2.
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Overall, the reaction pathways could be proposed that the reaction involves the C–O bond
scission, followed by hydrogenation which consumes H2. Therefore, a part of H2 could be consumed
and resulted in limited hydrogen production. The formation of ethylene glycol generated from
dehydrogenation would support this assumption.

Table 3 shows the main components of the gaseous products: CH4 > CO > CO2 >H2, respectively.
As mentioned above, H2 yield was hardly maintained because H2 was consumed by side reaction
(in liquid phase). Notably, the formation of CH4 also confirmed that H2 was used in CO/CO2

methanation (CO + 3H2 ↔ CH4 + H2O, ΔH298 = −206 kJ/mol and CO2 + 4H2 ↔ CH4 + 2H2O,
ΔH298 = −164.94 kJ/mol) [33]. Generally, Ni species prefer to generate more CO. However, the amount
of CO formed was higher than that of CO2, suggesting that bimetallic NiCo/SAPO-11 catalyst was
favourable to the decomposition of methanol.

Table 3. The yield of gas products during the glycerol aqueous-phase reforming over NiCo/SAPO-11
catalyst according to the GC–MS analysis.

Gas Product Retention Time (min) Yield (×10−9 mole) Yield (×10−5 mol/mol Glycerol)

H2 1.78 0.0000084 0.00000024
CO 3.919 5.58528 1.5926
CH4 4.393 6.85314 1.95412
CO2 8.862 2.8679 0.81775

Reaction conditions: glycerol solution 36 wt%, and 4 mL catalyst, 230 ◦C, 30 bar N2.

Co-based catalysts have been reported as less effective materials for the reforming of
methanol [34,35]. However, Xue and co-worker [36] promoted Co into NiCu/Al catalyst for methanol
reforming. The increased H2 amount showed that Co could promote the reaction by enhancement of
water gas shift reaction. Papadopoulou and co-worker [37] investigated the adsorption of methanol
on Co-based catalysts. TPD results indicated that the number of active sites provided the catalyst
to be able to adsorb or decompose methanol molecules. In Table 3, methanol was not detected
among the condensable phase products suggesting the possible reactions of methanol reforming
(CH3OH + H2O↔ CO2 + 3H2) or methanol decomposition (CH3OH↔CO+ 2H2) over NiCo/SAPO-11
catalyst. This behaviour coincided with the synergistic effects of Ni-CO alloy in a NiCo/SAPO-11
catalyst in a positive way for H2 production.

3.4. Catalytic Performance of NiCo/SAPO-11 over In-Situ HDO of Coconut Oil

Figure 4 displays the results of coconut oil HDO according to the change of co-reactant feed
at 330 ◦C, LHSV 1 h−1, and 50 bar of reaction gas over 4 mL of NiCo/SAPO-11 catalyst. Under H2

ambient, the catalyst exhibited high activity with 100% conversion, while more than 85% of coconut
oil conversion could yield the liquid product. Under an inert N2 atmosphere, the conversion was
30% and liquid product accounted for 15%. With the help of co-reactants, H2O and aqueous glycerol,
the conversion increased to 70% and 90%, whereas liquid product yield also increased to 47% and
87%, respectively. Compared to the conventional H2 ambient, the results verified that the presence of
H2O and glycerol helped to promote both coconut oil conversion and product yield. In addition, the
experimental practices applying H2 below 50 bar (i.e., 30 bar) with and without glycerol solution were
also performed. Even though 100% conversion was also achieved, hydrocarbon liquid yields were
dropped to 65–67%, compared with using either 50 bar H2 without glycerol (Practice #1) or 50 bar N2

with glycerol solution (Practice #3). This could be because the existence of H2O under H2 ambient
caused side reaction. Thus, the glycerol did not clearly selective to glycerol reforming.
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Figure 4. Oil conversion and product yield of coconut oil deoxygenation under different atmospheres
with (w/) and without (w/o) co-reactant feeds. (Condition: Coconut oil, LHSV of 1 h−1, 330 ◦C,
and 50 bar of reaction gas, Gly = glycerol solution).

Figure 5 shows the liquid product distribution over NiCo/SAPO-11 catalyst. With the help of H2,
the catalyst could provide excellent selectivity to alkanes at 97%. Several intermediates (i.e., ketones,
aldehydes, alcohols, cycloalkanes esters, FFAs, and alkenes) were detected in the liquid phase, while the
C3H8, H2, CO, and CO2 were mainly formed in the gas phase. However, the product distribution was
altered (see Figure 6). Under N2 atmosphere, main products are alkanes (C11–C18) and a small amount
of FFAs, alkenes, and some alcohols. This finding is consistent with Morgan and co-workers [13],
who established the thermal deoxygenation of TGs without H2 over 1 wt% Pt/C, 5 wt% Pd/C, and 20 wt%
Ni/C catalysts. However, the existence of fatty acid composition was an important intermediate for
alkane formation. Long chains of alkenes and alcohols were produced via hydrocracking. It can be
implied that H2 generated from cracking affected the hydrocarbon production [38]. In the presence
of H2O, CO and CO2 were mainly formed, while propane was not found in the bulk of gas product
(see Figure 6). It can be considered that FFAs are successfully produced by the TG hydrolysis reaction
route rather than deoxygenation which requires H2 molecules. However, the produced FFAs will
either undergo DCO2 or DCO without H2 gas.

As also shown in Figure 6, the existence of methane (CH4) showed the consumption of
H2. As a result, in-situ H2 produced via the water gas shift reaction (CO + H2O ↔ CO2 + H2,
ΔH0

298 = −41 kJ/mol) [37] circulated in the system. Interestingly, two major side products were detected:
high molecular weight esters or fatty esters (such as dodecanoic acid, dodecyl ester) and acetate
compounds (such as octacosyl acetate). The formation of fatty esters might be due to the dehydration
reaction of FFAs and alkyl alcohols on acid sites. It is believed that large molecular weight hydrocarbons
lead to the deactivation of the catalyst by blocking the catalyst pores and depositing as coke. In addition,
with an acidic functionality, acetate can be obtained from dehydrogenation of alcohol couples with
aldehyde under an inert atmosphere to yield an acetate [38].
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Figure 5. Distribution of liquid hydrocarbon products of coconut oil deoxygenation under different
atmospheres with (w/) and without (w/o) co-reactant feeds. (Condition: Coconut oil, LHSV of 1 h−1,
330 ◦C, and 50 bar of reaction gas, Gly = glycerol solution).

Figure 6. Distribution of gas species of coconut oil deoxygenation under different atmospheres with
(w/) and without (w/o) co-reactant feeds. (Condition: Coconut oil, LHSV of 1 h−1, 330 ◦C, and 50 bar of
reaction gas, Gly = glycerol solution).
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In H2O, the amount of FFAs, originating from hydrolysis of TGs, was much higher. This is in
accordance with the literature [26,39,40], in which the disappearing of C=O of esters (in the TGs
molecules) and the obtaining of C=O of carboxylic acids (in the FFAs molecules) in the reaction by using
H2O were reported. This result confirmed that hydrolysis was the dominant pathway. The presence of
H2O accelerated and promoted the conversion of TG molecules to FFAs. There was no consumption
of hydrogen for the hydrolysis of the TGs. However, the H2 could be further utilized to promote
deoxygenation of FFAs (DCO or DCO2). Therefore, the formation of the desired hydrocarbons was
very low. It is known that when there was a lack of H2, which inhibits the catalytic performance,
the reaction underwent cracking, for example: C10H22 → C3H6 + C7H16. Initially, hydrogen is present
in the system because of some hydrocarbon molecules rearranging itself into a cycloalkane or an
aromatic hydrocarbon with the loss of H2—for example: C6H14 → C6H12 + H2—and thus after
prolonged reaction times, when this reservoir was consumed, an enhanced formation of aromatic
Cn-1 hydrocarbons was observed. Those of FFAs will either undergo DCO2 or DCO. This interesting
phenomenon showed that alkenes were formed using either N2 or H2O. In the latter case, there was
enough hydrogen and the formation hydrocarbons was almost constant.

The initial in-situ H2 can be generated from glycerol reforming (C3H8O3 + 3H2O↔ 3CO2 + 7H2,
ΔH0

298 =+128 kJ/mol) [41] and glycerol decomposition (C3H8O3↔ 3CO+4H2, ΔH0
298 = +250 kJ/mol) [42,43].

The formation of H2, CO, and CO2 (Figure 6) confirmed the utilization of glycerol co-feeding to generate
in-situ H2. These H2 initially aid the triglyceride breakdown to form propane and FFAs. Unfortunately,
the abundant FFAs still remained in the liquid product. It exhibited the insufficiency of in-situ H2 so
that alkanes could not be considerably produced. However, this in-situ H2 helps to decrease the level
of high molecular weight hydrocarbon compounds.

Table 4 shows the proportion of DCOx/HDO and CO2/CO. The ratio of DCOx/HDO declined when
applying co-reactant as follows: N2 > aqueous glycerol >H2O. The results indicated that generated
H2 had a significant impact on reaction pathways. At the initial of reaction with glycerol co-reactant,
an abundance of generated H2 can break C–O bonds in TG molecules through the HDO reaction
to produce propane and FFAs. However, considering the final gas product, the reaction prefers to
promote via DCO2 which does not require H2. It can be said that the rate of breaking of the C–O bonds
in FFA should be slower than the C–O bonds in TGs and C–C bonds in FFA itself. On the other hand,
the reaction seems to contribute to DCO when using H2O co-reactant. These results indicated that
the insufficient H2 at the beginning suppressed HDO. Once FFA was generated, H2 from water gas
shift reaction promoted DCO pathway, consistent with other reports [10,14,42–46]. In all conditions,
the selectivity to jet fuel range (C8–C14) was higher than that to diesel fuel range (C15–C18).

Table 4. Summary reaction pathway and selectivity toward jet and diesel range fuels of the
alkane products.

Feed Co-Reactant
Selectivity (%)

DCOx/HDO 3 CO2/CO
Jet Fuel 1 Diesel Fuel 2

Coconut oil H2 64.09 35.91 1.08 0.30
N2 28.73 71.27 2.90 0.21

H2O 62.58 37.42 1.05 0.59
Glycerol 58.74 41.26 1.18 1.75

1 Jet fuel range = C8–C14 alkanes, 2 Diesel fuel range = C15–C18 alkanes, 3 DCOx = DCO + DCO2.

4. Conclusions

The catalytic deoxygenation of coconut oil was performed on NiCo/SAPO-11 nanocatalyst in a
continuous-flow reactor for hydrocarbon production. Reaction condition in assistance with in-situ H2

produced from glycerol (50 wt% aqueous solution), without any external H2 source (under N2 ambient)
and addition of H2O (5% by volume) was investigated on the deoxygenation reaction and product
distribution. The results showed that under N2 atmosphere applying co-reactants H2O and glycerol
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significantly increased the oil conversion. The main products were FFAs and their corresponding
Cn−1 alkanes, whereas a small fraction of the intermediates was found. Considering FFA products,
the addition of H2O aids the triglyceride breakdown into FFAs, and the addition of glycerol solution as
the hydrogen donor is favourable for the initial hydrogenolysis into FFAs. Then, those FFAs can be
either decarbonylated or decarboxylated to their corresponding Cn−1 alkanes, in the fraction of jet and
diesel fuels. The NiCo/SAPO-11 showed great potential in the production of advanced biofuels in the
absence of an external H2 source.

Author Contributions: Conceptualization, K.F., N.L., T.W. and R.K.; formal analysis, R.K. and J.N.; investigation,
R.K.; methodology, R.K.; resources, K.F.; supervision, K.F., N.L. and T.W.; writing—original draft, R.K. and J.N.;
writing—review and editing, K.F., N.L., R.K., and J.N. All authors have read and agreed to the published version
of the manuscript.

Funding: The financial supports from the NANOTEC platform project (P1750381), the CAS-NSTDA project
(P1952712), and the Royal Golden Jubilee Ph.D. (RGJ-PHD) Program (Grant No. PHD/0239/2558) are acknowledged.

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

References

1. Yeletsky, P.M.; Kukushkin, R.G.; Yakovlev, V.A.; Chen, B.H. Recent advances in one-stage conversion of
lipid-based biomass-derived oils into fuel components—aromatics and isomerized alkanes. Fuel 2020,
278, 118255. [CrossRef]

2. The European Parliament; The Council of the European Union. Directive 2009/28/EC of the European Parliament
and of the Council of 23 April 2009, on the Promotion of the Use of Energy from Renewable Sources and Amending
and Subsequently Repealing Directives 2001/77/EC and 2003/30/EC; The European Parliament: Brussels, Belgium,
2009. Available online: https://eur-lex.europa.eu/eli/dir/2009/30/oj (accessed on 18 November 2020).

3. Abdullah, A.Z.; Razali, N.; Mootabadi, H.; Salamatinia, B. Critical technical areas for future improvement in
biodiesel technologies. Environ. Res. Lett. 2007, 2, 34001. [CrossRef]

4. Ogunkunle, O.; Ahmed, N.A. A review of global current scenario of biodiesel adoption and combustion in
vehicular diesel engines. Energy Rep. 2019, 5, 1560–1579. [CrossRef]

5. Huang, D.; Zhou, H.; Lin, L. Biodiesel: An alternative to conventional fuel. Energy Procedia 2012, 16, 1874–1885.
[CrossRef]

6. Phumpradit, S.; Reubroycharoen, P.; Kuchonthara, P.; Ngamcharussrivichai, C.; Hinchiranan, N.
Partial hydrogenation of palm oil-derived biodiesel over Ni/Electrospun silica fiber catalysts. Catalysts 2020,
10, 993. [CrossRef]

7. Li, X.; Luo, X.; Jin, Y.; OchoaLi, J.; Zhang, H.; Zhang, A.; Xie, J. Heterogeneous sulfur-free hydrodeoxygenation
catalysts for selectively upgrading the renewable bio-oils to second generation biofuels. Renew. Sustain.
Energy Rev. 2018, 82, 3762–3797. [CrossRef]

8. Kordulis, C.; Bourikas, K.; Gousi, M.; Kordouli, E.; Lycourghiotis, A. Development of nickel based catalysts
for the transformation of natural triglycerides and related compounds into green diesel: A critical review.
Appl. Catal. B Environ. 2016, 181, 156–196. [CrossRef]

9. Jin, W.; Pastor-Pérez, L.; Villora-Picó, J.J.; Sepúlveda-Escribano, A.; Gu, S.; Reina, T.R. Investigating new
routes for biomass upgrading: “H2-free” hydrodeoxygenation using Ni-based catalysts. ACS Sustain.
Chem. Eng. 2019, 7, 16041–16049. [CrossRef]

10. Choo, M.-Y.; Juan, J.C.; Oi, L.E.; Ling, T.C.; Ng, E.-P.; Noorsaadah, A.R.; Centi, G.; Lee, K.T. The role of
nanosized zeolite Y in the H2-free catalytic deoxygenation of triolein. Catal. Sci. Technol. 2019, 9, 772–782.
[CrossRef]

11. Hollak, S. Catalytic Deoxygenation of Fatty Acids and Triglycerides for Production of Fuels and Chemicals.
Ph.D. Thesis, Utrecht University, Utrecht, The Netherlands, 2014.

12. Chiappero, M.; Do, P.T.M.; Crossley, S.; Lobban, L.L.; Resasco, D.E. Direct conversion of triglycerides to
olefins and paraffins over noble metal supported catalysts. Fuel 2011, 90, 1155–1165. [CrossRef]

13. Morgan, T.; Grubb, D.; Santillan-Jimenez, E.; Crocker, M. Conversion of triglycerides to hydrocarbons over
supported metal catalysts. Top. Catal. 2010, 53, 820–829. [CrossRef]

170



Nanomaterials 2020, 10, 2548

14. Miao, C.; Marin-Flores, O.; Davidson, S.D.; Li, T.; Dong, T.; Gao, D.; Wang, Y.; Garcia-Pérez, M.; Chen, S.
Hydrothermal catalytic deoxygenation of palmitic acid over nickel catalyst. Fuel 2016, 166, 302–308.
[CrossRef]

15. Asikin-Mijan, N.; Lee, H.V.; Juan, J.C.; Noorsaadah, A.R.; Ong, H.C.; Razali, S.M.; Taufiq-Yap, Y.H.
Promoting deoxygenation of triglycerides via Co-Ca loaded SiO2-Al2O3 catalyst. Appl. Catal. Gen. 2018,
552, 38–48. [CrossRef]

16. Cortright, R.D.; Davda, R.R.; Dumesic, J.A. Hydrogen from catalytic reforming of biomass-derived
hydrocarbons in liquid water. Nature 2002, 418, 964–967. [CrossRef]

17. Polychronopoulou, K.; Charisiou, N.; Papageridis, K.; Sebastian, V.; Hinder, S.; Dabbawala, A.; AlKhoori, A.;
Baker, M.; Goula, M. The effect of Ni addition onto a Cu-based ternary support on the H2 production over
glycerol steam reforming reaction. Nanomaterials 2018, 8, 931. [CrossRef]

18. Chen, Z.; Kukushkin, R.G.; Yeletsky, P.M.; Saraev, A.A.; Bulavchenko, O.A.; Millan, M.
Coupling hydrogenation of guaiacol with in-situ hydrogen production by glycerol aqueous reforming over
Ni/Al2O3 and Ni-X/Al2O3 (X = Cu, Mo, P) Catalysts. Nanomaterials 2020, 10, 1420. [CrossRef]

19. Aman, D.; Radwan, D.; Ebaid, M.; Mikhail, S.; van Steen, E. Comparing nickel and cobalt perovskites for
steam reforming of glycerol. Mol. Catal. 2018, 452, 60–67. [CrossRef]

20. Li, K.T.; Yen, R.H. Aqueous-phase hydrogenolysis of glycerol over Re promoted Ru catalysts encapuslated in
porous silica nanoparticles. Nanomaterials 2018, 8, 153. [CrossRef]

21. Zhong, H.; Yao, G.; Cui, X.; Yan, P.; Wang, X.; Jin, F. Selective conversion of carbon dioxide into methane
with a 98% yield on an in-situ formed Ni nanoparticle catalyst in water. Chem. Eng. J. 2019, 357, 421–427.
[CrossRef]

22. Hu, X.; Li, P.; Zhang, X.; Yu, B.; Lv, C.; Zeng, N.; Luo, J.; Zhang, Z.; Song, J.; Liu, Y. Ni-based catalyst derived
from NiAl layered double hydroxide for vapor phase catalytic exchange between hydrogen and water.
Nanomaterials 2019, 9, 1688. [CrossRef]

23. Ma, Z.; Liu, Z.; Song, H.; Bai, P.; Xing, W.; Yan, Z.; Zhao, L.; Zhang, Z.; Gao, X. Synthesis of hierarchical
SAPO-11 for hydroisomerization reaction in refinery processes. Appl. Petrochem. Res. 2014, 4, 351–358.
[CrossRef]

24. Zuo, H.; Liu, Q.; Wang, T.; Ma, L.; Zhang, Q.; Zhang, Q. Hydrodeoxygenation of methyl palmitate over
supported Ni catalysts for diesel-like fuel production. Energy Fuels 2012, 26, 3747–3755. [CrossRef]

25. Srifa, A.; Faungnawakij, K.; Itthibenchapong, V.; Assabumrungrat, S. Roles of monometallic catalysts in
hydrodeoxygenation of palm oil to green diesel. Chem. Eng. J. 2015, 278, 249–258. [CrossRef]

26. Kaewmeesri, R.; Srifa, A.; Itthibenchapong, V.; Faungnawakij, K. Deoxygenation of waste chicken fats to
green diesel over Ni/Al2O3: Effect of water and free fatty acid content. Energy Fuels 2015, 29, 833–840.
[CrossRef]

27. Huynh, T.M.; Armbruster, U.; Phan, B.M.Q.; Nguyen, D.A.; Martin, A. The influence of cobalt in bimetallic
Ni-Co catalyst supported on H-Beta for phenol hydrodeoxygenation. Chim. Oggi. Chem. Today 2014,
32, 40–44.

28. Sotomayor, F.J.; Cychosz, K.A.; Thommes, M. Characterization of micro/mesoporous materials by
physisorption: Concepts and case studies. Acc. Mater. Surf. Res. 2018, 3, 36–37.

29. Said, S.; Zaky, M.T. Pt/SAPO-11 catalysts: Effect of platinum loading method on the hydroisomerization of
n-hexadecane. Catal. Lett. 2019, 149, 2119–2131. [CrossRef]

30. San-José-Alonso, D.; Juan-Juan, J.; Illán-Gómez, M.J.; Román-Martínez, M.C. Ni, Co and bimetallic Ni–Co
catalysts for the dry reforming of methane. Appl. Catal. A Gen. 2009, 371, 54–59. [CrossRef]

31. Gao, X.; Tan, Z.; Hidajat, K.; Kawi, S. Highly reactive Ni-Co/SiO2 bimetallic catalyst via complexation with
oleylamine/oleic acid organic pair for dry reforming of methane. Catal. Today 2017, 281, 250–258. [CrossRef]

32. Reynoso, A.J.; Iriarte-Velasco, U.; Gutiérrez-Ortiz, M.A.; Ayastuy, J.L. Highly stable Pt/CoAl2O4 catalysts in
aqueous-phase reforming of glycerol. Catal. Today 2020, in press. [CrossRef]

33. Reynoso, A.J.; Ayastuy, J.L.; Iriarte-Velasco, U.; Gutiérrez-Ortiz, M.A. Cobalt aluminate spinel-derived
catalysts for glycerol aqueous phase reforming. Appl. Catal. B Environ. 2018, 239, 86–101. [CrossRef]

34. Wei, Y.; Li, S.; Jing, J. Synthesis of Cu–Co catalysts for methanol decomposition to hydrogen production via
deposition–precipitation with urea method. Catal. Lett. 2019, 149, 2671–2682. [CrossRef]

35. Wang, L.; Guan, E.; Wang, Y. Silica accelerates the selective hydrogenation of CO2 to methanol on cobalt
catalysts. Nat. Commun. 2020, 11, 1–9. [CrossRef] [PubMed]

171



Nanomaterials 2020, 10, 2548

36. Xue, H.; Xu, J.; Gong, X.; Hu, R. Performance of a Ni-Cu-Co/Al2O3 catalyst on in-situ hydrodeoxygenation of
bio-derived phenol. Catalysts 2019, 9, 952. [CrossRef]

37. Papadopoulou, E.; Ioannides, T. Methanol reforming over cobalt catalysts prepared from fumarate precursors:
TPD investigation. Catalysts 2016, 6, 33. [CrossRef]

38. Krobkrong, N.; Itthibenchapong, V.; Khongpracha, P.; Faungnawakij, K. Deoxygenation of oleic acid under
an inert atmosphere using molybdenum oxide-based catalysts. Energy Convers. Manag. 2018, 167, 1–8.
[CrossRef]

39. Authayanun, S.; Arpornwichanop, A.; Paengjuntuek, W.; Assabumrungrat, S. Thermodynamic study
of hydrogen production from crude glycerol autothermal reforming for fuel cell applications. Int. J.
Hydrogen Energy 2010, 35, 6617–6623. [CrossRef]

40. Li, Y.; Zhang, C.; Liu, Y.; Tang, S.; Chen, G.; Zhang, R.; Tang, X. Coke formation on the surface of Ni/HZSM-5
and Ni-Cu/HZSM-5 catalysts during bio-oil hydrodeoxygenation. Fuel 2017, 189, 23–31. [CrossRef]

41. Gosselink, R.W.; Hollak, S.A.; Chang, S.W.; van Haveren, J.; de Jong, K.P.; Bitter, J.H.; van Es, D.S.
Reaction pathways for the deoxygenation of vegetable oils and related model compounds. ChemSusChem
2013, 6, 1576–1594. [CrossRef]

42. Avasthi, K.S.; Reddy, R.N.; Patel, S. Challenges in the production of hydrogen from glycerol—A biodiesel
byproduct via steam reforming process. Procedia Eng. 2013, 51, 423–429. [CrossRef]

43. Wang, M.; Wang, Z.; Gong, X.; Guo, Z. The intensification technologies to water electrolysis for hydrogen
production—A review. Renew. Sustain. Energy Rev. 2014, 29, 573–588. [CrossRef]

44. Hollak, S.A.; Ariëns, M.A.; de Jong, K.P.; van Es, D.S. Hydrothermal deoxygenation of triglycerides over Pd/C
aided by in-situ hydrogen production from glycerol reforming. ChemSusChem 2014, 7, 1057–1062. [CrossRef]

45. Hu, W.; Wang, H.; Lin, H.; Zheng, Y.; Ng, S.; Shi, M.; Zhao, Y.; Xu, R. Catalytic decomposition of oleic acid to
fuels and chemicals: Roles of catalyst acidity and basicity on product distribution and reaction pathways.
Catalysts 2019, 9, 1063. [CrossRef]

46. Sousa, F.P.; Silva, L.N.; de Rezende, D.B.; de Oliveira, L.C.A.; Pasa, V.M.D. Simultaneous deoxygenation,
cracking and isomerization of palm kernel oil and palm olein over beta zeolite to produce biogasoline,
green diesel and biojet-fuel. Fuel 2018, 223, 149–156. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

172



nanomaterials

Review

Dendritic Polymers as Promising Additives for the
Manufacturing of Hybrid Organoceramic Nanocomposites
with Ameliorated Properties Suitable for an Extensive
Diversity of Applications

Marilina Douloudi 1,*, Eleni Nikoli 1, Theodora Katsika 1, Michalis Vardavoulias 2 and Michael Arkas 1,*

Citation: Douloudi, M.; Nikoli, E.;

Katsika, T.; Vardavoulias, M.; Arkas,

M. Dendritic Polymers as Promising

Additives for the Manufacturing of

Hybrid Organoceramic

Nanocomposites with Ameliorated

Properties Suitable for an Extensive

Diversity of Applications.

Nanomaterials 2021, 11, 19.

https://dx.doi.org/10.3390/nano

11010019

Received: 9 November 2020

Accepted: 20 December 2020

Published: 24 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional claims

in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-

censee 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/).

1 Institute of Nanoscience Nanotechnology, NCSR “Demokritos”, Patriarchou Gregoriou Street,
15310 Athens, Greece; h.nikoli@inn.demokritos.gr (E.N.); theodorakatsika@gmail.com (T.K.)

2 PYROGENESIS S.A., Technological Park 1, Athinon Avenue, 19500 Attica, Greece;
mvardavoulias@pyrogenesis-sa.gr

* Correspondence: marilina.douloudi@gmail.com (M.D.); m.arkas@inn.demokritos.com (M.A.);
Tel.: +30-210-650-3669 (M.A.)

Abstract: As the field of nanoscience is rapidly evolving, interest in novel, upgraded nanomaterials
with combinatory features is also inevitably increasing. Hybrid composites, offer simple, budget-
conscious and environmental-friendly solutions that can cater multiple needs at the same time and
be applicable in many nanotechnology-related and interdisciplinary studies. The physicochemical
idiocrasies of dendritic polymers have inspired their implementation as sorbents, active ingredient
carriers and templates for complex composites. Ceramics are distinguished for their mechanical
superiority and absorption potential that render them ideal substrates for separation and catalysis
technologies. The integration of dendritic compounds to these inorganic hosts can be achieved
through chemical attachment of the organic moiety onto functionalized surfaces, impregnation and
absorption inside the pores, conventional sol-gel reactions or via biomimetic mediation of dendritic
matrices, inducing the formation of usually spherical hybrid nanoparticles. Alternatively, dendritic
polymers can propagate from ceramic scaffolds. All these variants are covered in detail. Optimization
techniques as well as established and prospected applications are also presented.

Keywords: dendritic polymers; ceramic compounds; biomimetic; nanomaterials; dendrimers; hyper-
branched polymers; silica composites; hybrid materials

1. Introduction

With the advent of nanotechnology and the introduction of nanoscale matter, revolu-
tionary progress was observed in the field of materials science. The synthesis of nanoscale
analogues to conventional implements with enhanced properties and a broad spectrum
of applications became a routine process. Nanocomposites confirmed the hypothesis that
size and shape play a pivotal role in the determination of their exquisite physical and
chemical profile. The establishment of superiority over conventional microcomposites
was an expected consequence. The exceptionality of these materials originates from their
multilayer, core-shell-surface architecture. Depending on their core substance, they can be
classified into three key categories: ceramic nanocomposites, metal nanocomposites and
polymeric nanocomposites [1–3].

Ceramic materials are considered as an emerging trend of recent decades due to their
mixed and flexible features, their porous, small-size structure and their broad spectrum
of applications. They can appear in various forms, with the most prominent ones being
ceramic membranes, ceramic nanostructures and biogenic ceramics, each form possessing
exceptional uses and serving different purposes. Their capability to adopt controlled and
diverse combined conformations through easily accessible, low-cost, ambient temperature
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preparation methods render them excellent candidates for the production of hybrids
with optimized properties such as core-shell nanoparticles. They also constitute excellent
alternatives in order to avoid the undesirable defects of their elementary equivalents,
for instance toxicity, instability and high solubility [4–7].

Among the numerous properties of ceramic membranes, the most distinguished
are mechanical tolerance, chemical inertia, thermal stability, damage impedance, energy
conservation, high hydrophobicity, satisfactory flux at low pressures and an excessive
working lifetime [6–8]. All these characteristics contribute to the suitability and expanded
applicability of these membranes in various fields such as gas separation [9–11] and filtra-
tion technology [7,8], water decontamination processes, water and wastewater treatment,
desalination [12–16] and catalysis [11,17]. Another advantage of ceramic membranes is
their employment in both microfiltration (MF) and ultrafiltration (UF) processes and less
frequently in nanofiltration (NF) and reverse-osmosis (RO) [18]. Specifically, for water and
wastewater purification, depending on the targeted configuration (flat-sheet or tubular)
and the overall properties of the fabricated membrane, the preferred ceramic materials
used are alumina, titania, zirconia and silica. Still, the non-specialized nature resulting
primarily from their inability to selectively extract ultra-low-sized, “mobile” contami-
nants and to achieve accurately desired pore size distribution, remains one of their major
drawbacks [6,19].

Common problems of unprocessed ceramics such as brittle fracture, poor toughness
and strength degeneration highlight the need to introduce secondary components to these
materials in order to reach nanoscale ceramic products with upgraded properties. Alumina,
titania, zirconia, silica and hydroxyapatite are again useful candidates for the construction
of ceramic nanoparticles [20]. These nanomaterials are unique in terms of biocompatibil-
ity. Thanks to their surface modification, encapsulation and interaction with biological
molecules, such as proteins, lipids and antibodies, they serve as novel diagnostic and
therapeutic tools. Some examples include drug-delivery vehicles, biomedical imaging
and photodynamic and photothermal therapy [21–25]. In addition, advantages linked to
biocompatibility, such as increased dissolution [26], resistance to microbes, stable porosity
and high selectivity, along with the facility of synthesis procedures without requirement of
toxic substances and extreme conditions, make nano-ceramics the epicenter of pharmaceu-
tical research. They combine safety with the ease of administration and controlled drug
availability [20,27,28]. For example, the photooxidative and cytotoxic features of titania
can be efficiently manipulated for the fabrication of thermally stable anatase nanoparticles.
Therefore, they can be employed as excipients and in the context of photodynamic therapy
for the selective treatment of several types of tumors. On the other hand, silica mesoporous
nanoparticles can be readily functionalized with proteins and radioisotopes (e.g., radioio-
dine) to facilitate cancer detection and subsequent radiotherapy [2,3]. Similar forms can
also be combined with titania analogues and yield core-shell nanomaterials with advanced
catalytic and absorbing performance, as well as anti-pollutant properties [29].

Another category, bioceramics, is considered a convenient type of biomaterial in terms
of applicability in biomedical engineering fields. Their biological importance stems from
their surface similarities with living tissues and molecules with osseous origin, facilitating
therefore their interaction with bones and teeth and thus their involvement in orthopedic
therapy and tissue engineering [30–34]. To date, modern bioceramic products replace
first-generation inert predecessors claiming the overthrow of conventional tissue damage
treatment regimes, since they provide novel therapeutic approaches that rely on tissue
repair and replacement in parallel and less on simple substitution. Second generation
bioceramics include varieties of different crystallization degrees. They are characterized by
high bioactivity, biodegradability and resorbability and are ideal for repairing purposes
where a strong and controlled bond with the implant is required. These materials may be
based on apatite sources (hydroxyapatite, calcium phosphate mixtures, bone cements based
on calcium salts) that function as bone imitators against bone loss or as surface coatings
for better bone deposition rates. Alternatively, they may contain a glass source (bioglasses,
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glass-ceramics) that stimulate bone growth processes by interacting with body fluids or by
filling bone cavities. Likewise, third generation counterparts introduce a porous framework
for the construction of scaffolds with an adjusted size and shape to accommodate specific
molecular components [31,34]. Silica-based mesoporous structures and organic/inorganic
hybrid composites intervene in differentiation pathways of mesenchymal cells and regulate
osteogenesis and thus promote bone regeneration by exposing active molecules, such as
growth factors, hormones and cells at the site of damage [30,31,34].

There is a constantly increasing interest towards the construction of new embodiments
that are inspired by living systems, mimicking natural molecules and recapitulating key
cellular and molecular processes that have prompted nanotechnologists to incorporate
molecules bearing a dendroid architecture into their constructs. Dendritic polymers are
ubiquitous materials, graced by exceptional physicochemical properties, well-defined
highly branched discoid or spherical shapes and an adjustable surface area. They constitute
the fourth major class of polymeric architecture and are classified as (a) monodispersed
symmetric dendrimers named after the Greek word δένδρo for tree because of their struc-
tural resemblance; (b) asymmetric species, called hyperbranched polymers; (c) fragments
of both categories defined as dendrons; and (d) dendrigrafts, which are combinations of
conventional (usually linear) polymers with dendritic patterns [35,36]. Their uniqueness
emanates from their separate structural units (Figure 1): the core which is the substrate
of the radial functionalization. The interior, where the “branches” reside, create a well-
suited environment for the encapsulation of guest elements. The exterior part, forming
a peripheral surface, functions as an active nano-scaffold and interacts with the nearby
functional groups and environmental stimuli. Some of the most established dendrimers
are diaminobutane poly(propylene imine) DAB/PPI and poly(amidoamine) PAMAM
(Figure 2), while their common non-symmetric hyperbranched relatives include polyglyc-
erol PG and poly(ethylene imine) PEI (Figure 3) [37–40]. Dendritic polymer’s biomimetic
behavior favors their applicability in clinical fields [41,42] as drug carriers, targeted and
controlled delivery vehicles [43–47] for anticancer therapeutics [48], in photodynamic ther-
apy [49], imaging [50], diagnostics [51,52] as sensors, gene transfer agents or as artificial
molecules per se [30,35]. Additional applications are encountered in the fields of separation
systems [36,37], chromatography, membranes, hydrogels [38–44], solvent extraction [45]
and color chemistry such as dyes [46].

 

Figure 1. Schematic representation of the three structural parts of a dendritic polymer.
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Figure 2. Chemical structures of Diaminobutanepoly(propylene imine) DAB (PPI), and Poly(amido
amine) PAMAM, 3rd and 3.5rd generations.

Undoubtedly, the inauguration of interventions in the nano-scale gave the opportu-
nity to access new conformations, synthetic or semi-synthetic, of augmented functionality,
tractable structure and enhanced multi-functionality, compared to their raw counterparts.
Still, the margins for improvement of nanosynthetic constructs will remain large, as long as
there are unexplored aspects of different combinations of distinctive precursors. The fabri-
cation of novel, tailor-made hybrid products profiting from combinatorial properties of
suitably functionalized dendritic polymers and ceramic compounds represent powerful
tool of the utmost importance. The resulting blends have the potential to substitute their
unilateral sources, by considerably eliminating most of their inherent defects and benefiting
from their individual assets. An inorganic/organic (ceramic/dendrimer) combination for
instance can incorporate stabilizing and guest-host characteristics of the polymer matri-
ces, in parallel with the mechanical superiority provided by the ceramic substrate [53].
The yielding organoceramics possess a confirmed potential for a multiplicity of applications,
among them the most outstanding include catalysis [29,54,55], water treatment [56–59] and
magnetoceramics [60]. An overview of the prevailing methods used for the synthesis of
organoceramic materials will be presented in the framework of this review, along with a
summary of potential barriers encountered and the proposed solutions for each given case.
The most important applications of these materials will be also thoroughly outlined with a
final note concerning the outlooks for the future.
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Figure 3. Chemical structures of hyperbranched polyglycerol (PG), and hyperbranched poly(ethylene imine) (PEI).

2. Methods of Preparation

2.1. Simple Coating by Absorption of Dendritic Additives into the Pores of the Ceramic

One of the easiest and fastest methods to obtain hybrids that follow a dendritic/ceramic
pattern, is the direct immersion of the inorganic support possessing suitable porosity into a
solution of the selected polymer [61]. In this manner, complex organic/inorganic formu-
lations are attained that incorporate the functionalities of both constituents: (a) elevated
and selective encapsulation properties, due to the highly accessible empty cavities formed
by the branches of the dendritic compound; (b) perfect mechanical properties and ab-
sorption/filtering capacity that ceramic supports of variant porosity sizes and shapes can
furnish. The most astonishing characteristic of this specific technique is the high polymer
impregnation. Loading efficacy depends mostly on the structural components and the
resting free surface area of the ceramic substrate, as well as the functionalized polymer
compatibility, in terms of reactivity, with the given porous ceramic.

A first typical immersion of a silica monolith to a PAMAM G4 solution yielded a solid
anion exchange polyelectrolyte gel for Prussian Blue (PB), iron(III) hexacyanoferrate(II),
and cobalt(II) hexacyanoferrate(II) [62]. G2, G4 and G6 PAMAM with silica substrates
have been employed in order to take advantage of the electrostatic attractions of positive
charged amino groups and mount a second layer of DNA molecules for gene therapy ap-
plications [63]. Alternate layering of PAMAM and chondroitin sulphate onto mesoporous
silica nanoparticles of an intensified negative charge due to the presence of a primary sub-
strate of carboxylated PAMAM G1 led to ideal carriers for protracted release of doxorubicin
and curcumin [64].

After initial capping of the silanol groups of the external surface by (CH3)2SiCl2,
G1-G3 PPI dendrimers peripherally modified by amidoferrocenes were incorporated by
intermolecular hydrogen bonds to the pores of mesoporous MCM-41 silica affording hybrid
redox-active ceramics [65]. Another distinguishing example that employs this impregna-
tion approach concerns alumina filters of distinctive porosity directly immersed into an
alkylated dendritic polymer solution under mild heating conditions. Octyl functional-
ized poly(ethyleneimine) (PEI), the proposed hyperbranched polymeric additive, serves
as a cheap and facile-to-synthesize alternative to symmetric dendrimer “nanosponges”,
exhibiting equivalently excellent pollutant inclusion constants (kinclusion) [66]. It creates
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a highly homogenous water-insoluble coating, a thoroughly efficient depollution film.
The hallmark of this technique is the attainment of a polymer impregnation percentage
of up to 22%. Interestingly, there is an analogy between the concentration of the dendritic
polymer and its impregnation percentage into the same alumina filter, meaning that an
increasing concentration (0.2–30% w/w) of the alkylated PEI allows better impregnation
percentages until a certain critical point. When this threshold is surpassed, small pores
clog up and no additional polymer can be integrated. This critical point that marks the
loading capacity of the specific ceramic compound depends primarily on the compositional
characteristic of its pores. The efficient coverage of the ceramic pores is confirmed by the
linearity of the plots correlating with the impregnation percentage/concentration ratio as a
function of the surface area of the given alumina tube filter.

Another instance that adopts the elementary impregnation approach involves the
fabrication of titania processed by PAMAM dendrimers adsorbed into its surface pores
through a slurry mixture preparation [67]. The yielding nanocomposites benefit from
the non-toxicity of the organic layer and the metal chelation properties introduced by
functionalization of the periphery with hydroxy-terminal groups. Herein, only a partial,
localized coating of the pores is achieved, driven by the electrostatic attractions devel-
oped between the hydroxyl groups of the dendrimer and the surface of titania (Figure 4).
These intermolecular forces favor the immobilization process during which the dendritic
molecules occupy a rather limited space compared to the total porous volume of pure
titania. Specifically, this method can reach an impregnation level of 1% organic content
by weight to the inorganic substrate. The composites withstood 2 h at 300 ◦C, exhibiting
minimal mass loss of their active layer (0.16%), proving their high thermal stability.

 
Figure 4. Schematic representation of the immobilization process of G4 dendrimers onto the surface of titania. (Reproduced
with permission from [67]; Copyright Elsevier, 2013).

As expected, the impregnation rate does not depend only on the polymer concentra-
tion. The chemical nature of the selected dendrimer is a crucial factor too. The molecules
are attracted to the inorganic surfaces due to intermolecular, particularly electrostatic,
forces [68]. Typically, accumulation increases with increasing dendrimer generation while
it is considerably larger for those with negatively charged groups (e.g., carboxylic an-
ions) on positively charged surfaces (alumina) than that of analogues containing positive
charged groups (e.g., ammonium cations) on negatively charged surfaces (silica) [69].
For this reason, the pH and the ionic strength of the solution exert an important influence
in as much as they affect the charge of the molecules and the ceramic support [70]. Organic
loading is also governed by the pore parameters of each particular ceramic [71]. This was
verified by a study that evaluated the impregnation degree of silylated dendrimers and
hyperbranched polymers into three ceramic filters of different origins and compared them
with the homologous β-cyclodextrin derivative [58]. The resulting data demonstrated that
ceramic membranes manufactured by Al2O3, TiO2 or SiC, when immersed into a solu-
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tion of triethoxy silyl dendritic polymers of the same concentration (30%), yielded hybrid
organoceramics of different polymer contents (Figure 5). All of them, however, exhibited
higher saturation limits compared to the β-cyclodextrin derivative. As was anticipated,
ceramic filters with the highest porosity values (Al2O3 and SiC) scored the best inclu-
sion values, while the ones with the lowest porosity values (TiO2) presented considerably
inferior impregnation properties. Pore size also regulates polymer incorporation degree
considering that smaller pores allow a wider pore surface area. Therefore, the impregnation
percentage of ceramics having the same porosity is determined according to the pore size.
The smallest pore size, such as in alumina, in that case leads to a higher content in additives.
The type of guest molecules also plays a crucial role to the extent of their incorporation,
as each specific solution is characterized by different viscosity. This apparently explains
the high impregnation percentages obtained by ethoxysilated polyglycerol compared to
the other polymers employed in the context of this study.

Figure 5. Loading percentage for three ceramic filters of different origins (TiO2, SiC, Al2O3) after their immersion into
30% solutions of triethoxy silated dendritic and cyclodextrin polymers (Reproduced with permission from [59]; Copyright
Elsevier, 2006).

2.2. Attachment of Polymers with Covalent Bonds to the Surface of the Ceramic Substrate

The performance of the nanocomposites is largely dictated by their surface features.
A well-defined and fully characterized external surface leads to better prediction and man-
agement of the resulting material properties, such as active ingredient solubility/release
and reactivity with the other active factors present. Chemical reactions with active groups
induced on the ceramic, for instance by etching with strong acid or base are the con-
ventional, versatile method to obtain highly specialized and flexible modified surfaces.
Dendritic polymers, known for the high local concentration of exposed external surface
groups, branching diversity and hence susceptibility to chemical interventions, represent
unique options to afford hybrid materials with desired chemical profiles. The function-
alization of dendritic polymers with groups based on silicon, has gained considerable
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interest. They offer active sites, commonly silanols, which can subsequently react with
chemically relative ceramic substrates, forming stable siloxane bridges through curing
processes [56,72]. Some of the most prominent advantages of these Si-heteroatom den-
drimers over the conventional ones are as follows: (a) unrestrained shaping and tailoring
of the dendrimer structure density with Si atoms as the branching centers of the last 2 or
3 generations; (b) efficient diffusion into the ceramic filler or membrane and improved
impregnation rate. This results in lower activation energy requirements and secure reduced
curing temperatures and cost effectiveness; and (c) a variety of synthetic pathways.

Production of organosilicon-based ceramics can be implemented through methods
such as cross-linking, sol-gel processing, pyrolysis and ceramization. During the fabrica-
tion procedure, emphasis should be given to the specifications of the selected dendrimer,
and more specifically in its molecular weight, which should be as high as possible, in its
solubility into the solution of the ceramic precursor and in its stereochemical convenience
to perform cross-linking. Chemical stability of the resulting hybrid material depends on
the type of formed bonds. Covalent bonds are the most suitable for sustainability. By being
stable they provide the option of regeneration without substantial organic material loss and
therefore allow repeated use. Formation of chemical bonds between the dendritic polymer
and the ceramic substrate can be established through the sol-gel reaction. The effectiveness
of this method in producing organoceramics is based on the employment of appropriate
functionalized silyl-reactants, particularly alkoxylates, established for their capability to
undergo hydrolysis under acidic conditions [59]. Full conversion is crucial for the shaping
of the final product, as heterogeneity affects negatively both the compatibility and the struc-
ture of the hybrid ceramic. Triethoxylated derivatives of dendritic molecules, for instance
DAB, PEI and PG, are susceptible to rapid hydrolysis, delivering silanols, which in turn
can react intramolecularly or intermolecularly with adjacent hydroxyl groups via a conden-
sation mechanism (Figure 6a). Dendritic silanols can condensate with the hydroxyl groups
of the targeted ceramic surface as well, enabling the formation of a chemically bound film
(Figure 6b). Activation of the ceramic surface and formation of hydroxyl groups is a pre-
requisite for the reaction and can be performed by using several techniques. An interesting
activation example proposed by Ottenbrite is the etching through immersion into the 1 M
NaOH solution for some hours, followed by extensive washing with methanol and water
and drying under vacuum conditions [73]. This process combined with curing at slightly
increased temperatures, successfully promoting the development of nanostructured hy-
perbranched PEI covalently attached to an activated ceramic filter for absorption of mono
and polycyclic aromatic hydrocarbons, pesticides, trihalogen alkanes and methyl tert-butyl
ethers [59]. Implementation of this exact synthetic pathway with G3 PPI dendrimer loaded
with ibuprofen or levofloxacin on mesoporous silica nanoparticles afforded antimicrobial
agents to be defined as nanoantibiotics [74,75]. Interference of disulfide bridges between
sulfur-containing G1–G5 PPI and accordingly modified mesoporous silica nanoparticles
loaded with fluorescent dyes (fluorescein disodium salt and carboxyfluorescein) generated
redox-responsive stimuli-triggered release carriers [76]. The transformation of disulfides
to sulfhydryl groups in the presence of a reductive reagent removes the dendrimers and
permits the discharge of the active ingredients.

Antibacterial PAMAM and carbosilane dendrimers and dendrons have been grafted to
silica surface too [77], either by mediation of triethoxysilylpropyl succinic anhydride silane
(TESPSA) or by direct grafting, biocompatible G2 and G3 carbosilane dendrons bearing
ammonium or tertiary amine groups were attached to mesoporous silica nanoparticles
in order to serve as nonviral gene delivery systems [78]. Alternative carbosilanes with
Si-Cl at the focal point and peripherally modified zirconocene were used as catalysts [79].
Co-condensation of PAMAM dendron (G1.0) containing a triethoxysilyl coupling agent
and tetraethoxy silane (TEOS) in different molar ratios with the addition of cetyltrimethy-
lammonium bromide (CTAB) as pore-directing agents, yielded Hg2+ absorbing silica-gel
sol-gel [80]. Non-activated mesoporous silica required reflux for 12 h in DMF under ni-
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trogen in order to form bonds with triethoxy-sillylated PAPAM dendrons and provides
composite nanoparticles for drug delivery (curcumin) and fluorescence imaging [81].

 

 

Figure 6. (a) Hydrolysis of triethoxysilyl derivatives forming silanols susceptible to polycondensation
with neighboring hydroxy groups; (b) attachment of functionalized dendritic polymers on the surface
of silica ceramic filters by formation of siloxane bridges (Reproduced with permission from [59];
Copyright Elsevier, 2006).

The adjustable external surface and internal cavities of dendrimers renders them
extremely selective and prone to interventions aiming to enhance their chemical affinity to
specific targets. The application of their derivatives that are prone for sol-gel reactions as
sorbents for undesirable substances removal and analytical extractions, such as solid phase
microextraction (SPME) and capillary microextraction, is common [82,83]. Deficient im-
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mobilization of the polymeric coating on the fused silica capillary is a typical shortcoming
encountered in conventional SPME methods, delaying or even blocking full extraction of a
wide range of analytes. Sol-gel processing, however, guarantees firm attachment, allowing
for improved extraction performance and maximum use of the overall analytical potential.
One of the first studies that investigated adsorptive capacity of dendritic molecules in sol-
ventless microextraction and polycondensation, introduced benzyl-terminated dendrons as
a chemically stable coating on the inner walls of fused silica capillaries. Principles of sol-gel
processing were exploited in order to form and maintain a strong chemical connection
between the organic coating and the inorganic substrate and achieve the highest possible
stability towards thermal and solvent distortions. The attachment of benzyl-terminated den-
drons was accomplished by the mediation initially of 3-(triethoxysilyl)ethylamine and then
methyltrimethoxysilane. The introduction of ethoxysil groups into the roots of the dendron
enables sol-gel hydrolysis and polycondensation, creating thus a dendritic stationary phase
bonded to the column walls, characterized by remarkable uniformity and a roughened,
porous appearance (Figure 7). Various types of bifunctional poly(phosphorhydrazone)
dendrons and dendrimers were likewise modified by triethoxysilyl moieties for grafting to
silica and by amines for trapping CO2 [84].

 
Figure 7. Synthesis of Phenyl-terminated dendrimer with triethoxysilyl root and subsequent immobi-
lization to a fused silica capillary. SEM micrographs of coating thickness (a) (0.5 μm) and roughened
porous texture (b). (Reproduced with permission from [83]; Copyright Elsevier, 2004).

Another variation that involves reaction with activated rough surfaces and subse-
quent sol-gel siloxane bond formation, exploits the selectivity potential of hyperbranched
PEI by grafting onto the surface of a magnetic porous ceramic [85]. The selected ceramic
powder was composed of Fe3O4 and SiO2 in order to combine and inherit the magnetism
of magnetite with surface adaptability and chemical stability of silica. This powder was
efficiently prepared through dispersion polymerization that involves the coupling of γ-
chloropropyltrimethoxysilane. The production of SiO2@Fe3O4-PEI nanocomposites follows
a simple two-step process. The magnetic porous ceramic substrate is first activated with
methanesulfonic acid, promoting the creation of silanol groups. The latter then underwent
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a reaction with the corresponding analogues of hydrolized γ-chloropropyltrimethoxysilane
at 80 ◦C to yield a chlorine functionalization reaction. The final step includes the synthe-
sis of the anticipating adsorptive composite by reaction of the porous magnetic ceramic
compound with 10% PEI solution at 90 ◦C for 6 h. In this way, magnetic porous adsor-
bents with an excessive separation performance and a faster adsorption equilibrium are
produced (Figure 8). Another variant implementing magnetic silica (SiO2-Fe3O4) and
Pyridylphenylene dendrons adopted two approaches with 3-(iodopropyl)trimethoxysilane
or (3-aminopropyl)triethoxysilane (Figure 9) in order to get efficient stabilizing hosts of Pd
catalysts [86].

Figure 8. SEM micrographs of Fe3O4 and SiO2 composite magnetic powder (a) and PEI-grafted adsorbent (b). (Reproduced
with permission from [85]; Copyright Elsevier, 2011).

 
Figure 9. Attachment of Pyridylphenylene dendrons to magnetic silica with the aid of iodine (Approach 1) or amino
(Approach 2) groups succeeded by the complexation with Pd acetate. (Reproduced with permission from [86]; Copyright
Elsevier, 2019).

While symmetric dendrimers have been intensively studied for their catalytic prop-
erties in homogeneous catalysis, limited information is available for their contribution to
the field of heterogeneous or the so-called immobilized catalysts on porous media. A very
hopeful area that addresses the insufficiently selective and enantioselective behavior of
heterogeneous inorganic supports in asymmetric reactions. It also incorporates the prospect
of chiral dendrimers on inorganic supports as catalytic alternatives for enantiomeric reac-
tions [87]. Specifically, the study conducted by Chung et al. describes the application of
3-glycidoxypropyl-trimethoxysilane in the development of silica-supported chiral catalysts
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based on PAMAM dendrimers (Figure 10) for the enantioselective addition of diethylzinc
to benzaldehyde. The chemical grafting reaction of the nth PAMAM generation dendrimer
derivative onto the silica substrate proceeds under the presence of methanol and reflux for
4 h. The resulting composite can then be further treated to achieve the desired peripheral
chiral functionality by reaction with (1R, 2R)-(+)-1-phenylpropylene oxide and the optional
presence of a long alkyl chain spacer.

 

Figure 10. Synthetic path for the immobilization of PAMAM dendrimers decorated by chiral functionality onto silica
substrate. (Reproduced with permission from [87]; Copyright Elsevier, 2003).

Implementation of the same concept by the aid of chloropropyl trichloro silane and
polyallylamine permitted the coupling of G3 PPI to an amorphous silica gel and the
posterior immobilization of palladium nanoparticles for selective hydrogenation catal-
ysis [88]. On the other hand, aminopropyl triethoxy silane (APTES) was required in
order to bind polyphosphorhydrazone (PPH) dendrimers on thermally activated silica
nanoparticles [89]. Further derivatization of the remaining aldehyde groups with amine-
functionalized Poly(Ethylene (Glycol) (Figure 11a) afforded hybrid nanocarriers for silver
and silver oxide colloids that exhibit antibacterial activity. Carboxy derivatized glutamic
acid-based chiral dendrimers with peptide linkages coupled with APTES gave silica chiral
stationary phases for use in HPLC [90], whereas the same reagent in conjunction with
1,10-carbonyldiimidazole was used for binding G1, G3, G4, G5 PAMAM. Their subsequent
loading with fluorescein isothiocyanate or rhodamine B isothiocyanate led to photolumines-
cence sensors for cyanide and copper ions, respectively [91]. Dendritic fragments bearing
specialized sol-gel bonds forming groups at their focal point demonstrate another benefi-
cial feature. They serve as convenient media to secure high local concentrations of active
ingredients by protracting, for instance, the lifetime of hydrophobic species in aqueous so-
lutions. This stabilizing aspect is confirmed in a study where PAMAM dendrons displayed
a protecting effect over water-dispersible TiO2 nanocomposites. The establishment of a
strong chemical Si-O-Ti bond created a screening polar shell to the solubilized metal oxide
from the aqueous environment and thus hampered flocculation [92]. The formation of TiO2
nanoparticles, and the chemical attachment of PAMAM dendrons (generation 1–3) carrying
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siloxy focal points and long alkyl chains (hexyl, C6), was realized through hydrolysis of
tetraisopropylorthotitanate and subsequent formation of Ti-O-Si bonds. Both reactions
proceeded simultaneously in the same pot, mixing various ratios of the titania precur-
sor and the functionalized dendron in 1-propanol solution at 0 ◦C and then pouring the
mixture in water. The final configuration of dendron-protected titania (Figure 11b) was
defined by the metal ion/dendron ratio and the generation of the latter, while its size was
only generation-dependent. This functionalization of titania nanoparticles enhanced their
photocatalytic activity towards 2,4-dichlorophenoxyacetic acid degradation.

Figure 11. (a) Synthetic path for grafting polyphosphorhydrazone dendrimers onto functionalized silica and following
modification of its periphery with Poly(EthyleneGlycol) chains. (Reproduced with permission from [89]; Copyright Royal
Society of Chemistry, 2013). (b) Pathway for the clipping of the PAMAM dendron protective layer to titania photocatalytic
nanoparticles and SEM micrograph of the complexes (Reproduced with permission from [92]; Copyright Elsevier, 2005).

Some other reactive groups may be introduced to ceramic surfaces. Such organosili-
cates are even commercially available. Silica gels bearing isocyanate or maleimide groups
were successfully used for binding PAMAM dendrimers and derivatives thereof [93] for
Cu2+ absorption studies [94], whereas 3-(1-Piperazino)propyl-functionalized gels presented
an ideal substrate to immobilize melamine-based dendrons and were implemented for
pesticide (atrazine) containment [95].

2.3. Direct Growth of Dendritic Polymers on the Surface of Ceramics

Another strategy for the decoration of the ceramic surface by dendritic sequences
is the direct propagation of dendrons on their surface through conventional divergent
pathways. This solid-phase synthesis technique is a quick and simple alternative for the
preparation of hybrid “dendro-ceramers”. Most of the studies employing this direct growth
method are based on silica gels. Nevertheless, the main stages formulating the synthesis
schemes that ultimately lead to the product of interest remain the same, both for gels and
ceramics: (a) surface activation reaction; (b) dendron core binding; and (c) outspread of
the branches.
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The grafting of PAMAM dendrimers into the silica surface can be easily achieved
by performing three successive reaction steps [85,96]. At the outset, the amino core of
PAMAM polymers is introduced to the activated silica surface through the interaction
between the silanol surface groups and 3-aminopropyltriethoxylsilane (APES). This re-
action is carried out at 110 ◦C in toluene for 48 h. PAMAM sprouts then proliferate by
repetitive additions of a branching unit. Evolution of dendrons on silica surface can be
accomplished through a series of successive alternate Michael addition and amidation
reactions. Michael addition of methyl acrylate (MA) to the terminal amine generates amino
propionate esters. Subsequent amidation with ethylene diamine (EDA) results in the first
generation dendron. Repetitive Michael additions and amidations afford higher gener-
ations [97]. This primary PAMAM coating of silica exhibited high complexation affinity
for Zn (Figure 12a) and equally excellent metal ion absorption efficiency for Zn2+ [98],
Mn2+ [99], Ni2+ [100], Co2+ [98,101], Cd2+ [102,103], Fe3+ [103,104] (Figure 12b), Pb2+ [105]
and U(IV) [106]. Employing exactly the same pattern, Alper et al. grew G4 PAMAM
dendrons inside the channels of pore-expanded periodic mesoporous silica [107]. Meso-
porous silica particles incorporating PAPAM were used as well for generation-dependent
size exclusion chromatography columns [108]. Further treatment of PAMAM dendron
external groups with salicylaldehyde [109] enables the effective removal of Hg2+ from
water, whereas processing by methyl isothiocyanate permits absorption of both Hg2+ [110],
(Figure 13a,b) and Ag+ [111] (Figure 13c) and also from ethanol [112].

Figure 12. Optimized coordination structures of PAMAM G1.0 with (a) Zn(II) (Reproduced with permission from [98];
Copyright Elsevier, 2020) and (b) Fe(III) (Reproduced with permission from [103]; Copyright Elsevier, 2018).

Addition of n-octadecylisocyanate [97] leads to the introduction of long aliphatic
chains to the periphery of the dendrons (Figure 14). In this way, production of amphiphilic
silica bearing a hydrophilic dendritic core combined with a hydrophobic surface is obtained
and is designed to deal with lipophilic pollutant encapsulation issues.
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Figure 13. Optimized geometries (a) and contour plots (b) of the highest occupied molecular
orbitals HOMOs (red) and lowest unoccupied molecular orbitals LUMOs (green), of Hg2+ complexes
with methylisothiocyanated (MITC) G0-PAMAM and G1.0-PAMAM. (Reproduced with permission
from [110]; Copyright American Chemical Society, 2016); (c) Optimized geometries of the respective
silver complexes (Reproduced with permission from [111]; Copyright Elsevier, 2018).

 
Figure 14. Formation of PAMAM dendrons on silica surface and generation of amphiphilic den-
dron surface-modified silica after functionalization of amino-end groups with octadecylisocyanate
(Reproduced with permission from [97]; Copyright American Chemical Society, 2008).
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In another context, usually the third or the fourth generation of the dendron is required
prior to the inclusion of the metal-catalyst in order to amplify its catalytic activity as is the
case for recyclable gold nanoparticles that promote oxidation of alcohols [113]. In most
instances, an additional stage is required: introduction of complexation sites. Specifically,
PAMAM segments are phosphonated in order to establish attractive coordination sites
for typical metal catalysts such as rhodium and palladium. Peripherally restructured
derivatives can then readily complex with chloro(dicarbonyl)rhodium(I) or dichlorobis-
(benzonitrile)palladium(II). Resulting composites are applied in catalytic hydroformylation
of olefins [114–116], carbonylation [117–119], hydroesterification [120] and Heck reaction of
aryl bromides with butyl acrylate and styrene [121]. Another modification of the PAMAM
periphery by salicylaldehyde affords a Schiff base. The reaction of the latter with Mn(OAc)2
· 4H2O yields an Mn(II) complex, immobilizes Mn(II) onto PAMAM–SiO2 hybrids and
leads to olefin epoxidation catalysts with increased activity (Figure 15a) [122]. Absorp-
tion and crosslinking of external amino groups with cellulase stabilizes and enhances
enzymolysis efficiency [123], whereas propagation of up to third generation PAMAM den-
drons from silica-coated gold nanorods produces trifunctional composites for anticancer
photothermal-chemo-gene therapy and co-delivery of anticancer drugs (doxorubicin) and
B-cell lymphoma 2-(Bcl-2)-targeted siRNA [124].

Aziridine polymerization is the prevailing method in order to evolve hyperbranched
poly(ethyleneimine) dendrons. Pre-attachment of a reactive intermedia on the ceramic is
not required [125,126]. Of particular interest is an unconventional, environmentally friendly
technique implementing the dual functionality of compressed CO2 as reaction medium
and catalyst (Figure 15b) [127].

Figure 15. (a) Procedure for assembling Silica-PAMAM Dendron-Manganese Composite Catalysts. (b) Schematic represen-
tation of PEI dendron growth onto silica using CO2, and the mechanism of posterior CO2 adsorption (intended application)
(Reproduced with permission from [127]; Copyright Royal Society of Chemistry, 2013).

Another compelling example of this method involves the synthetic pathway of various
generations, melamine-based dendrimers directly sprouted on the surface of mesoporous
silica. Initiation of this synthesis is performed by a functionalization reaction of the silica
support with APES and is followed by succeeding reactions with triazinetrichloride and 4-
aminomethylpiperidin (Figure 16). Silica derivatives containing the primary amino groups
are alternatively incubated with the solutions of the growth-promoting reagents at 4 ◦C for
24 h [128]. Replacement of 4-aminomethylpiperidin by tris(2-aminoethyl) amine (TREN)
evolves dendrons suitable for CO2 absorption [129]. In a related study, combined γ-alumina
membranes comprised of a mesoporous γ-alumina layer, grown into a macroporous
alumina solid support, undergo a specialized activation process. Direct evolution of the
dendrons off the alumina surface is once more triggered by the attachment of APES on
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the support, and is differentiated by the consecutive treatment by diisopropylethylamine
and piperazine instead of 4-aminomethylpiperidin. The obtained modified membrane was
further functionalized with dodecylamine in order to augment its potential in polarity-
based separation applications [130].

 
Figure 16. Evolution stages of melamine-based dendrons (Reproduced with permission from [128];
Copyright WILEY-VCH Verlag GmbH & Co., 2004).

There is no reason for the restriction of the dendritic evolution to conventional forms
only. Dendrigrafts are a distinctive and rather exotic class, and the building blocks of
the internal branches are replaced by polymeric side chains may equally emanate from
a suitable focal point. Tsubokawa et al. produced such a type of coating, starting by
aminopropyl triethoxy silane root and “postgraft polymerization” of vinyl groups [131,132].
Although entirely symmetrical branching cannot be attained through solid-phase strategies,
still, it furnishes a convenient and inexpensive alternative in order to immobilize dendritic
functionalities through a single sol-gel reaction onto diverse ceramic frameworks such as
silica, alumina, titania, ceria, lanthania, hafnia and zirconia.
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2.4. Sol-Gel Cross-Linking of Silyl Dendritic Polymers

Silicon-containing dendritic polymers are a promising subcategory, distinguished for
the mixed properties mostly originated from the radially multilayered copolymeric morphol-
ogy and the distinctive characteristics that each constituent layer impose (Figure 17) [133].
Poly(amidoamine-organosilicon) (PAMAMOS) dendrimers present a hydrophilic poly (ami-
doamine) (PAMAM) molecular core and a hydrophobic organosilicon surface. They pro-
vide different structures as building blocks or active sites for various synthetic pathways
depending on the chemical reactivity of their corresponding end-groups. Among them,
alkoxysilyl-functionalized groups are susceptible to crosslinking chemistry, giving rise to
PAMAMOS highly defined three-dimensional networks (Figure 18) [133,134]. PAMAMOS
“honeycomb like” compositions are prepared through conventional cross-linking meth-
ods, which enable the formation of organosilicon structures with nanoscale dimensions,
tunable sizes and shapes and high applicability in the areas of films, sheets and coatings.
These sol-gel reactions follow the same two-step synthetic pattern as previously described
for the dendritic moieties on the surface of ceramics: hydrolysis of alkoxysilyl (Si-O-R)
end-groups to the corresponding silanols (Si-OH) and condensation of resulting silanol
intermediates into final siloxane (Si-O-Si) bridges. The rate of the crosslinking reaction is
greatly determined by several external factors and reagents, such as additional catalysts
and reaction conditions [133]. For example, the optional presence of a catalyst, such as bis(2-
ethylhexanoate)tin and variations to curing periods and temperatures of the solvent-free
PAMAMOS blocks, lead to a multiplicity of organic-inorganic nanohybrids with com-
pletely different properties depending each time on the chosen conditions. Multifunctional
crosslinking agents such as tetramethoxysilane or tetraethoxysilane may be employed to
increase crosslink density of the dendrimers and silica content. Moreover, controlled ther-
mal degradation of PAMAM molecules allows the formation of porous nanocomposites,
where the final pore size is dictated by the diameter of the selected PAMAM core [135].

Figure 17. (a) Generalized representation of PAMAMOS dendrimer structure I: core; X: end-groups; 1, 2, 3, 4, denote
generations; letters: a, PAMAM-PAMAM bonds b, PAMAMOS bonds c, OS-OS bonds. (b) Molecular models of Generation
3 PAMAM interior (green–red–white–blue) with increasing number of organosilicon exterior layers. First layer brown;
2nd layer purple; 3rd layer yellow; 4th layer magenta (Reproduced with permission from [133]; Copyright WILEY-VCH
Verlag GmbH & Co., 2006).
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Figure 18. Formation of honeycomb-like PAMAMOS networks from silyl dendrimer precursors
(Reproduced with permission from [133,134]; Copyright WILEY-VCH Verlag GmbH & Co., 2006;
American Chemical Society, 2002).

Hybrid, silica-containing hyperbranched polymers can be also be produced by the aid
of PEIs (MW 5000 or 25,000) and 3-(triethoxysilyl)-propylisocyanate as the silica precursor
in a N,N-Dimethylformamide (DMF) or chloroform solution. The crosslinking density
remarkably relies on ethoxysilylated polymer end groups reactivity; hydrolysis and con-
comitant polycondensation rates, that ultimately drive the architecture of the silica-PEI
network. Hybrid products can be exploited, either as they are or impregnated/covalently
bound to another appropriate ceramic substrate. They also offer the option of pyrolytic
dendritic template removal, affording nanoporous silica powders with advanced textural
characteristics. Nanomaterials produced by sol/gel processes display similar morphology
characteristics, such as surface areas varying between 300 and 500 m2·g−1 and a pore diam-
eters of around 2 nm [136]. Cohydrolysis and polycondensation is not limited to dendritic
polymers containing solely silicon heteroatoms. Phosphorus dendrons of first, second, and
third generation bearing ethoxy silane groups at their apex cross-link with tetraethoxy
silane (TEOS) leads to silica xerogels with adjustable textures too [137]. Very recently it
has been discovered that even “traditional” (i.e., not containing silicon) hyperbranched
PEIs form nanocomplexes via hydrogen bonding with orthosilicic acid produced by the
acid hydrolysis of TEOS. These nanostructures grow faster at neutral pH (7.5) and sub-
stantially slower at a lower pH (pH 5) and transform to hydrogels. When dried they
became organoceramic xerogels. Active ingredients may be incorporated into the dendritic
cavities at any step of the process. In the framework of a multinational European Project
(Novel Marine Biomolecules Against Biofilm Application to Medical Devices: NoMor-
Film) this procedure was tested on titanium microporous coating of a stainless-steel model
orthopaedical implants with excellent results [138].

2.5. Biomimetic Reactions

Evolution has equipped living organisms with advanced self-constructing capabilities
in order to secure better survival possibilities. Self-assemblage biogenic mechanisms are
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introduced for the development of complex organizations. The process where biological
molecules activate and control independently a cellular pathway leading to the construc-
tion of metal nanoparticles is called biomineralization [139]. Biosilicification, the analogous
procedure for biogenic formation for silica-based materials, occurs naturally in many
microorganisms too, either terrestrial (higher plants) or aquatic ones (diatoms, sponges).
It proceeds rapidly, under mild aqueous conditions, such as ambient temperature, pressure
and neutral pH [140]. Biogenic silica occurs in a great diversity of nanopatterned frame-
works, with varying sizes, shapes and organizations that are species-specific and malleable
in nature, all deriving from the single reaction of silicic acid condensation [141]. This “ma-
nipulating siloxane bridge formation” advantage is attributed to the mediation of several
biopolymers [142,143]. Specifically, it is established that post-translationally modified poly-
cationic peptides, such as silaffins and R5 peptides, both isolated, from diatom cell walls,
precipitate silica nanospheres almost instantly and in a peptide concentration-dependent
fashion. There are numerous subsequent studies that successfully used conventional syn-
thetic substitutes of biomolecules to imitate the evolution of biocomposites. For instance,
a variety of homopeptides such as poly(arginine) and poly(lysine) [144] and a combination
of triethanolamine and cetyltrimethylammonium chloride [145] can serve as biomimetic
templates, forming silica nanoparticles with controlled specifications.

Amine-terminated dendrimers of various generations constitute exceptional templates
that stand out for their similarity to proteins and tunable design that is primarily dictated
by the high concentration of well-localized nitrogen functionalities, which resemble the
units found in their biological counterparts and are responsible for silica nanospheres
production [142]. For instance, poly(amidoamine) PAMAM and poly(propylene imine)
PPI represent popular matrices for the formulation of nanopatterned silica (Figure 19)
and alumina (Figure 20) [146]. The silica ratio of the final aggregated nanoproduct de-
pends highly on the number of amino groups of the selected dendrimer. Knecht et al.
described biomimetic sol-gel reactions as a powerful method to produce PAMAM/PPI-Si
nanospheres. The sol-gel reaction proceeds at room temperature through the addition of
metastable silicic acid into the dendrimer solution. Use of a phosphate buffer is required
to obtain a pH of 7.5. Organic (dendritic) scaffolds are encapsulated into the gradually
forming silica nanospheres and then the hybrids precipitate from a water solution in a
way similar to that described before for the case of bioactive peptides. The outcome of
the reaction and the production of nanospheres with distinct and specific dimensions
hangs on the appropriate selection of dendritic reagents, with proper amine concentration
suitable conditions and the presence of inorganic salts [143]. Given the fact that hydroxyl-
terminated PAMAM analogues do not cause silica precipitation, it is ascribed exclusively
to the presence of amino groups.

 

Figure 19. SEM micrographs of silica nanospheres, biomimetically templated by Amine-Terminated Dendrimers (a) G4 PPI
and (b) G4 PAMAM (Reproduced with permission from [142]; Copyright American Chemical Society, 2004).
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Figure 20. SEM micrographs of alumina nanospheres templated by hyperbranched PEI for different
quantities of nano-dispersed boehmite ((a) 0.02, (b) 0.04, (c) 0.06, and (d) 0.08 g/mL) (Reproduced
with permission from [146]; Copyright The American Ceramic Society, 2018).

Poly(amidoamine), PAMAM (G5.5) anionic starburst dendrimers functionalized with
surface carboxylate groups have also been used as templates for the synthesis of hybrid
nanocrystalline ZrO2, CeO2 and Y2O3 [147]. These ceramic powders were obtained through
hydrolysis of the methylester-terminated dendrimers in the presence of stoichiometric
NaOH volumes. The selection of the highest possible dendrimer generation is essential
for the inhibition of extensive crystallization and the control of the final morphology of
the nanoparticles. Thermal treatment at 600 ◦C for at least 2 h was a necessary step for
the shaping of the amorphous nanoproduct into highly ordered spherical nanocrystalline
powders. As long as the encapsulated dendritic polymers and their optional active guests
in their internal cavities retain their properties, the resulting nanomaterials may be applied
in various processes, including environmental remediation and catalysis. Nanospheres
obtained through non-symmetrical analogues serve as inexpensive alternatives for both
organic and inorganic pollutant sorption and water decontamination. Hyperbranched
Poly(ethylene-imines) were proven ideal matrices as they caused silica nanosphere pre-
cipitation even in the absence of phosphate buffer, albeit to a noticeably lesser degree.
The resulting hybrids removed toxic heavy metal ions (Pb2+, Cd2+, Hg2+, Cr2O7

2−) and
polycyclic aromatic hydrocarbons (pyrene, phenanthrene) from water [148]. For the attain-
ment of catalytic activity, templated metal nanoparticle nucleation occurs by reduction
of trapped ions prior to inorganic shell organization. Composites containing Au and Ag
successfully catalyzed 4-nitrophenol reduction oxidation of methylene blue and selective
oxidative transformation of benzyl alcohol to benzaldehyde [149].

An evolution of the above procedure proposes the fusion of two different biomimetic
processes, biosilicification and biomineralization in one pot synthesis procedure. Both syn-
theses are regulated by the same hyperbranched polymer in the role of protein substi-
tute [150]. In this way, silica-PEI-silver nanoparticle composites have been assembled,
retaining antibacterial activity, catalytic properties and protracted release profile of the
respective metal-dendritic polymer complexes. The synthesis of these highly compartmen-
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talized ceramic-organic metal nanocomposites is attained via two successive steps that use
the same functional scaffold: PEI Mr = 25,000 (Figure 21). At first, silver ions absorbed
into the PEI pockets undergo reduction to metallic silver (core), then silica precipitation
occurs from the silicification in the periphery of the dendritic polymer (shell). The bacte-
ricide activity of these hybrid nanoparticles is of particular interest. E. coli, P. aeruginosa
and S. aureus assays established that Si-PEI-Ag nanoparticles efficiently prevented their
proliferation, consistent with the concept of conservation of the complexes features despite
their enclosure into silica capsules.

Figure 21. (a) Schematic representation of hybrid silica-PEI-Ag nanoparticles; (b) UV-Vis spectra of silica-PEI-Ag nanoparti-
cle suspension in different time periods (Reproduced with permission from [150]; Copyright Elsevier, 2018).

Bearing in mind the large impact of electrostatic forces between dendrimers and silica
precursors, a similar influence in the size and shape of the biomimetically produced silica
particles is rationally expected. Ionic strength plays a pivotal role. In the case of PAMAM,
for example, for all generations (G1–G6), it has been established that silica corpuscles
get bigger with augmenting phosphate concentrations (Figure 22a) [143]. On top of that,
at pH 7.5, when the phosphate buffer was replaced with individual alkali metal-chlorine
solutions, SEM analysis unveiled a similar linear increase in particle diameter with increas-
ing concentrations up to 100 mM (Figure 22b). Smaller cations up to K+ generated typically
larger composites, most probably due to preferential interaction with a single silanol group.
In contrast, larger cations tend to affect multiple silanols, provoking imperfect surface
coverage and limited charge neutralization. These results highlight further the role of neu-
tralizing agents on the growth of silica nanospheres, i.e., securing as minimal as possible
electrostatic repulsions and as much as possible free space for unhindered agglomeration.

Figure 22. (a) Particle size of nanospheres produced by different PAMAM generations as a function
of phosphate buffer concentration (b) as a function of salt concentration for different alkali metal
chlorides (Reproduced with permission from [143]; Copyright American Chemical Society, 2005).
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Dendritic scaffolds are likely to deliver many roles in the fulfillment of the silica
condensation reaction. Generally, polypeptides, polyamines and polyamidoamines are par-
tially protonated (NH3

+ groups) at neutral pH, suggesting that an equilibrium is achieved
between the opposing charges of the template and the surface of developing silica [151–153].
This neutralization results in the creation of an extensive network, with NH3

+, Si–O−
interacting groups and solubilizing water molecules. These interactions also drive the
incorporation procedure of the matrices within the silica nanospheres. Overall, silica
PEI-nanospheres display a negative potential at low pH that reaches the value of nearly
−80 mV at pH 11, as indicated by zeta-potential measurements. In addition, the isoelectric
point (IEP) after pyrolysis is nearly 2, similar to the IEPs typically encountered in the
case of amorphous silica. The presence of the dendritic core in the nanospheres shifts
the IEP towards higher pH values. Indeed, the hybrid organic-inorganic nanospheres
show an IEP of roughly 8, persistent with the presence of positively charged amino groups.
These hybrid nanocomposites present a positive surface potential of nearly +50 mV at pH 2,
that decreases to about −70 mV at pH 11.

Besides creating novel ceramic nanostructures, dendritic polymers can serve as crystal
modifiers for the biomimetically controlled production of nanoscale biomaterials. The de-
velopment of these nanoproducts has attracted increasing interest recently, especially in
the field of drug delivery systems and biomolecule expression. Aquasomes, for instance,
are nanocrystalline ceramics with flexible surfaces that can be appropriately modified with
carbohydrates in order to interact with specialized proteins and pharmaceuticals and to
transfer them to tissue-specific areas [154,155]. An interesting relevant study attempts to
fabricate spherical hydroxyapatite nanocores (Figure 23) by employing carboxylic acid-
terminated PAMAM of 3.5 and 4.5 generations as starting materials for the production of
hemoglobin-carrying aquasomes [156]. Noteworthily, hydrothermal treatment with genera-
tion 5.5 PAMAM drives the production of highly crystalline hydroxyapatite nanorods [157].
In general, dendritic PAMAMs, due to amido groups in their external surface, induce hy-
droxyapatite nanoparticles with an adjustable size and shape according to their generation
through a hydrothermal crystallization. Increasing PAMAM generation number from G1.0
to G4.0 causes a decrease in the particle size from 82 to 38 nm respectively. In parallel,
a transition occurs in the resulting shape from rod-like to ellipsoid-like [158]. Analogous
effect is observed with increased concentrations of PAMAM G4.0. On the other hand,
their polyhydroxy-substituted analogs in most cases formulate elliptical particles with an
average grain size of about 20 nm and rarely short nano-rods with an average length of
about 30 nm and an average width of about 25 nm [159].

Cationic fourth generation diaminobutane poly(propylene imine) dendrimers (DAB)
strongly favor the formation of hydroxyapatite over all the other possible calcium phos-
phate crystalline phases [160]. The crystallization process may be regulated by introduc-
ing different thermal conditions and dendrimer:calcium ratios (Figure 24). The resulting
nanoparticles display a characteristic elongated hexagonal rod-like configuration, with
dimensions that are largely dictated by the particular reaction conditions. For example, in-
creasing the temperature of hydrothermal processing from 80 to 130 ◦C leads to a noticeable
lengthening, while maintaining room temperature conditions induces a fine nanostruc-
ture with distinctive mean length and width values (i.e., 11 and 5 nm). The presence of
DAB dendrimers plays a vital role in the homogeneity of the developing hydroxyapatite
nanocrystals, as well as in energy conservation and cost reduction of the process. Conven-
tional hydroxyapatite crystal generation in the absence of dendritic mediators requires
high temperatures (i.e., 130 ◦C) and exhibits a highly inhomogeneous morphology with
broad particle size distribution.
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Figure 23. TEM image of hydroxyapatite prepared by self-precipitation from SBF. (a) Direct precipita-
tion from SBF at pH 9.0 in absence of dendrimer. (b) Self-precipitation in the presence of 4.5 generation
PAMAM dendrimer from SBF at pH 7.4. (c) Self-precipitation in the presence of 3.5 generation PA-
MAM dendrimer from SBF at pH 8.5. (d) Self-precipitation in the presence of 3.5 generation PAMAM
dendrimer from SBF at pH 8.0. Insets in all figures show typical hydroxyapatite particle shape and
morphology under magnification (Reproduced with permission from [146]; Copyright The American
Ceramic Society, 2018).

Hyperbranched PEI bearing long alkyl chains, when mixed with single-chain sur-
factants such as octadecylamine, haxedecyl trimethylammonium bromide and sodium
dodecyl sulfate afford a well-defined dendrimer/HAP biocomposite that mimics principal
structural and mechanical properties of bones, such as plastic deformation and high stiff-
ness and strength. The selected surfactant clearly affects not only the size and shape of the
resulting hydroxyapatite composite, but also its mechanical idiosyncrasy, with octadecy-
lamine and haxedecyl trimethylammonium bromide yielding composites exhibiting the
highest toughening [161].
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Figure 24. TEM images and respective selected area electron diffraction patterns of nanoparticles obtained under different
conditions. Upper row for samples prepared at room temperature: (a) HAP dendrimer:calcium 1:1, (b) high resolution
image, and (c) control (without DAB); middle row for samples hydrothermally treated at 80 ◦C: (d) HAP dendrimer:calcium
2:1, (e) HAP dendrimer:calcium 1:2, and (f) control; lower row for samples hydrothermally treated at 130 ◦C: (g) HAP
dendrimer:calcium 2:1, (h) HAP dendrimer:calcium 1:2, and (i) control (Reproduced with permission from [160]; Copyright
The American Ceramic Society, 2011).

3. Improvement Strategies for Performance Optimization

As discussed above, the performance of filters in applications such as water purifi-
cation is directly proportional to the impregnation percentage of the dendritic polymer.
The latter is governed by the particular pore architecture of the ceramic by the pH and
the ionic strength of the immersion solution but mainly by its concentration [87,162,163].
A common emerging problem during the impregnation process is the rapid pore blocking
which is aggravated abruptly with viscous dendrimeric derivatives as concentration of
the coating solution raises [61], due to the intrinsic spongy labyrinthine configurations
of the porous structures. Another issue encountered at denser immersion solutions is
the structural breaks/cracks that mark the final composite product, and can undermine
the filter absorption performance. These deformations originate from the stress applied
during the drying process. Smoother, flawless, ceramic surfaces with optimum absorption
properties (Figure 25) can be attained through a simple multiple immersion technique to
solutions of gradually increasing concentrations. This method combines both adequate
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polymer loading with controllable porosity decrease, and avoids pore blocking and all the
other disadvantages of immersion in concentrated media.

Figure 25. Percentage of phenanthrene (a) and β-naphthol (b) remaining in water in continuous filtration through filters
impregnated by different percentages of octyl-substituted hyperbranched PEI employing a single or a two-step immersion
stage (Reproduced with permission from [61]; Copyright Elsevier, 2008).

The involvement of dendritic polymers in the evolution of original nanoscale species
with optimized characteristics is raised continuously. Their full biomimetic potential is
exploited in parallel. Knecht et al. were the first to introduce pH regulating agents, such as
phosphates or HCl, as a means to achieve optimal ionic strength and pH stabilization,
as well as to control the final nanosphere dimensions [142]. The idea of double biomimicry
gave rise to the synthesis of more complex inorganic/organic/inorganic nanostructures that
generally exhibit combinatorial, enhanced properties [150]. These hybrid materials usually
carry a dendrimeric matrix stuffed by metal nanoparticles and surrounded by a ceramic
shell. Each single biomimetic reaction is successively and independently carried out in
order to retain the full properties of the two constituents. It is possible to micromanage the
specifications of the final hybrid product, such as the size and shape of both inner metal
and outer ceramic particles, the overall composition and the porosity and pore dimensions
of the inorganic segment, by adjusting either the biomineralization incubation time or
the ratios of the silicification precursor towards the dendritic matrix or the molecular
weight of the latter. For example, higher molecular weight of the organic core causes
faster formation of metal nanoparticles and optimal catalytic performance of the final
product. Thus, biomimetic process optimization can offer unique hybrid solutions with both
combinatorial and manageable structural characteristics, evolving nanomaterial synthesis
to a whole new level.

Numerous factors can perturb the perfectly symmetrical growth process of the den-
dritic polymer onto the ceramic surface, affecting the overall properties of the final
nanoproduct. For example, side reactions usually co-occur with the propagation pathway
of PAMAM on the silica surface, inducing thus major structural diversifications such as
dimer and intramolecular cyclization (Figure 26a) [96]. Specifically, a high density of trihy-
droxy aminopropyl silane molecules bond to the ceramic surface leads to an equally high
concentration of precursor- “dendron core” amino groups, which in turn cause serious for-
mational defects. Lower density of dendron-generating amino groups leads to a decrease
in steric hindrance, as well as an increase in the in-between distance of secondary amino
groups of the dendritic branches, thus preventing the formation of undesired inter-dendron
and intra-dendron cross-linked structures in higher generations (Figure 26b). This effect can
be successfully avoided through the co-immobilization of 3-(triethoxysilyl) propionitrile
on silica, which serves the role of the “spacer”, reduces the “dendron-core” amino group
density and thereby improves the whole evolution procedure.
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Figure 26. (a) Common structural defects occurring during the dendron propagation reaction; (b) in-
troduction of triethoxysilyl propylonitrile as a spacer for the elimination of cross-linking structural
defects (Reproduced with permission from [96]; Copyright American Chemical Society, 2004).

The non-uniform shape and irregular size of the pores are two other factors con-
tributing to the steric/crowding effect. A prominent solution includes the exploitation of
silica bearing highly ordered, hierarchical channels (e.g., hexagonally packed) that shows
narrow size distribution, such as MCM-41, and SBA-15 [164,165]. These afford dendron
development up to fourth or higher generations with negligible structural defects.

4. Concluding Remarks—Perspectives

Hybrid dendritic/ceramics materials offer a multitude of perspectives in a variety
of interdisciplinary fields replacing traditional, non-functionalized materials that usually
suffer from structural inhomogeneity, absorption instability and thus limited applicabil-
ity [166,167]. The use of dendritic polymers as additives is now widely accepted. In fact,
there are several studies substantiating their superiority as stabilizing agents that do not
undermine the physicochemical properties of the guest molecules. Some applications
covered herein are summarized in Table 1. A plethora of perspectives are envisaged. For in-
stance, PAMAM polymers have been used as stabilizers of semiconductor quantum dots,
CdS synthesized at the nanometer-scale [168]. The stabilization effect lies in the effective
solvation of these highly insoluble nanoclusters, avoiding precipitation, which occurs in the
absence of PAMAM. Dendritic polymers also stabilize colloidal suspensions of gold by in
situ reduction of its ions encapsulated into their cavities [169]. Silver nanoparticles may be
obtained too through a reduction of cations encapsulated into dendrigrafts, even without
a reductant [170]. Optical and structural characteristics of these nanoparticles, such as
UV-Vis absorption spectrum, eventual light emission, size and shape are determined by the
chemical nature of the dendritic matrix and the host/guest concentrations ratio. Dendritic
polymers are furthermore well-known for their ability to deliver an immense variety of col-
ored metal complexes. The composites with ceramics retain this characteristic, along with
luminescence properties according to the metal particle conformation. These hybrid sen-
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sors can be particularly useful in the detection of explosive chemical warfare agents, as well
as other substances, even at the smallest concentrations.

Table 1. General applications of ceramics/dendritic polymer composites.

Dendritic Polymer-Ceramic Application Reference

PPI-SiO2 Electrochemical (Redox-Active Materials) [65]
PAPAM-PDMS High-Resolution Contact Printing [68]
Benzyl-Terminated Dendrons-SiO2 High-Resolution Capillary Gas Chromatography [82]
Benzyl-Terminated Dendrons-SiO2 Capillary microextraction [83]
L-glutamic acid-Chiral-Dendrimers-SiO2 HPLC [90]
PAMAM-SiO2 Photoluminescence Sensors [91]
PAMAM-TiO2 TiO2 Nanoparticle Stabilization [92]
PAMAM-SiO2 Size Exclusion Chromatography [108]
Melamine Dendrons-Al2O3 Polarity-Based Separation [130]
PAMAMOS Electronics, Photonics, Magnetics, Sensors, Coatings [133–135]

Moreover, these metal organoceramic nanocomposites are noteworthy candidates for
catalysis reactions [171–173] (Table 2). They are particularly useful when gas phases are
involved in reactions such as low molecular hydrocarbon hydrogenation and epoxidation.
Ceramics may act not only as solid supports but also local reactant concentration enhancers,
mostly through electrostatic attractions. Moreover, when both components exhibit photo-
catalytic properties, an enhanced performance is achieved. In some cases, the incorporation
of the dendritic polymers increases the porosity of the inorganic supports to the point that
they approximate the kinetics of homogenous catalysis. The same phenomenon occurs
when inorganic nanoparticles are coated by dendrons. Concurrently, they allow easy and
rapid retrieval regeneration and reuse.

Table 2. Applications of ceramics/dendritic polymer composites in catalysis.

Dendritic Polymer-Ceramic Application Reference

PEI-SiO2-TiO2 Nitro-compounds Reduction [29]
CBS-SiO2 Ethylene Polymerization [79]
Pyridylphenylene dendrons-SiO2 Suzuki cross-coupling [86]
Chiral-PAMAM-SiO2 Enantiomeric Reactions [87]
DAB-SiO2 Selective Hydrogenation [88]
PAMAM-SiO2 Alcohol Oxidation [113]
PAMAM-SiO2 Olefin Hydroformylation [114–116]
PAMAM-SiO2 Carbonylation [117–119]
PAMAM-SiO2 Hydroesterification [120]
PAMAM-SiO2 Heck reaction [121]
PAMAM-SiO2 Olefin Epoxidation [122]
PAMAM-SiO2 Enzymolysis [123]
PAMAM-SiO2 Benzyl Alcohol, Methylene Blue Oxidation, Nitrophenol Reduction [149]
DAB-SiO2 Phenols Hydrogenation [171]
PEI-SiO2 CO, NO, CH4, C3H6, C3H8 Oxidation [172]
PEI-SiO2-CeO2 Nitrophenol Reduction [173]

Besides, due to their antimicrobial attributes against a wide range of bacteria, viruses,
fungi parasites and other microorganisms, they may serve as leather or textile disinfection
purposes [150]. Decontamination devices may also benefit from the implementation of these
ceramic-organic-metal ternary systems. Thanks to their combined adsorption (Table 3)
and microbicide capacity, they can be used for water treatment processes. In contrast to
other absorbents, they are immune to bacterial infections and, apart from absorbing toxic
pollutants, they may provide in parallel a certain level of sterilization.

200



Nanomaterials 2021, 11, 19

Table 3. Adsorption properties of ceramics/dendritic polymer composites.

Dendritic Polymer-Ceramic Application Reference

DAB, PEI, PG-Al2O3, TiO2 SiC PAH, BTX, THM, MTBE, Pesticides [58,59]
PEI-Al2O3 PAH [61]
PAMAM-SiO2 Fe4[Fe(CN)6]3, Co2[Fe(CN)6] [62]
PAMAM-TiO2 Cu(II), Ni(II), Cr(III) [67]
PAMAM-SiO2 Hg(II) [80,109,110,112]
PPH-SiO2 CO2 [84]
PEI-SiO2 Cu(II), Zn(II), Cd(II) [85]
PAMAM-SiO2 Cu(II) [94]
Melamine Dendrons-SiO2 Atrazine [95]
PAMAM-Dendrons-SiO2 Organic Dyes, Amphiphilic Surfactants [97]
PAMAM-SiO2 Zn(II), Co(II) [98]
PAMAM-SiO2 Mn(II) [99]
PAMAM-SiO2 Ni(II) [100]
PAMAM-SiO2 Co(II) [101]
PAMAM-SiO2 Cd(II) [102,103]
PAMAM-SiO2 Fe(III) [103,104]
PAMAM-SiO2 Pb(II) [105]
PAMAM-SiO2 U(IV) [106]
PAMAM-SiO2 Ag(I) [111,112]
PEI-SiO2 CO2 [125,126]
TREN-SiO2 CO2 [129]
PEI-SiO2 PAH, Pb(II), Hg(II), Cd(II), Cr(VI) [148]

Another compelling aspect of dendro-ceramics is that they can be employed in
nanomedicine (Table 4) as controlled DNA expression vehicles, emulating the modu-
larity model that viruses follow in order to target distinct regions of the cell [174,175]. Sil-
ica nanoparticles modified by aminopropyltriethoxysilane (APES) and methyl triethoxysi-
lane (MTES) can generate ternary complexes with DNA and dendrimers. The dense con-
figuration of silica nanoparticles accelerates DNA accumulation into the surface of the
cells and subsequent DNA endosomal-lysomal uptake, leading to better cell transfection
levels. A biogenic silica system produced by a complex of DNA and a dendrimer bearing
an amino group could simplify the formation of the silica nanoparticles and optimize the
overall transfection process, as long as this ternary complex remains non-toxic.

Table 4. Ceramics/dendritic polymer composites applications in nanomedicine.

Dendritic Polymer-Ceramic Application Reference

PEI-HA Hydroxy apatite formation [30]
PAMAM-SiO2 Gene therapy [63]
PAMAM, CBS-SiO2 Antibacterials [77]
CBS-SiO2 Oligonucleotide Delivery Carriers [78]
PAMAM-SiO2 Fluorescence Imaging [81]
PPH-SiO2 Antibacterials [89]
PAMAM-SiO2 Anticancer Photothermal Therapy [124]
PEI-SiO2 Orthopedic Implants [138]
PEI-SiO2 Antibacterials [150]
PAMAM-HA Hemoglobin Aquasomes [156]
PAMAM-SiO2 Gene transfection [175]

Last but not least, drug delivery systems based on hybrid ceramics bearing dendritic
polymers is a hot topic as well (Table 5). There is an established potential for controlled
protracted and stimuli triggered release as well as targeted therapy [176]. Shortcomings of
dendritic polymer carriers are mainly an undesired response by the immune system [177],
rapid clearance from blood circulation due to small size [178] and toxicity of cationic high
Mw species [179]. They may be addressed by charge neutralization and magnification,
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resulting in the combination with silica. On the other side, there are biocompatibility issues
on silica nanoparticle forms, such as toxicity due to aggregation or hemolytic activity.
These are alleviated either by the formation of the composites or by additional coating by a
biocompatible polymer [64].

Table 5. Applications of ceramics/dendritic polymer composites in drug delivery.

Dendritic Polymer-Ceramic Application Reference

PAMAM-SiO2 Doxorubicin, Curcumin [64]
DAB-SiO2 Ibuprofen [74]
DAB-SiO2 Levofloxacin [75]
DAB-SiO2 Redox-responsive release [76]
PAMAM-SiO2 Curcumin [81]
PAMAM-SiO2 Doxorubicin and Bcl-2 targeted siRNA [124]
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Abstract: The construction of heterojunctions has been widely applied to improve the gas sensing
performance of composites composed of nanostructured metal oxides. This review summarises the
recent progress on assembly methods and gas sensing behaviours of sensors based on nanostructured
metal oxide heterojunctions. Various methods, including the hydrothermal method, electrospin-
ning and chemical vapour deposition, have been successfully employed to establish metal oxide
heterojunctions in the sensing materials. The sensors composed with the built nanostructured hetero-
junctions were found to show enhanced gas sensing performance with higher sensor responses and
shorter response times to the targeted reducing or oxidising gases compare with those of the pure
metal oxides. Moreover, the enhanced gas sensing mechanisms of the metal oxide-based heterojunc-
tions to the reducing or oxidising gases are also discussed, with the main emphasis on the important
role of the potential barrier on the accumulation layer.
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1. Introduction

Gas sensors based on nanostructured metal oxides have attracted significant interest
over the last few decades due to their advantages of low cost, ease of fabrication, high
sensor response and short response/recovery times [1–4]. Various metal oxides have been
successfully assembled as gas sensors since Seiyama et al. reported their research on the
gas sensing performance of the ZnO thin film in the 1960s [5,6]. According to the sensing
behaviours of the metal oxides, sensing metal oxides are typically divided into two main
groups: n-type metal oxides and p-type metal oxides. Normally, the resistances of the
n-type metal oxides decrease (or increase) towards reducing gases such as H2, H2S, CO,
CH4, NH3 and other volatile organic compounds (or oxidising gases such as NO2, NO, O3,
SO2, etc.), while p-type metal oxides exhibit the opposite behaviour [7,8]. The n-type metal
oxides of SnO2, TiO2, WO3, MoO3, Nb2O5, ZnO, etc., and the p-type metal oxides of CuO,
Co3O4, Cr2O3, NiO, PdO, etc., have been widely studied for their gas sensing behaviours
towards both reducing and oxidizing gases [9–12].

In recent years, the advancement of new technologies and methods has induced a
boom in nanomaterials. Nanostructured metal oxides with various morphologies, such as
nanoparticles, nanosheets, nanowires, nanorods, nanoribbons, nanofibres, nanoflowers and
nanocages, have been successfully prepared through the routes of hydrothermal process-
ing, thermal oxidation, sol-gel processing, atomic layer deposition, etc. Nanoscale metal
oxides have been reported to exhibit promising gas sensing performances, benefiting from
their high specific surface areas [13] and active surface states [14]. Specifically, the sensor
response of the pure ZnO nanowires was ~15 towards 0.5 ppm NO2 at a working tempera-
ture of 225 ◦C [15]. Other sensors based on SnO2 nanowires [16], TiO2 nanotubes [17], WO3
nanoparticles [18] and In2O3 nanofibres [19] have also been found to respond to the gases
of NO2, formaldehyde, H2S and CO, respectively. The gas sensing performances of the gas
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sensors mentioned above could be further improved to better meet the demands of practi-
cal applications via compositing the metal oxide with another (different) metal oxide to
form a heterojunction between them. It is noteworthy that when the main phase of a metal
oxide was decorated or composited with the second phase of a different semiconductor,
the interface between them was known as the structure of a heterojunction in the sensing
material [20]. Reports show the specific surface area of the composite is higher than that of
the pure metal oxide [21], and the modulation of the potential barrier or accumulation layer
in the composite effectively improves the gas sensing behaviour [22,23]. More and more
researchers have focused their attention on the studies of the high-performance sensors
based on nanostructured metal oxide heterojunctions, as shown in Figure 1. For example,
the ordered mesoporous WO3/ZnO nanocomposites synthesised with a hydrothermal
method displayed an enhanced sensor response of 168.7 to 1 ppm NO2 at a working
temperature of 150 ◦C, over 10 times higher than that of the pure WO3 [24]. Moreover,
the sensor response of CeO2 nanostructures modified with NiO was reported to be ~1570,
much higher than that of the pure CeO2 (139). The response time and the recovery time of
the composite was 15 s and 19 s, respectively, which is also shorter than that of the pure
CeO2 (96 s/118 s) [25]. Therefore, the construction of heterojunctions could be a successful
method to improve the gas sensing performances of sensors based on metal oxides.

 

Figure 1. The number of the published papers on nanostructured metal oxide heterojunctions for
high-performance gas sensors during 2009–2020 as obtained from the Web of Science. The words
“nanostructured metal oxide heterojunctions” or “high-performance gas sensors” were keyed into
the “topic” search box.

As reported, there have been different kinds of heterojunctions assembled to improve
the gas sensing performances of metal oxides, such as n-n, n-p, p-n or p-p heterojunc-
tions [26–29]. Note that, in this paper, the type of heterojunction is defined according to
the dominant material or the main phase in the composite [30,31]. Accordingly, an n-p
heterojunction is formed when the main phase of an n-type metal oxide is modified with
a second phase of a p-type semiconductor. Similarly, a p-n heterojunction is established
through compositing a p-type metal oxide with an n-type semiconductor. An n-n (or
p-p) heterojunction would also be constructed if an n-type (p-type) metal oxide is dec-
orated with a different n-type (p-type) semiconductor in the composite. For example,
CuO-decorated ZnO or ZnO-decorated WO3 are the typical n-p or n-n heterojunctions. The
ZnO-decorated CuO or NiO-decorated CuO are defined as the p-n or p-p heterojunctions.
With the development in the techniques to synthesise nanomaterials, it is facile to construct
heterojunctions in composites composed of metal oxides. The metal oxide-based hetero-
junctions have been successfully established through various combined technologies, such
as the thermal oxidation [28], hydrothermal method [32], electrospinning [33,34], chemical
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vapour deposition (CVD) [35], pulsed laser deposition (PLD) [36], the co-precipitation
method [37] and the solvothermal method [38]. For example, the hydrothermal method
was reported to effectively prepare the ZnO/SnO2 [39] and the NiO/SnO2 composites [32].
The difference in the Fermi levels of the two metal oxides in the obtained composite would
lead to the formation of the potential barrier at their interfaces, an important factor for
improving sensing property of the gas sensor based on heterojunctions. The hydrother-
mal method combined with CVD was also used by Li et al. to establish heterojunctions
composed of vertically aligned MoS2/ZnO nanowires [40]. SnO2-CuO heterojunctions
were successfully constructed via electrospinning [41]. Their results clearly indicated that
the sensor response of the sensor based on the MoS2/ZnO nanowires or the SnO2-CuO
heterojunctions was highly improved compared with that of the bare ZnO or SnO2. Though
there have been a number of references reviewing the developments in the gas sensing
performances of given metal oxides, only a few articles provide a comprehensive review of
the effects of the heterojunctions on the enhanced gas sensing performances of composites
based on nanostructured metal oxides or separately discuss heterojunctions with n-n, n-p,
p-n or p-p structures. Moreover, the enhanced gas sensing mechanism of a given type of
heterojunction to a reducing or an oxidising gas should also be studied and summarised.
The synthesised methods and the gas sensing performances of the normally studied metal
oxides as well as the important roles of the heterojunctions need to be systematically sum-
marised and compared. This will allow us to fully understand the improved gas sensing
properties of metal oxide heterojunctions.

In this review, the typical synthetic routes of n-n, n-p, p-n and p-p heterojunctions
based on metal oxides are introduced. The gas sensing behaviours of the n-n/n-p hetero-
junctions (or p-n/p-p heterojunctions) are based on SnO2 and TiO2. ZnO, WO3, MoO3,
In2O3, CuO, Cr2O3, NiO and Co3O4, etc., semiconductors are reviewed and compared
to show the effects of the heterojunctions on the gas sensing performances of the metal
oxides. The enhanced gas sensing mechanisms of the composites towards reducing and
oxidising gases are also discussed in detail to systematically understand the role of the
built heterojunctions in improving the gas sensing properties of the composites.

2. Nanostructured Metal Oxide Heterojunctions for High-Performance Gas Sensors

As reported, the formation of heterojunctions could be a positive effective strategy
to improve the gas sensing performance of the metal oxides. Various methods such
as hydrothermal [42], PLD [36], vapour-liquid-solid (VSL) [43], anodic oxidation [44],
solvothermal treatment [45], sputtering [46], thermal evaporation [47], electrospinning [33],
sol-gel [48] and spin-coating [49] have been successfully applied to assemble the het-
erostructures in the sensors, and are generally combined to form various heterojunctions
(n-n, n-p, p-n or p-p types), as displayed in Figure 2. Other methods to assemble nanos-
tructured metal oxide heterojunctions are listed in Tables S1–S4 (see Supporting Materials),
along with the improved gas sensing performances of sensors based on n-p, n-n, p-n and
p-p heterojunctions. Some of the typical nanostructured heterojunctions with the n-type
(or p-type) metal oxides as the main phases are discussed in the following sections.

2.1. Enhanced Gas Sensing Performances of n-n Junctions or n-p Junctions

Heterojunctions with the n-p or the n-n structure in the sensing materials have been
reported to be successful strategies to enhance their gas sensing properties. When the
p-type metal oxide (acting as the second phase) is attached to an n-type metal oxide
(acting as the main phase), an n-p heterojunction is formed between the two sensing metal
oxides. Additionally, n-n heterojunctions can also be assembled in a similar way. One
of the common routes to establish the n-n (or n-p) heterojunctions is to prepare the main
n-type metal oxides and then decorate the prepared n-type metal oxides with the n-type
(or p-type) metal oxides [50]. The modulation of the built potential barrier in the n-n
or n-p heterojunction can effectively modify the resistance of the sensing material, and
thus greatly improve the gas sensing properties of the sensor composed with the n-n (or
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n-p) heterojunctions. Meanwhile, it is also noticed that the majority of heterojunctions
are assembled as a decorated structure, core-shell structure or mixed structure (one metal
oxide mixed with another metal oxide), discussed in the following subsections.

 

Figure 2. Typical types of heterojunctions for high-performance gas sensors and assembly strategies.

2.1.1. Gas Sensors Based on n-n Junctions

Many references report the improved gas sensing performances of sensors based
on n-n heterojunctions. For example, Lu et al. reported the gas sensing properties of
the ZnO-decorated SnO2 hollow spheres towards the ethanol synthesised via a two-step
hydrothermal method [39]. Hollow spheres of SnO2 of ~100 nm thickness were synthesised
via a facile template-free hydrothermal route (see Figure 3a,b) with ZnO nanoparticles of
10–30 nm diameter (see Figure 3c,d) uniformly decorated on its surface via a solution route.
The sensor response of the ZnO-decorated SnO2 hollow spheres was calculated to be 34.8
towards 30 ppm ethanol at their optimised operating temperature of 225 ◦C (see Figure 3e),
much higher than that of the bare SnO2 (~5.7 times). Their further research indicated that
the composite also exhibited promising selectivity to acetone compared with methanol
(Figure 3f). The recovery time of the composite towards 30 ppm ethanol (50 s) was also
much shorter than that of acetone (120 s) at the same concentrations as shown in Figure 3g.
In addition, the SnO2 compositing with Co3O4 and SiO2 have been reported to be promising
gas sensing materials. The SnO2/SiO2 heterojunctions were synthesised via a facile method
of a magnetron sputtering process and exhibited promising H2 sensing performance at
room temperature [51]. Hybrid Co3O4/SnO2 core-shell nanospheres prepared with a one-
step hydrothermal method demonstrated a measured response of 13.6 to 100 ppm NH3 at
200 ◦C, a value two times higher than that of the solid nanospheres [52]. CeO2-decorated
ZnO nanosheets were prepared by a hydrothermal process in combination with the wet
impregnation method, exhibited an enhanced sensor response of 90 to 100 ppm ethanol
at 310 ◦C [53]. Additionally, Kim et al. have fabricated ZnO-SnO2 nanofibres through an
electrospinning process to effectively detect CO [54].
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Figure 3. SEM images of the pure SnO2 hollow spheres (a,b) and ZnO-decorated SnO2 (n-n junctions)
(c,d), sensor response of pure SnO2 hollow spheres and the ZnO-decorated SnO2 hollow spheres to
30 ppm ethanol at different operating temperatures (e), the sensor response of ZnO-decorated SnO2

hollow spheres to 30 ppm ethanol, acetone and methanol at different operating temperatures (f), and
the dynamic sensing performance of the decorated SnO2 hollow spheres towards 30 ppm ethanol or
acetone at 225 ◦C (g). Copied with permission from reference [39]. Copyright 2017, Elsevier.

The α-MoO3/TiO2 core/shell nanorods have been synthesised through a hydrother-
mal process combined with the following annealing process in air atmosphere [55]. Uniform
α-MoO3 nanorods were first prepared and then coated with a shell of TiO2 via a modified
wet-chemical method. It was found that the core/shell nanorods exhibited an improved
gas sensing performance to 10 ppm ethanol at 180 ◦C with a short response time of less than
40 s. Meanwhile, the SnO2-core/ZnO-shell nanowires [56] and the Ga2O3-core/ZnO-shell
nanorods [57] were successfully synthesised through a plasma-enhanced CVD and atomic
layer deposition (ALD), respectively, which also exhibited promising gas sensing perfor-
mances. The MoO3 nanorods decorated with the ZnO nanoparticles were also reported
to be a promising material to detect 100 ppm ethanol with a sensor response of ~30 at
the working temperature of 250 ◦C [58]. Besides the nanocomposites discussed above, it
was reported that α-MoO3 compositing with WO3 through a sol-gel method [59] or with
Fe2O3 nanoparticles via a hydrothermal method [60] also showed improved gas sensing
performances towards O2 or xylene, respectively.

In addition, ZnO nanorods/TiO2 nanoparticles [61] and the ZnO/La0.8Sr0.2Co0.5Ni0.5O3
heterojunction structure [62] were successfully constructed to research their improved
gas sensing performances to NO2 and CO, respectively. WO3 compositing with SnO2
was reported to be a potential material to detect acetone [63], while WO3-modified ZnO
nanoplates synthesised via the hydrothermal route were assembled for the detection of
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NH3 [26]. Other effective methods to synthesise n-n heterojunctions and their gas sensing
performances are listed in Table S1.

2.1.2. Gas Sensors Based on n-p Junctions

The sensors based on the n-p heterojunctions have been found to show promising gas
sensing properties towards various gases. For example, PdO nanoparticles-decorated
flower-like ZnO structures (see Figure 4) were prepared by Zhang et al. through a
surfactant-free hydrothermal process combined with a further heat treatment [42]. The
Zn(AC)2·2H2O was used in the study to synthesise the flower-like ZnO structures, a certain
amount of which was dissolved in a solution of NaOH, ethanol and deionized water. The
obtained precursor was kept at 150 ◦C for 24 h. Before decorating with PdO nanoparticles,
the flower-like ZnO structures were treated by an annealing process. The annealed ZnO
nanoflowers were then dispersed in methanol solvent dissolving PdCl2, and the collected
products were calcined at 350 ◦C for 1 h to obtain the PdO-modified ZnO structures. The
decorated flower-like ZnO was reported to show a gas sensor response of 35.4 to 100 ppm
ethanol at 320 ◦C (see Figure 4e), which was much higher than that of the pure ZnO (~10 as
shown in Figure 4f). Moreover, the composite presented a shorter recovery time of 7 s than
that of the ZnO (14 s). ZnO/Co3O4 composite nanoparticles [64] and Al-doped ZnO/CuO
nanocomposites [65] were reported to be sensitive to NO2 and ammonia, respectively.

 

Figure 4. SEM images of pure flower-like ZnO (a,b) and the PdO nanoparticle-decorated ZnO (n-p
junctions) (c,d), the dynamic sensing performance of the sensor based on the PdO nanoparticle-
decorated ZnO (e) or pure ZnO (f) to 100 ppm ethanol at 320 ◦C. Copied with permission [42].
Copyright 2013, Elsevier.

Gao et al. synthesised CuO nanoparticles-decorated MoO3 nanorods through a hy-
drothermal process combined with an annealing process [66]. In the first step, MoO3
nanorods were prepared with the raw material (NH4)6Mo7O24·4H2O. Then, the obtained
MoO3 nanorods were dispersed in a solution of anhydrous ethanol and copper nitrate
under high intensity ultrasonication. The final collected samples were annealed at 550 ◦C
for 2 h. The CuO nanoparticles-decorated MoO3 nanorods showed a higher H2S sensor
response of 272 at 270 ◦C compared with that of pure MoO3, which was mainly attributed
to the formation of n-p heterojunctions in the sensing material as reported in their article.
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Nano-coaxial Co3O4/TiO2 heterojunctions were successfully assembled through a
typical two-step process by Yang et al. [44]. The authors firstly synthesised uniform TiO2
nanotubular arrays via anodic oxidation of a Ti plate which were then decorated with
Co3O4 nanoparticles by a hydrothermal process at 120 ◦C for 5 h. The sensor based
on the nano-coaxial Co3O4/TiO2 heterojunctions showed an enhanced sensor response
of 40 to 100 ppm ethanol at 260 ◦C with a short response/recovery time of 1.4 s/7.2 s.
The SnO2-Co3O4 composite nanofibres were prepared through electrospinning combined
with annealing with the working voltage of 15 kV [67]. The PdO nanoparticle-decorated
WO3 nanorods were also reported to be synthesised via a modified precipitation process
combined with annealing at 300 ◦C for 2 h [68]. The SnO2-Co3O4 composite nanofibres
and the PdO nanoparticle-decorated WO3 nanorods were found to be sensitive to 10 ppm
C6H6 at 350 ◦C and 3.0 vol% of H2 at 25 ◦C with enhanced sensor responses of 20 and
80.4, respectively.

CuO/ZnO heterostructural nanorods were prepared by Cao et al. via a combination
of hydrothermal and wet-chemical processes [69]. The CuO nanoparticles-decorated ZnO
nanorods array showed a sensor response of ~8 to 50 ppm towards triethylamine at a
relatively low working temperature of 40 ◦C (higher than that of the bare ZnO nanorods of
~2.4), and a response time of 5 s (significantly shorter than that of the pure ZnO nanorods
of ~11 s). Improved gas sensing performances were also observed in sensing materials
composed of CuO-decorated SnO2 nanowires [70], CuO nanoparticles-decorated ZnO
flowers [71], flower-like p-CuO/n-ZnO nanorods [72], NiO@ZnO heterostructured nan-
otubes [73], n-ZnO/p-NiO heterostructured nanofibres [74] and Co3O4 decorated flower-
like SnO2 nanorods [75]. The various methods used to assemble the n-p heterojunctions
and their gas sensing properties are provided in Table S2.

Besides the nanocomposites discussed above, sensors based on the n-n or n-p het-
erojunctions have also been assembled to enhance the gas sensing performances of metal
oxides. TiO2 composited with ZnO, MoS2, MoO3, V2O5 and WO3 have been designed and
successfully established, exhibiting improved gas sensing performances towards ethanol,
NO2, alcohol and ammonia [33,55,76–78]. For example, the ZnO-decorated TiO2 nan-
otube layer (prepared by anodic oxidation combined with atomic layer deposition) [76],
TiO2/V2O5 branched nanoheterostructures (synthesised by an electrospinning process
followed by an annealing treatment) [33] and a TiO2-WO3 composite (obtained via plasma
spraying technology using mixed feedstock suspensions) [77] have each exhibited promis-
ing gas sensing performances to 1170 ppm ethanol, 100 ppm ethanol and 100 ppm NO2,
respectively. α-Fe2O3 composited with SnO2, In2O3 and CdO have also been successfully
synthesised through hydrothermal, carbon sphere template and co-precipitating processes,
enabling excellent gas sensitivity towards acetone, TMA and CO, respectively [37,79,80].
In2O3 composited with WO3, Fe2O3, TiO2 and SnO2 were also synthesised to assemble the
high-performance gas sensors [81–84]. A series of In2O3-WO3 nanofibres were prepared
via an electrostatic spinning technology, which was reported to show an enhanced gas
sensing performance to acetone with the n-n semiconductor heterojunctions formed at
the interface between WO3 and the In2O3 [81]. The sensor based on mixed Fe2O3-In2O3
nanotubes was also reported to show a high gas sensor response of ~33 towards 100 ppm
of formaldehyde at 250 ◦C [82]. TiO2 nanoparticle-functionalised In2O3 nanowires [83],
SnO2/In2O3 composite hetero-nanofibres [84], an octahedral-like ZnO/CuO composite [85]
and a nanoporous SnO2@TiO2 heterostructure [86] were reported to show enhanced gas
sensing properties towards acetone, formaldehyde and H2S, respectively.

Based on the research discussed above, it is clear that the establishment of n-n or
n-p heterojunctions can effectively improve the gas sensing properties of n-type metal
oxides. Typically, n-type metal oxides are decorated with zero-dimensional nanoparticles
and two-dimensional nanosheets, the concentrations of which have significant effects on
the performance of the main n-type phase [67,87–89]. More specifically, the gas sensing
performance of the main phase in a sensing material improves with increasing concentra-
tion of the second phase up to an optimal value, which can be attributed to the increase
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in the specific surface area of the composite. However, the sensing property of the main
phase always degenerates when the content of the second phase is further elevated. The
interconnection of the second phase and decrease in the effective surface area was reported
to be the two main factors causing a weakened sensor response of the composite. However,
most of the reported sensors based on the n-n or n-p heterojunctions always worked at
temperatures above 100 ◦C. We also found there are no clear strategies to indicate which
material should be chosen to enhance the gas response of a certain n-type metal oxide,
which may be paid more attention in the future by researchers.

2.2. Improved Gas Sensing Properties of p-n or p-p Junctions

Sensors based on the heterojunctions with p-n or p-p structures were also reported
to exhibit promising gas sensing properties with high sensor responses and short re-
sponse/recovery times. Similar to the formation of n-n or n-p heterojunctions, p-n and p-p
junctions are also built with p-type metal oxides (as the main phase) decorated or coated
with n-type or p-type metal oxides (as the second phase). The different Fermi levels of
the metal oxides in the constructed p-n or p-p junctions induce the formation of a thick
accumulation layer and thin depletion layer in the sensing composite. The modulation of
the thickness of the accumulation layer (acting as the conductive channel of the carriers)
significantly influences the conductivity of the sensors, further resulting in improved gas
sensing properties of the p-n or p-p junctions.

2.2.1. Gas Sensors Based on p-n Junctions

The p-n heterojunctions in sensing materials have been reported to be effective in im-
proving the gas sensing properties of metal oxides. For example, the SnO-SnO2 composite
(p-n heterojunction) was successfully prepared by a facile two-step method with the raw
materials of SnCl2·2H2O, NaOH and CTAB at 140 ◦C for 5 h. Black SnO nanopowders were
synthesised via a hydrothermal method at 140 ◦C for 5 h, and the obtained sample was then
treated with an annealing process at a high temperature of 300–500 ◦C in air atmosphere to
obtain the SnO–SnO2 composite. The sensor response of the SnO-SnO2 composite was 2.5
towards 200 ppm NO2 at room temperature, significantly higher than that of pure SnO2
(1.27) or bare SnO (1.1) [90]. The hydrothermal method was also applied to synthesise
SnO2-decorated NiO nanostructures (see Figure 5) with the raw sources of NiCl2·6H2O
and SnCl4·5H2O at 160 ◦C for 12 h [91]. It is worth noting that NiO was modified with
SnO2 nanoparticles through a one-step process without any catalysts. The SnO2-decorated
NiO nanostructure was reported to show enhanced gas sensor responses to 1–200 ppm
toluene (see Figure 5e,f). The calculated sensor response of the composite was measured to
be 66.2 to 100 ppm toluene at 250 ◦C, more than 50 times higher than that of the pure NiO
nanospheres (1.3). Moreover, the detection limit of this sensor was reported to be as low as
10 ppb toluene with a promising sensor response of 1.2.

Novel TiO2-decorated Co3O4 acicular nanowire arrays were also successfully synthe-
sised by Li et al. with a hydrogen thermal method combined with pulsed laser deposition.
The s acicular nanowire arrays modified with TiO2 nanoparticles were found to present
a high sensor response of 65 to 100 ppm ethanol at 160 ◦C, much higher than that of the
pure Co3O4 nanowires (~25) [92]. In2O3-decorated CuO nanowires were also prepared
through thermal oxidation of Cu meshes followed by the deposition of amorphous indium
hydroxide from In(AC)3 solution in ammonia [93]. The decorated CuO nanowires showed
a shorter response time of 12 s to CO than that of the pure CuO nanowires (25 s). The novel
rod-like α-Fe2O3/NiO heterojunction nanocomposites were synthesised with a one-step
hydrothermal method, exhibiting an enhanced sensor response of 290 to 100 ppm acetone
at 280 ◦C with a response time or a recovery time being 28 s or 40 s, respectively [94].
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Figure 5. The XRD pattern (a) and the SEM images (b–d) of SnO2 nanoparticles-modified NiO
nanostructure (p-n junctions), the dynamic sensing performances of the pure NiO and the SnO2

nanoparticles-modified NiO nanostructures towards 1–200 ppm toluene at 250 ◦C (c,e–h). Copied
with permission [91]. Copyright 2018, Elsevier.

Additionally, CuO composited with TiO2 [95] and SnO2 [35] were constructed to
investigate their improved gas-sensing properties. The nanofibres composed of SnO2-CuO
heterojunctions have been reported to be successfully synthesised by an electrospinning
process and exhibited an improved sensor response of ~95 compared with that of the
pure CuO (<10) [35]. Co3O4 composited with In2O3 [96], SiO2 [97] and TiO2 [98] were
also successfully prepared via hydrothermal, thermal conversion and facile nanoscale
coordination polymer routes, respectively, which showed better gas sensing properties
than those of pure Co3O4. The reported sensors based on p-n heterojunctions and their gas
sensing performances are listed in Table S3.

2.2.2. Gas Sensors Based on p-p Junctions

The p-p heterojunctions have been found to enhance the gas sensing performance of
metal oxides. Li et al. prepared NiO@CuO nanocomposites (a p-p junction) via a facile
reflux and hydrothermal process [99]. In their work, the Ni(OH)2 was firstly synthesised
with the raw material of nickel nitrate hexahydrate through a hydrothermal method
at 140 ◦C for 5 h. Then, the obtained Ni(OH)2 and the Cu(CH3CO)2·H2O compounds
were added in a solution separately with a certain amount of NaOH added during a
reflux process to obtain the Ni(OH)2@Cu2(OH)3NO3. The synthesised products were
finally treated by a calcination process in air atmosphere at 450 ◦C for 2 h. The prepared
hierarchical flower-like nanostructured NiO-CuO composite exhibited an enhanced gas
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sensing performance to NO2 at room temperature with a higher gas sensor response
compared to pure NiO. The response time of the composite to the 100 ppm NO2 was
measured to be as low as 2 s, much shorter than that of the pure NiO. Moreover, the
NiO/NiCr2O4 nanocomposite was also found to be more effective at detecting xylene than
the pure NiO nanoparticles [100].

Co3O4 hollow nanocages (HNCs) decorated with PdO nanoparticles (see Figure 6a–d)
were successfully assembled by the infiltration of metal precursors combined with a
subsequent reduction process [101]. The gas sensing performance of the pure Co3O4
hollow nanocages was significantly improved when composited with PdO nanoparticles
(PdO-Co3O4 HNCs), with the sensor response measured to be 2.51 towards 5 ppm acetone
at 350 ◦C (see Figure 6e), which was higher than that of the Co3O4 powders (1.96), Co3O4
HNCs (1.45) or PdO-Co3O4 powders (1.98). Moreover, the PdO-Co3O4 HNCs also exhibited
outstanding stability to 1 ppm acetone, which is shown in Figure 6f.

Figure 6. SEM image (a), TEM image (b), HRTEM (c) and SEAD patterns (d) of the Co3O4 hol-
low nanocages (HNCs) decorated with PdO nanoparticles (p-p junctions), the dynamic sensing
behaviours of the sensors based on Co3O4 powders, pure Co3O4 hollow nanocages, PdO-Co3O4

powders and PdO-Co3O4 HNCs towards 0.4–5 ppm acetone at 350 ◦C (e), the stability of the sens-
ing performance of PdO-Co3O4 HNCs towards 1 ppm acetone (f). Copied with permission [101].
Copyright 2017, American Chemical Society.

Lee et al. prepared TeO2/CuO core-shell nanorods by a combined method of thermal
evaporation and sputter deposition [102]. In the reported study, the Te powders were
used as the raw material to synthesise TeO2. The TeO2 nanorods were prepared on a
substrate of p-type Si (100) by thermal evaporation of Te powders at 400 ◦C in air in a
quartz tube furnace. Then, a thin layer of CuO was directly sputtered on the surface of the
obtained TeO2 nanorods through a radio frequency magnetron sputtering process with a
target of CuO. The sensor response of TeO2-core/CuO-shell nanorods was found to be 4.25
to 10 ppm NO2 at 150 ◦C, which was over two times higher than that of the pure TeO2.
However, the relatively low sensor response of the TeO2/CuO core-shell nanorods is a
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drawback that limits their application. Further studies are required to further improve the
gas sensing performance of the TeO2/CuO core-shell nanorods.

Meanwhile, p-NiFe2O4 nanoparticle-decorated p-NiO nanosheets were also synthe-
sised with a solvothermal method [103]. The NiO precursor was firstly synthesised after
which FeCl3·6H2O was added to prepare NiO nanosheets decorated with NiFe2O4 nanopar-
ticles. The ratio of Fe/Ni was found to have a significant effect on the gas sensing perfor-
mance of the decorated NiO nanosheets. The composite with the Fe/Ni-24.9 exhibited the
optimal sensing performance to 50 ppm acetone at 280 ◦C, with a high response of ~23.0.
The release of captured electrons back to the sensing material breaks the dynamic carrier
balance between p-NiO and p-NiFe2O4. This resulted in a reduced potential barrier near
the surfaces of the heterojunctions and yielded a large variation in resistance, improving the
sensor response of the Fe/Ni-24.9 at%. The in situ formation of a second phase (p-NiFe2O4)
on the first phase (p-NiO) was a novel and effective strategy to improve the interaction
between the targeted gas and the sensing composite. Similar improvements in CuO-NiO
nanotubes with controllable element content of Cu/N developed by a one-pot synthesis
was also found, with a sensing capability towards 100 ppm glycol at 110 ◦C [104]. Based
on the studies listed above, the in situ preparation of the second phase required further
attention to improve the gas sensing performance of the sensor based on the metal oxide.
Other sensors composed with p-p heterojunctions and their gas sensing performances are
listed in Table S4.

Other types of heterojunctions based on metal oxides that improve gas sensing per-
formances also exist. Duy et al. assembled n-p-n heterojunctions with the structure of
SnO2-carbon nanotube-SnO2 by the method of CVD combined with spray coating pro-
cess [105]. The obtained n-p-n heterojunctions showed a high response of 17.9 to 100 ppm
NO2 at 100 ◦C. The n-p-n heterostructure of the ZnO-branched SnO2 nanowires decorated
with Cr2O3 nanoparticles [106] or the p-n-p heterojunctions of PANI coated CuO-TiO2
nanofibres [107] were also reported to exhibit improved gas sensing performance towards
hydrogen and ammonia, respectively. However, only a few references report the study of
the sensor based on n-p-n or p-n-p heterojunctions. More research should be conducted
to systematically investigate the gas sensing properties of metal oxide heterojunctions
comprising the n-p-n or the p-n-p structures.

Based on the discussions above, many kinds of metal oxides heterojunctions have
been successfully assembled to enhance the gas sensing performance towards various
gases. The sensor response of sensors based on heterojunctions was much higher than that
of the pure metal oxides and the response time was improved. The n-n, n-p, p-n or p-p
(even the n-p-n or p-n-p) heterojunctions can be chosen to be constructed to assemble gas
sensors with outstanding properties. We should point out that the enhanced gas sensing
mechanisms of certain heterojunctions towards the oxidising or reducing gases need to
be clearly discussed and compared to fully understand the role of the heterojunctions.
Therefore, in the next section, we review the mechanisms of the improvements in the
gas-sensing properties of the metal oxide heterojunctions.

3. Enhanced Gas Sensing Mechanisms of the Metal Oxide Heterojunctions

Compared with the pure metal oxides, sensors based on metal oxide heterojunctions
show improved gas sensing performances towards the targeted gases. When in contact with
each other, the transfer of carriers between the two semiconductor materials is induced due
to inconsistent Fermi levels at their interfaces. In the n-n or n-p heterojunctions, the Fermi
levels of the two metal oxides will move up or down to an equilibrium state, resulting
in the bending of their energy bands and the formation of a potential barrier between
them [28]. The gas sensing performances of the studied metal oxides are reported to be
mainly attributed to the redox reactions of the adsorbed targeted gases on the surfaces of
the sensing materials, which has been widely reported by researchers to explain the gas
sensing mechanisms of the assembled sensors [12,108]. The variation in the concentration
of the carriers induced by the redox reactions on the surfaces of the composites could be
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of importance to affect the height of the built-in potential barrier. This process further
influences the resistance or conductivity of the sensor based on n-n or n-p heterojunctions
according to Equation (1):

ΔR ∝ exp{−eΔVb/kBT} (1)

where the ΔR is the change of the resistance of the sensor, ΔVb is the reduction of the
height of the potential barrier, kB is the Boltzmann constant and T is the temperature [109].
Therefore, little change in the height of a potential barrier would make the resistance of
the investigated sensor vary greatly, leading to an improved gas sensing property of the
heterojunction [110]. In the case of the p-n or p-p heterojunctions, the interaction between
the targeted gases and the sensing materials would also modify the carriers (especially
holes) in the sensors, which would further result in the variation of the thickness of the
accumulating layer in the heterojunctions, making a more effective modulation in the
width of the conduction channel for the carriers. As a result, sensors based on p-n or p-p
heterojunctions also show improved gas sensing properties to the reducing or oxidising
gases [108]. Moreover, the composites composed of metal oxide heterojunctions always
show higher specific surface areas than the pure metal oxides, which was confirmed by BET
measurements of the composites. The higher specific surface area enables gas molecules to
diffuse more smoothly to the surface and more easily interact with the composite as well
as provide more active sites. The size of the pore volume can be increased with a higher
specific surface area, facilitating the diffusion of gas molecules into the sensing material and
increasing the active surface in internal parts of the composite for gas molecule adsorption.
The absorption and the desorption of the gas molecules can also be accelerated during
the response and recovery process of the sensor based on metal oxide heterojunctions.
Therefore, the high specific surface area forms another positive factor contributing to the
comprehensive improvements in the gas sensing performance of the composite [111–115].

Compared with the effect of the specific surface area, it is more complex to study the
enhanced gas sensing mechanisms of the heterojunctions in the sensing materials. The
role of the heterojunctions in enhanced gas sensing performances should be analysed in
detail to fully understand their direct and significant effects on the enhancement of the gas
sensing properties of the sensors based on the composites. In the following section, the gas
sensing mechanisms of the metal oxides to the common reducing and oxidising gases are
discussed, and the effects of various commonly studied heterojunctions on the improved
gas sensing properties of the composites are systematically investigated. In order to make
the discussions clear, H2 (a typical reducing gas) and NO2 (a typical oxidising gas) were
selected for the discussion of the enhanced gas sensing mechanisms of the metal oxides
due to their immense studies in the area of gas sensors.

3.1. Enhanced Gas Sensing Mechanisms to Reducing Gases

Gas sensors based on n-n or n-p heterojunctions always exhibit typical n-type sensing
performances at relatively low working temperatures towards reducing gases such as H2,
H2S, CO, NH3 and ethanol. The widely studied ZnO-based material is taken as an example
to more clearly illustrate the sensing mechanism of the n-type metal oxide to a reducing
gas. The resistance of ZnO-based sensors has been reported to decrease quickly when H2
(ethanol or H2S) is introduced onto their surface [116–118]. In air, oxygen molecules would
spontaneously be adsorbed on the active sites of the surface of the ZnO to form chemisorbed
oxygen molecules according to Equation (2). Then, the chemisorbed oxygen molecules
can capture electrons from the conductive bands of the ZnO to become the oxygen species
(O2

−: <150 ◦C, O−: 150 ◦C~400 ◦C and O2−: >400 ◦C) based on Equation (3), which
builds a depletion layer in the ZnO surface and a high resistance in air. When H2 gas
is introduced, the H2 molecules will interact with the pre-adsorbed oxygen species to
form H2O based on Equation (4), releasing electrons back to ZnO. This response process
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increases the concentration of electrons and decreases the thickness of the depletion layer
in ZnO, leading to a decrease in the resistance of the sensor based on ZnO-based materials.

O2(g) + e− ↔ O2(ad) (2)

O2(ad) + e− ↔ O2
−(ad) (3)

2H2(g) + O2
− (ad) = 2H2O(g) + e− (4)

In contrast, composites made of p-n or p-p heterojunctions show typical p-type sensing
performances towards reducing gases. As reported, the resistance of CuO nanowires
increased when used to detect hydrogen gas (at working temperatures between 150 ◦C
and 400 ◦C) [119]. When the CuO nanowires were placed in an air atmosphere, the oxygen
molecule could also adsorb on the active sites in the surface of CuO to form adsorbed
oxygen species (O−) based on Equation (5), releasing holes to CuO and thus increasing
the concentration of holes. This forms an accumulation layer in the sensing material,
which acts as the conduction channel for carriers in CuO. In an H2 atmosphere, hydrogen
molecules interact with the adsorbed oxygen molecules according to Equation (6), reducing
the concentration of carriers and the thickness of the accumulation layer and induces the
formation of a depletion layer on the surface of CuO. Therefore, the resistance of a sensor
based on CuO nanowires increases in reducing gas environments [108,119].

O2(g) ↔ O2
−(ad) + h+ ↔ 2O−(ad) + 2h+ (5)

2H2(g) + 2O−(ad) + 2h+ = 2H2O(g) (6)

The synthesis of TiO2 nanotubes decorated with SnO2 nanoparticles and their H2
sensing performance has been reported [89] and is selected to analyse the important role
of the typical n-n heterojunction in improving the sensing performance of the sensor
towards reducing gases. The results showed that the H2 sensing property of the TiO2-based
composite was highly improved with the help of the heterojunction between TiO2 and
SnO2. It was reported that the Fermi level of TiO2 was higher than that of SnO2, resulting
in the electron transfer to SnO2 from TiO2 until achieving the equilibrium states of their
Fermi levels. This would make a thick depletion layer formed at the interface between
TiO2 and SnO2 and induce a high potential barrier built in air due to the adsorption of
oxygen molecules. The potential barrier always acts as the obstacle to the transportation of
electrons in the sensing materials, resulting in the high resistance of the composites. The
accumulation of electrons in the SnO2 side would induce more oxygen molecules adsorbed
onto the surface of the composite. When hydrogen gas is introduced, the hydrogen gas
interacts with the adsorbed oxygen species on the surfaces of TiO2 and SnO2 immediately
and releases electrons back to the sensing materials. The released electrons would decrease
the thickness of the depletion layers between TiO2 and SnO2, further resulting in the
decrease in the height of the potential barrier. This process would increase the conductivity
of the sensor and significantly enhance the H2 sensing performance of the composite. The
porous MoO3/SnO2 nanoflakes with n-n junctions was also reported to show an improved
gas sensing property with a higher gas sensor response being 43.5 towards 10 ppm H2S
at 115 ◦C compared with that of the pure SnO2, which could also be attributed to the
reasons mentioned previously (see Figure 7a1,a2) [120]. Moreover, the improvement in the
H2S or xylene sensing performance of TiO2-decorated α-Fe2O3 nanorods [121] or Fe2O3
nanoparticles-decorated MoO3 nanobelts [122] could also be explained by the enhanced
gas sensing mechanism above.
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Figure 7. The enhanced gas sensing mechanisms of (a1,a2) MoO3/SnO2 nanoflakes (n-n heterojunc-
tion) (Copied with permission [120]. Copyright 2019, American Chemical Society), (b1,b2) NiO-
Nb2O5 composite nanoparticles (n-p heterojunction) (Copied with permission [123]. Copyright 2017,
Elsevier) and (c1,c2) Nb2O5 nanoparticle-decorated CuO nanorods (p-n heterojunction) (Copied with
permission [119]. Copyright 2017, Springer Nature) to reducing gases.

In the case of sensors based on n-p heterojunctions, the NiO-decorated Nb2O5 nanocom-
posites have been reported to exhibit a significant improvement in the H2 gas sensing
performance compared with that of the pure Nb2O5 nanoparticles [123]. When the NiO
nanoparticles are loaded onto the surface of the Nb2O5 nanoparticles, the electrons diffuse
to the Nb2O5 and the holes move toward the NiO, causing the Fermi levels of the two
different metal oxides to reach an equilibrium state. In air, the adsorption of the oxygen
molecules on the surfaces of the NiO and the Nb2O5 also results in the formation of an
accumulation layer of holes in the NiO side and a depletion layer in the Nb2O5 side. This
causes the energy bands of NiO to bend upwards, increasing the potential barrier at the
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interfaces in the region of heterojunctions. When the NiO-decorated Nb2O5 nanocom-
posites is exposed to H2, the interaction with H2 and adsorbed oxygen species releases
electrons to Nb2O5 but captures the holes in the NiO. This process induces the formation of
a depletion layer between NiO and Nb2O5 and makes the energy bands of NiO bend down-
wards, dramatically decreasing the height of the potential barrier at the heterojunction (see
Figure 7b1,b2). The NiO nanoparticles have also been reported to be an excellent catalyst
to effectively oxidise H2, causing reactions between the adsorbed H2 and the adsorbed
oxygen species to occur more sufficiently and smoothly. As a result, the NiO-decorated
Nb2O5 nanocomposites exhibit an improved gas sensing property to H2. The enhanced
gas sensing performances of the Co3O4-decorated WO3 nanowires [124], SnO2-Co3O4
composite nanofibres [67], CuO-loaded In2O3 nanofibres [125], hierarchical SnO/SnO2
nanocomposites [126], ZnO nanowire arrays/CuO nanospheres heterostructures [127] and
p-NiS/n-In2O3 heterojunction nanocomposites [34] towards reducing gases can also be
attributed to the reasons listed above.

For the p-n junction, Lee et al. reported the sensor based on Nb2O5 nanoparticles-
decorated CuO nanorods to be more sensitive towards hydrogen molecules than the pure
CuO nanorods [119]. The higher Fermi level of Nb2O5 makes the electrons diffuse to the
CuO and the holes transfer in an opposite orientation, leading to the bending of energy
bands. In air, the adsorption of oxygen molecules captures the electrons from Nb2O5 but
releases the holes to the CuO, resulting in the formation of a thick depletion layer in Nb2O5
and a thick accumulation layer in the CuO. This leads to the high potential barrier in the
composite in air. As reported, the accumulation layer in the CuO can act as a conduction
channel for carriers in the sensing material. When exposed to H2, the hydrogen molecule
can interact with the adsorbed oxygen species on the Nb2O5 and the CuO, releasing the
electrons back to the Nb2O5 but capturing the holes in the CuO. Effectively, this decreases
the thickness of the depletion layer in Nb2O5 and significantly thins the accumulation
layer in CuO with the possible formation of a depletion layer in the CuO, attributed
to more oxygen molecules adsorbed on the surface of the CuO due to the formation of
heterojunctions. This dramatic decrease in the thickness of the accumulation layer greatly
narrows the conduction channel width for carriers, as shown Figure 7(c1,c2). As a result,
the Nb2O5 nanoparticle-decorated CuO nanorods exhibited an improved p-type sensing
performance to H2. The improved sensing mechanism could also reasonably explain the
enhancements in the gas sensing performances of the In2O3-decorated CuO nanowires [93],
SnO2-decorated NiO nanostructure [91], hierarchical α-Fe2O3/NiO composites [128], SnO2-
decorated NiO foam [129] and CuxO-modified ZnO composite [130] with a hollow structure
towards H2, the toluene and the acetone.

Similarly, in the case of the p-p heterojunction, p-NiO-decorated p-CuO microspheres
were prepared through a hydrothermal process and studied the enhanced gas sensing
performance of the obtained composite with p-p heterojunctions [131]. The Fermi level of
the CuO was higher than that of the NiO, resulting in the transfer of holes from NiO to
CuO and the diffusion of electrons to NiO from CuO. As such, accumulation and depletion
layers of holes build on the CuO and the NiO sides, respectively. In air atmosphere, the
adsorption of the oxygen molecules on the surfaces of CuO and NiO releases holes to the
sensing material as previously mentioned. As a result, the thickness of the depletion layer
of the holes in the NiO decreases, but the thickness of the accumulation layer of the holes
in the CuO increases. The width of the conduction channel increased in the heterojunctions
between CuO and NiO, causing a low resistance of the composite. When a reducing
gas was introduced on the surface of the composite, the adsorbed oxygen ions reacted
with the introduced gas molecules, capturing the holes from CuO and NiO. This process
decreases the concentration of the carriers in the sensing materials, further increasing
the thickness of the depletion layer of the holes in NiO and decreasing the thickness of
the accumulation layer of holes in CuO. Therefore, the width of the conduction channel
increased in the heterojunctions was significantly narrowed, causing an increase in the
resistance of the composites. Therefore, the gas sensor response of the p-NiO-decorated
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p-CuO microspheres was highly improved towards reducing gases. The enhanced gas
sensing mechanisms of p-NiO/p-NiCr2O4 nanocomposites [132] or the Cr2O3-Co3O4
nanofibres [133] to xylene or C2H5OH can also be explained by the above discussions.

Apart from H2, there are also a number of references reporting similar improved
sensing mechanisms of sensors based on metal oxide heterojunctions towards NH3, another
widely investigated reducing gas. The work conducted by Shi et al. showed that the
sensor response of WO3@CoWO4 (n-n type) heterojunction nanofibres was over 10 times
higher than that of the bare WO3 at room temperature [134]. The authors pointed out the
formation of a number of heterojunctions for WO3 composited with CoWO4 in the sensing
material. The differences in the Fermi levels of WO3 and CoWO4 cause band bending and
trigger the transfer of electrons and holes between them until an equilibrium in final Fermi
levels is reached. In air, oxygen gas can be adsorbed on the surface of the two different
sensing materials and capture electrons from their conductive bands to form chemisorbed
oxygen ions (O2

− at room temperature) according to Equation (3). This process results
in a wider depletion layer and constructs a higher potential barrier near the surface of
the heterojunction in the composite than those in the pure CoWO4. NH3 molecules could
interact with the O2

− according to the following equation: 4NH3(ad) + 5O2
− (ad) →

4NO(g) + 6H2O(g) + 5e−. Electrons were then released back to the sensing materials of the
WO3@CoWO4 composite, reducing the thickness of the depletion layer and decreasing the
height of the potential barrier at the heterojunction. As a result, the sensing performance
of WO3@CoWO4 heterojunction nanofibres towards NH3 could be significantly enhanced
at room temperature. Additionally, the specific surface area of the composite was higher,
allowing more electrons to be transferred from the shallow donor levels of the WO3
nanoparticles to CoWO4 nanoparticles in the composite, thus enabling the enhanced NH3
sensing property of the sensor based on the metal oxide heterojunction. The study of Gong
et al. also revealed that the enhanced NH3 sensing performance of the flower-like n-ZnO
decorated with p-NiO with hierarchical structure was mainly attributed to the formation
of the depletion layer and the modulation of the potential barrier height at the surface
of the heterojunction [135]. A similar improved sensing mechanism was also reported in
the enhanced NH3 sensing performance of the sensors based on other heterojunctions,
including polyaniline/SrGe4O9 nanocomposite [136], polyaniline nanograin enchased TiO2
fibres [137], SnO2@polyaniline nanocomposites [138], V2O5/CuWO4 heterojunctions [139],
Fe2O3-ZnO nanocomposites [49], rGO/WO3 nanowire nanocomposites [140], WO3@SnO2
core-shell nanosheets [141], PANI-CeO2 nanocomposite thin films [142], CuPc-loaded ZnO
nanorods [143], Co3O4 nanorod-decorated MoS2 nanosheets [144], SnO2/NiO composite
nanowebs [145], bilayer SnO2-WO3 nanofilms [146], Cu2O nanoparticles decorated with
p-type MoS2 nanosheets [147], TiO2 and NiO nanostructured bilayer thin films [148] and
mesoporous In2O3@CuO multijunction nanofibres [149].

3.2. Improved Gas Sensing Mechanism towards Oxidising Gases

In contrast to the sensing behaviour of n-n or n-p heterojunctions towards reducing
gases, sensors based on n-n or the n-p heterojunctions were reported to exhibit a typical
p-type sensing performance towards the oxidising gases. Many researchers have studied
the oxidising gas (such as NO2) sensing performance of heterojunctions based on n-type
metal oxides at working temperatures within the range of 150 ◦C to 400 ◦C. The ZnO
nanoparticles exhibited a typical p-type sensing performance towards 0.3–10 ppm NO2
at the working temperature of 250 ◦C, with the resistance of the sensor increasing quickly
when exposed to an NO2 gas atmosphere [150]. In air, oxygen molecules can adsorb
onto the active sites of the surface of the nanostructured ZnO according to Equation (7),
capturing electrons from the conductive bands of ZnO. This process causes a decrease
in carriers in ZnO and the formation of a depletion layer on the surface of ZnO. When
exposed to an NO2 atmosphere, the NO2 molecules can interact with the ZnO directly and
with adsorbed O− on the ZnO according to Equations (8) and (9), respectively. Generally,
NO2 can be adsorbed onto the active sites of the ZnO surface based on Equation (8),
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capturing the electrons from the ZnO to form NO2
−. The NO2

− can then further react
with adsorbed oxygen species following Equation (9), grabbing electrons from ZnO. These
sensing processes decrease the concentration of the carriers in the ZnO and increase the
thickness of the depletion layer in the surface of the ZnO, resulting in a significant increase
in the resistance of ZnO and the p-type sensing performance to NO2 gas.

1/2O2(g) + e− ↔ O−(ad) (7)

NO2(g) + e− ↔ NO2
−(ad) (8)

NO2
−(ad) + O−(ad) + 2e− ↔ NO(g) + 2O2

− (9)

In addition, sensors based on p-n or p-p heterojunctions have been found to show
typical n-type sensing performances towards oxidising gases. The resistances of the
sensors assembled by heterojunctions based on p-type metal oxides decrease rapidly when
exposed to oxidising gases at the working temperatures of approximately 200 ◦C. Taking
the sensor based on Co3O4 as an example, oxygen molecules can be adsorbed onto the
active sites on the surface of Co3O4 according to Equation (5), releasing holes to Co3O4 and
resulting in the formation of chemisorbed oxygen species (mainly O−). This process can
also induce the establishment of an accumulation layer in the surface of Co3O4. In an NO2
atmosphere, NO2 molecules have also been reported to adsorb onto the active sites of a
Co3O4 surface based on Equation (10), releasing holes to the sensing materials and forming
NO2

−. The adsorbed NO2
− can then interact with the adsorbed oxygen species according

to Equation (11), releasing more holes to Co3O4. These processes make the accumulating
layer thicker on the surface of Co3O4 and cause the resistance of the sensor to decrease,
leading to an n-type sensing performance of the Co3O4-based sensor towards NO2 [64].

NO2(g) ↔ NO2
−(ad) + h+ (10)

NO2
−(ad) + O−(ad) ↔ NO(g) + 2O2

−(ad) + 2h+ (11)

For the sensor based on an n-n heterojunction, the study of the gas sensing properties
of ZnO-SnO2 hollow nanofibres showed that the composites exhibit a much higher sensor
response towards NO2 than pure SnO2 [151]. In the composite, the Fermi level of the SnO2
is higher than that of the ZnO. The lower Fermi level of the ZnO can thus lead to the transfer
of the holes from ZnO to SnO2 and the diffusion of electrons to ZnO from SnO2 until their
Fermi levels reach an equilibrium state. This process can then form a thick accumulation
layer on the ZnO side and a thin depletion layer on the SnO2 side. In air atmosphere,
oxygen molecules can adsorb onto the surface of SnO2, which would capture electrons from
SnO2 and increase the thickness of the built-in depletion layer. The accumulation layer of
the electrons in ZnO can cause more molecules to absorb onto its surface in air, capturing
electrons and significantly decreasing the thickness of the established accumulation layer
and even lead to the formation of a thin depletion layer (see Figure 8(a1)). In an NO2
atmosphere, adsorbed NO2 molecules on the surfaces of the metal oxides and the reaction
between NO2 and adsorbed oxygen molecules further capture electrons in ZnO and SnO2,
significantly increase in the depletion layer at the interfaces between ZnO and SnO2 (see
Figure 8(a2)). As a result, the height of the potential barrier increases greatly, making
the ZnO-SnO2 hollow nanofibres exhibit an improved NO2 gas sensing property. The
sensors based on ZnO nanorods decorated with TiO2 nanoparticles [61], Bi2O3-branched
SnO2 nanowires [112], In2O3-composited SnO2 nanorods [152] and SnO2-core/ZnO-shell
nanowires [153] also exhibited improved NO2 gas sensing performances according to the
mechanism discussed above.
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Figure 8. The enhanced gas sensing mechanisms of (a1,a2) the hollow nanofibres of ZnO-SnO2 (n-n
heterojunction) (Copied with permission [151]. Copyright 2018, Elsevier.), (b1,b2) the ZnO/Co3O4

composite nanoparticle (n-p heterojunction) (Copied with permission [64]. Copyright 2016, Elsevier.)
and (c1,c2) NiO-SnO2 nanocomposites (p-n heterojunction) (Copied with permission [154]. Copyright
2016, Royal Society of Chemistry.) towards oxidising gases.

In the case of the n-p junction, Co3O4-decorated ZnO nanoparticles have been es-
tablished by Lee et al. and showed a significant enhancement in the NO2 gas sensing
performance [64]. The Fermi level of ZnO is higher than that of Co3O4, inducing the trans-
fer of carriers between them and the formation of a depletion layer at the heterojunction. In
air, the adsorption of the oxygen molecules on the surfaces of ZnO and Co3O4 capture the
electrons from ZnO and release holes to Co3O4. This leads to the building of a depletion
layer on the ZnO side and an accumulation layer on the Co3O4 side as well as a significant
bending in their energy bands (see Figure 8(b1)). As a result, a potential barrier is formed
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at the interfaces between ZnO and Co3O4, resulting in a higher resistance of the sensor
based on the composites than that of pure ZnO. In an NO2 atmosphere, the adsorption
of NO2 molecules on the surfaces of ZnO and Co3O4 can lead to the capture of electrons
from ZnO but the release of the holes to Co3O4. The variation in the carriers in ZnO and
Co3O4 causes both the depletion layer in ZnO and the accumulation layer in Co3O4 to
become thicker. This sensing process increases the height of the potential barrier in the
heterojunctions and significantly increases the resistance of the Co3O4-decorated ZnO
composite (see Figure 8(b1,b2)). Meanwhile, the catalytic property of Co3O4 to NO2 also
acts as a positive factor for the improved NO2 gas sensing performance of the composite.
Oxygen molecules are reported to be more easily adsorbed onto the surface of p-type metal
oxides, which is another reason for the improved NO2 gas sensing performance of the
Co3O4-decorated ZnO nanoparticles. The improvements in the NO2 gas sensing properties
of the SnO-SnO2 nanocomposites [90], CuO-decorated ZnO nanowires [155], TeO2/SnO2
brush- nanowires [156] and ultra-long ZnO@Bi2O3 heterojunction nanorods [157] can also
be attributed to the reasons listed above.

Sensors based on the p-n heterojunctions have also been reported to be effective at
detecting oxidising gases. For example, NiO-SnO2 nanocomposites (p-n junctions) were
found to exhibit an improved gas sensing performance towards NO2 compared with pure
NiO [154]. The Fermi level of the n-type SnO2 was found to be higher than that of the
p-type NiO. The electrons would be transferred from SnO2 to the NiO, and the holes would
diffuse from the NiO to the SnO2. In an air atmosphere, the adsorption of oxygen molecules
would capture electrons in the SnO2 and release the holes to NiO, resulting the formation
of a thin depletion layer in SnO2 and an accumulation layer in NiO. A potential barrier
is then established between NiO and SnO2, and the carriers in the sensing materials are
mainly transported through the accumulation layer. In an NO2 atmosphere, the adsorption
of NO2 molecules on the surface of NiO results in more holes being released to NiO, further
increasing the thickness of the accumulation layer in the NiO layer. The adsorption of
NO2 molecules on the surface of SnO2 would allow more electrons to be grabbed from the
SnO2, further increasing the thickness of the depletion layer in SnO2. Moreover, NO2 can
be adsorbed on SnO2 more easily due to its higher electron concentration. There would
be more NO2 molecules adsorbed on the NiO-SnO2 nanocomposites, further resulting in
the great modulation in the accumulation layer of the heterojunction nanocomposites. The
increase in the thickness of the accumulation layer in NiO would widen the conduction
channel for the carriers, which would result in a significant decrease in the resistance
of the sensing material (see Figure 8(c1,c2)). Therefore, the sensors based on NiO-SnO2
nanocomposites exhibit a higher sensor response to NO2 than that of bare NiO.

For the p-p heterojunction, the NO2 gas sensing performance of sensors based on
p-type NiO nanosheets could be successfully improved through modifying them with the
p-type CuO nanoparticles [158]. In the CuO-decorated NiO nanosheets, the differences in
Fermi levels of CuO and NiO lead to the transfer of carriers between the two, resulting
in the formation of a hole depletion layer and a hole accumulation layer between their
interfaces. In air, the adsorption of oxygen molecules on the surfaces of CuO and NiO
can release holes to the sensing materials, leading to the increase in the thickness of the
accumulation layer at the interfaces between CuO and NiO. When NO2 is introduced and
interacts with the sensing material, more holes are released to CuO and NiO. Moreover,
more NO2 molecules become adsorbed on the sensing material due to the accumulation of
holes in the composite and its higher specific surface area. This sensing process would more
effectively increase the carriers (holes) in the composites and widen the accumulation layer
between CuO and NiO. As a result, the resistance of the p-p heterojunctions significantly
decreased and the CuO-decorated NiO nanosheets presented an enhanced NO2 gas sensing
performance. The enhanced NO2 sensing mechanism discussed above can also be applied
to explain the improved NO2 sensing properties of the sensors based on CuO-decorated
TeO2 nanorods [102] and vertically aligned Cu3Mo2O9 micro/nanorods on a CuO layer
(Cu3Mo2O9@CuO nanorods) [159].

227



Nanomaterials 2021, 11, 1026

The discussions of the enhanced gas sensing mechanisms of the n-n, n-p, p-n and p-p
heterojunctions reveal that modulations of the height of the potential barriers and the thick-
ness of the accumulation layer in the heterojunctions are responsible for the improvements
of the gas sensing performances of the nanocomposites. The different Fermi levels of the
metal oxides induce band bending in the heterojunctions, leading to the formation of po-
tential barriers and accumulation layers in n-type and p-type heterojunctions, respectively.
The interactions between the targeted gases and the sensing materials cause variations
in the height of the potential barriers in n-type heterojunctions (n-n or n-p heterojunc-
tions) and the thickness of the accumulation layer in p-type heterojunctions (p-n or p-p
heterojunctions), inducing enhancements of the sensing performance of the composites.

4. Conclusions

The gas sensing performances of metal oxides have been successfully improved
through assembling heterojunctions in sensing materials. The heterojunctions are usually
constructed via combined methods of electrospinning, thermal oxidation, ALD, PLD,
hydrothermal process and CVD. The sensor response, response time or recovery time based
on n-n, n-p, p-n or p-p heterojunctions can be effectively enhanced. Modulations in the built-
in heterojunctions are mainly responsible for the enhanced gas sensing performances of
the sensors based on n-n or n-p junctions. The improvement in the gas sensing behaviours
of the sensors based on p-n or p-p heterojunctions can be attributed to variations in the
thicknesses of the accumulation layers in the junctions. n-type or p-type nanostructured
metal oxides with different morphologies can be selected to assemble heterojunctions and
their concentrations can modified, indicating that more interesting gas sensors based on
nanostructured metal oxide heterojunctions might be explored.
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sensing performances.
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Abstract: We investigated the colorimetric behaviors of metal surfaces with unidirectional low-
spatial-frequency laser-induced periodic surface structures (UD-LSFLs) and omnidirectional LSFLs
(OD-LSFLs) fabricated using femtosecond laser pulse irradiation. With the CIE standard illuminant
D65, incident at −45◦, we show that UD-LSFLs on metals transform polished metals to gonio-
apparent materials with a unique behavior of colorimetric responses, depending on both the detection
and rotation angles, whereas OD-LSFLs have nearly uniform gonio-apparent colors at each detection
angle, regardless of their rotation. These colorimetric behaviors can be observed not only at the
angles of diffraction but also near the angle of reflection, and we find that the power redistribution
due to Rayleigh anomalies also plays an important role in the colorimetric responses of UD- and
OD-LSFLs, in addition to diffraction.

Keywords: laser-induced periodic surface structures (LIPSS); laser ablation; structural color

1. Introduction

Nature creates a broad range of colors through periodic structures, pigments, and
bioluminescence [1]. Periodic structures, when compared to the other two coloration
mechanisms, present a unique capability to engineer colors through the modification of
their periods and orientations as well as source and observer positions, since structural
coloration by the periodic structures is rooted in diffraction [1,2].

In the past few decades, with femtosecond (fs) laser pulse irradiation, several types
of quasi-periodic structures can be fabricated on metals [3–9]. Among these fs laser-
induced periodic surface structures (LIPSSs), regarding structural coloration, low-spatial-
frequency LIPSSs (LSFLs) have been popularly investigated because diffraction from LSFLs
can be occurred in the entire range of visible wavelengths [4,5,9–15], and the viewing
direction of the structural color can be adjusted easily by controlling the period and
orientation of LSFLs with the incident angle and the polarization direction of fs laser pulses,
respectively [7,8,13,15–17]. Moreover, LSFLs on metals with high hardness can be used to
imprint themselves to the surface of soft metal such as Al [18], and this is promising for
mass production. Accordingly, the structural coloration using LSFLs illustrates the broad
applicability in industries.

Recently, we fabricated a new type of LSFL pattern, namely omnidirectional LSFLs
(OD-LSFLs), expanding the viewing angle of structural colors by periodically ordering
the orientation of LSFLs within the scanline [19]. Furthermore, compared to traditional
LSFLs with a single orientation, unidirectional LSFLs (UD-LSFLs), OD-LSFLs uniformly
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distribute structural colors to all the azimuthal angles and show rotationally symmetric
colorization under the normal illumination incidence [19].

The most notable applications for structural color materials are optical encryption
and anti-counterfeiting due to their controllable optical properties [20]. As mentioned
earlier, the structural colors from LSFLs can be easily altered by the polarization direction
and wavelength of fs laser pulses. In particular, due to a quasi-periodic nature of LSFLs,
their structural colors are unique in that it is exceedingly difficult to be duplicated through
other classical means [4]. LSFLs are therefore uniquely suited for optical encryption and
anti-counterfeiting [4,15]. To make use of UD- and OD-LSFLs for these applications, it is
essential to understand how the colorimetric responses of UD- and OD-LSFLs change with
their orientations and what mechanisms contribute to these colorimetric responses under
specific positions of source and observer [4,15,20–23].

In this paper, we measure the modified colorimetric behavior of metal surfaces at
multiple detection angles due to two types of LSFL patterns, UD-LSFLs and OD-LSFLs,
produced by fs laser pulse irradiation with linear and periodically rotating polarizations.
This work builds on our earlier study [19] and reports on angle-resolved distinctive char-
acteristics of colors arising from quasi-periodic structural details at the nanometer scale.
With the CIE standard illuminant D65, we show that both UD- and OD-LSFLs on metals
can transform polished metals to gonio-apparent materials, and each has its unique be-
havior of colorimetric responses, depending on both the detection and rotation angles. In
addition to diffraction, we find that the power redistribution due to Rayleigh anomalies
also significantly affects the colorimetric responses of UD- and OD-LSFLs.

2. Materials and Methods

The laser employed in this experiment is an amplified Ti:sapphire fs laser system
that generates 33.6-fs laser pulses with the maximum pulse energy of 1.2 mJ at a central
wavelength and repetition rate of 800 nm and 5 kHz, respectively. At the fs laser output, the
1/e2 intensity radius is about 5 mm. We first prepare pure polycrystalline Ni (99.9%) with a
thickness of 2 mm, and the surfaces are mechanically polished with 80-nm-grade colloidal
silica. The average roughness of the polished Ni samples measured is 9.4 nm. To create
UD-LSFLs on Ni, linearly polarized fs laser pulses are focused onto the samples with a
100 mm focal length plano-convex lens, as shown in Figure 1a. The surface of each sample
is located at 1.5 mm before the focal plane. The 1/e2 intensity spot radius is about 80 μm at
this defocused distance. To manipulate the polarization direction of fs laser pulses for the
fabrication of OD-LSFLs, we insert a liquid crystal polymer patterned depolarizer (LCPPD)
right before the focusing lens. A birefringent liquid crystal polymer film protected by two
BK7 plates is used in the LCPPD, as shown in Figure 1b, and introduces an optical path
difference of 380–430 nm between its fast and slow axes at our laser wavelength of 800 nm
so that it nearly acts as a half-wave plate. Its fast axis also rotates 2◦ about the optical axis
every 25 μm across the laser spot in the y-direction. Therefore, the polarization direction
of fs laser pulses rotates periodically along the y-direction after LCPPD, and the period
of the rotation by 180◦ is 1.125 mm, as visualized in Figure 1c. The 1/e2 intensity spot
radius slightly increases to about 90 μm only in the y-direction at a defocused distance of
1.5 mm due to our LCPPD. Accordingly, the geometrical average of the spot radius, 85 μm,
is used to calculate the laser fluence with our LCPPD. For colorimetric measurements with
our spectrophotometer MA94 (X-Rite, Grand Rapids, MI, USA), UD- and OD-LSFLs are
fabricated by raster scanning fs laser pulses with an area of 625 mm2 (25 mm × 25 mm),
sufficiently covering the circular area required for measurements. The light source for
illumination in our spectrophotometer is a gas-filled tungsten lamp, and the colorimetric
response due to the light source is calibrated so that the D65 colorimetric illuminant with
the CIE 10◦ 1964 standard observer is used in our experiments. The colorimetric responses
of the samples are measured at five different angles of detection, −65◦, −30◦, 0◦, 20◦, and
30◦, with our spectrophotometer at an illumination incident angle of −45◦, as shown in
Figure 2. Each sample is mounted on the rotation stage and rotated about the z-axis, while
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the spectrophotometer itself stands still. The rotation angle of the sample about the z-axis
is indicated by ϕ, defined as 0◦ when the x-axis is antiparallel to the j-axis, depicted in
Figure 2.

Figure 1. (a) Schematic of UD-LSFL fabrication in our experiments. The polarization direction of
the fs laser pulses is in the y-direction. (b) Schematic of OD-LSFL fabrication in our experiments.
The polarization direction of the fs laser pulses is manipulated by our liquid crystal polymer patterned
depolarizer (LCPPD). (c) Calculated directions of polarization within the 1/e2 intensity radius of the
fs laser pulses right after LCPPD. Angles denote the rotated angles of polarization direction due to
LCPPD with respect to the y-direction.

Figure 2. Configuration of the colorimetric measurements from the polished Ni, UD- and OD-LSFLs
on Ni by using a spectrophotometer with detection angles of 30◦, 20◦, 0◦, −30◦, and −65◦. The ijk
axes are the space-fixed frame with their origin located in the center of the D65 illuminant spot at the
sample surface. The xyz axes are the body-fixed frame, rotating with the Ni sample, and the sample
rotation about the z-axis is indicated by ϕ, defined as 0◦ when the x-direction is antiparallel to the
j-direction.
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3. Results

Figure 3 shows the scanning electron microscope (SEM) images of UD- and OD-LSFLs,
fabricated at normal incidence with laser fluences of 0.16 J/cm2 and 0.14 J/cm2 by raster
scanning fs laser pulses with scanning speeds of 8 mm/s and 4 mm/s, respectively. Under
these experimental conditions, the period of UD- and OD-LSFLs groove estimated by using
the Fourier transform of the SEM images is about 0.64 ± 0.03 μm, and the modulation
depth of their grooves is about 0.42 ± 0.15 μm, measured by a confocal laser scanning
microscope. As described by the double-headed red arrows in Figure 3, the grating vectors
of UD- and OD-LSFLs are determined by the polarization direction of the incident fs pulses,
since the formation of LSFLs is mainly attributed to the inhomogeneous energy deposition
due to the interference of the incident fs pulse with surface plasmon polaritons, excited
by the incident pulse [2]. The thickness of the scanlines for both UD- and OD-LSFLs is in
the range of 68–74 μm, while the distance between the scanlines is 90 μm. Accordingly,
there exists a gap of 16–22 μm between the scanlines. This gap is deliberately inserted to
eliminate any unwanted effects on structural coloration, resulting from the decreases in
the reflectance [2] and period [24] of LSFLs by means of extra pulses of irradiation due
to the overlapping of scanlines. Within a single scanline of OD-LSFLs, the number and
period of LSFL orientation rotations by 180◦ are about 4 and 18 μm, respectively, and this
is consistent with our previous work where the same defocused distance was used [19].

Figure 3. SEM images of (a) UD-LSFLs and (b) OD-LSFLs fabricated at a defocused distance of
1.5 mm. Double-headed red arrows indicate the grating vector (orientation) of UD- and OD-LSFLs
and the polarization direction of fs laser pulses. The inset in (a) shows the surface roughness and
irregular periodicity of UD-LSFLs on Ni.
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Figure 4 shows the dependence of structural colors from the three samples on the
rotation and detection angles. The CIELAB color space is employed because it is device-
independent [25] and the color and its difference can be easily quantified by three coor-
dinates, L*, a*, and b* [26,27]. L* stands for the lightness value, brightness in the color
space, and a* and b* represent colors changing from green to red and blue to yellow,
respectively, as their values increase from negative to positive. The neutral gray color
appears when a* and b* equal zero. The difference in color between two points, (L∗

1, a∗1, b∗1)
and (L∗

2, a∗2, b∗2) in the CIELAB color space, ΔE, is defined as the Euclidian distance

between these points, ΔE =
√(

L∗
1 − L∗

2
)2

+
(
a∗1 − a∗2

)2
+

(
b∗1 − b∗2

)2 [26,27], and is percep-
tible when ΔE > 3.0 [25]. By considering the structural symmetry of UD- and OD-LSFLs
in terms of their orientations, L*, a*, and b* values are measured in the rotation angle (ϕ)
range of 180◦ at all detection angles (θ), and each data point is described by a small dot
with actual true color, as shown in Figure 4.

Figure 4. L*, a*, and b* in the CIELAB color space are measured in a rotation angle (ϕ) range of 0◦

to 180◦ on (a) the polished Ni surface, (b) UD-LSFLs on Ni, and (c) OD-LSFLs on Ni. Red, green,
blue, magenta, and cyan solid lines are used to represent our colorimetric measurements at detection
angles (θ) of 30◦, 20◦, 0◦, −30◦, and −65◦, respectively. Each data point is represented by a small dot
color-coded with actual angle-resolved true color. In (b), changing directions of L*, a*, and b* during
an increase in ϕ from 0◦ to 90◦ are denoted by single-headed red, green, blue, magenta, and cyan
arrows for detection angles of 30◦, 20◦, 0◦, −30◦, and −65◦, respectively.
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On the polished Ni surface without LSFLs, as shown in Figure 4a, a* and b* are
almost independent of the detection (θ) and rotation angles (ϕ), and located near zero.
This indicates that the color of the polished sample is very close to neutral gray in our
experiments. During the rotation of the sample, the maximum difference in color, ΔEmax,
within each detection angle is less than 3.0.

Figure 4b shows L*, a*, and b* for UD-LSFLs on Ni, and the changing directions of
L*, a*, and b* during an increase in the rotation angle (ϕ) from 0◦ to 90◦ are represented
by single-headed red, green, blue, magenta, and cyan arrows for detection angles of 30◦,
20◦, 0◦, −30◦, and −65◦, respectively. Different from the polished Ni, a* and b* clearly
change both with θ and ϕ, and the structural color can significantly deviate from neutral
gray. For two backward detection angles of −30◦ and −65◦, L*, |a*|, and |b*| tend to
decrease as ϕ increases from 0◦ to 90◦. Changes in b* with ϕ are a little bit complicated
at θ= −30◦, where b* reaches its maximum around ϕ ~ 25◦. In the case of two forward
detection angles of 20◦ and 30◦, both L* and b* monotonically elevate as ϕ changes from 0◦
to 90◦. Compared to L* and b*, the change in a* is relatively small at these forward detection
angles. For θ = 0◦, an increase in ϕ from 0◦ to 45◦ decreases L*, |a*| and |b*|, and the
structural color from UD-LSFLs becomes a neutral gray color around ϕ = 45◦. Then, L*,
a*, and b* elevate all together when ϕ changes from 45◦ to 90◦. During the rotation of the
sample, the changes in color from UD-LSFLs are significantly large at all detection angles.
The maximum values of measured color difference,ΔEmax, are 49.8, 47.0, 80.1, 48.7, and 77.1
at θ = 30◦, 20◦, 0◦, −30◦, and −65◦, respectively, during the change in ϕ from 0◦ to 90◦. Due
to the structural symmetry of UD-LSFLs and our color measurement configuration, the
changes in the structural color of UD-LSFLs while ϕ increases from 0◦ to 90◦ are equivalent
to the changes in ϕ from 180◦ to 90◦ at all detection angles, as shown in Figure 4b.

For OD-LSFLs, as shown in Figure 4c, the structural color changes mostly with the
detection angle (θ), and appears to have a weak dependence on the rotation angle (ϕ)
as compared to that for UD-LSFLs: during the rotation of OD-LSFLs, L*, a*, and b* are
positioned within the variation range of those measured from UD-LSFLs within each
detection angle. The maximum difference in color during the rotation of OD-LSFLs is less
than 7.0 at each detection angle.

4. Discussion

As briefly mentioned earlier in Section 1, periodic structures can colorize material
surfaces through diffraction. In fact, diffraction from periodic structures can be simply
understood as the transfer of wavevector from the longitudinal direction to the transverse
direction, where the amount of the transfer is the grating vector of periodic structures
multiplied by integer numbers [28,29]. Assuming that our periodic structures are fabricated
in the ij plane, as shown in Figure 2, the wavevector of diffracted light as functions of the
wavelength of light (λ) and the rotation angle (ϕ) about the z-axis can be calculated by the
following equation [29,30]:

kdiff(m) =
^
i
(−k sin θi + m

∣∣Kg
∣∣cos ϕ

)
+

^
jm

∣∣∣∣Kg

∣∣∣∣sin ϕ

−k̂

√
k2 − (−k sin θi + m

∣∣Kg
∣∣cos ϕ

)2 − (
m
∣∣Kg

∣∣sin ϕ
)2,

(1)

where kdiff and Kg are the wavevectors of diffracted light and LSFLs, respectively, k is
2π/λ,

∣∣Kg
∣∣ is 2π/d, d is the period of one-dimensional periodic structures, and θi is the

incident angle of illumination, −45◦ in our color measurement conditions. As described

in Figure 2,
^
i,

^
j, and k̂ are the unit vectors along the ijk axes of the space-fixed frame, and

the origin of this system is located in the center of the D65 illuminant spot at the sample
surface. In Equation (1), m represents the mth order of diffraction, available when the k̂

component of kdiff is real.
In the case of the polished Ni sample, no deliberately fabricated periodic structures

are present at its surface, and local roughness variations largely due to structural defects
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and polishing-induced surface scratches can effectively diffuse the reflected light. Because
roughness-induced diffuse light plays a dominant role in its coloration, this scenario can
account for our observation that L*, a*, and b* are nearly independent of ϕ, exhibiting
neutral gray color at all detection angles, as shown in Figure 4a.

In the case of UD-LSFLs, however, diffraction comes into play on the colorimetric
response of the surface due to a quasi-periodic nature of UD-LSFLs, and the surface
roughness and quasi-periodicity of UD-LSFLs shown in the inset of Figure 3a diffuse the
light near the diffraction and reflection angles.

With a UD-LSFL period range of 0.61 to 0.67 μm and the CIE 10◦ 1964 standard
observer, the wavelength range of diffracted light can be obtained for ϕ = 0 at each detection
angle with the help of Equation (1), as shown in Figure 5a. The −1st, −2nd, and −3rd
orders of diffraction occur at our detection angles (θ) in the wavelength range of D65.
However, any effects on color from the −3rd order of diffraction can be ignored, since the
spectral luminous efficiency in photopic and scotopic vision is negligible at wavelengths
below 380 nm [27].

Figure 5. (a) Calculated mth order diffraction angles as a function of the wavelength of light.
The ranges of the wavelength detected by three detection angles of 0◦, −30◦, and −65◦ are described
by rectangular boxes filled with blue, red, and purple for m = −1, −2, and −3, respectively. For these
boxed regions, the CIE 10◦ 1964 standard observer and a groove period range of 610–670 nm are
considered. (b) Rotation angle ϕ versus the cutoff wavelengths for m = −3, −2, −1, and 1. Solid and
dashed lines are used to describe the cases with groove periods of 610 and 670 nm, respectively.
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Accordingly, for θ = −65◦, the structural color of UD-LSFLs can be mainly attributed to
the −2nd order of diffraction at ϕ = 0, and is close to bluish-green, the mixture of blue and
green colors, where a dominant wavelength range of 480–552 nm is considered to primarily
determine the perceived color. For detection angles of −30◦, the −2nd and −1st orders
of diffraction corresponding to wavelength ranges of 345–429 nm and 689–859 nm, both
contribute to the color of UD-LSFLs respectively, leading the perceived color to be similar
to purplish-pink. By increasing ϕ from 0◦ to 90◦, the propagation direction of diffraction
starts to have the j component, as described in Equation (1). Since our color measurements
are restricted near the ik plane shown in Figure 2, the effect on L*, |a*|, and |b*| due
to diffraction at our spectrometers should decrease while |sin ϕ| increases. As shown in
Figure 4b, on UD-LSFLs for θ = −65◦ and −30◦, the structural color of UD-LSFLs shifts
toward neutral gray at ϕ = 90◦, indicating that diffraction by UD-LSFLs mostly contributes
to their color.

For forward detection angles of θ = 20◦ and 30◦, the structural color of UD-LSFLs
deviates from neutral gray at most of ϕ measured in our experiments, and the changes in
L* and b* at these forward detection angles are quite different from those at the backward
detection angles. According to Equation (1) and Figure 5, there is no diffracted light
propagating toward these detection angles, and therefore it is expected that the diffused
light due to surface roughness and the irregular periodicity of UD-LSFLs mainly affects the
coloration of UD-LSFLs.

To better understand our observations, we consider Rayleigh or threshold anoma-
lies [28,29]. Rayleigh anomalies explain the abrupt power changes to the propagating
orders of diffracted lights and the reflected light at a cutoff wavelength (λc) due to the
power redistribution when a specific diffraction order disappears or appears with the
changes in the wavelength and/or incident angle of light [28,29]. Considering no real
part of the k̂ component in kdiff in Equation (1), the cutoff wavelength (λc) at all available
diffraction orders (m) for the period range of UD-LSFLs, 0.61–0.67 μm, is calculated as a
function of ϕ in Figure 5b. For λ > λc, no diffraction occurs because the k̂ component of
kdiff is imaginary.

Based on our calculations, the cutoff wavelengths for m = −2 are in a wavelength
range of 520–570 nm at ϕ = 0, and this range can be further broadened by the surface
roughness and irregular periodicity of UD-LSFLs. Therefore, not all wavelength range of
D65 illuminant in the visible spectral region is fully diffracted when m = −2, and some
portion of power from the −2nd order of diffraction with the wavelengths longer than
about 520 nm is redistributed into the diffused light, propagating toward detection angles
(θ) of 20◦ and 30◦. It follows that the structural color of UD-LSFLs becomes yellowish-
pink, as a result of the contribution of red and some amount of yellow and green, whose
corresponding wavelengths are mostly longer than about 550 nm in the visible spectral
region, and the structural color deviates from the color of the polished sample, neutral
gray. As ϕ increases until 45◦, the cutoff wavelengths for m = −2 continuously decrease
to about 416–458 nm shown in Figure 5b. More power from shorter wavelengths will be
redistributed, and this leads to an increase in L*, as shown in Figure 4b. Additionally, the
structural color of UD-LSFLs at these forward detection angles shifts toward orange-yellow,
because the contribution of additional green and yellow with a small amount of blue to
yellowish pink becomes larger with the decrease in the cutoff wavelengths for m = −2. This
is equivalent to an increase in b* since the contribution of more yellow than blue elevates b*

in the CIELAB color space. When we further increase ϕ to 90◦, the cutoff wavelength for
m = −2 can reach the wavelength below 400 nm, and the −2nd order of diffraction does
not affect the structural color of UD-LSFLs anymore. Instead, the −1st order of diffraction
comes into play by disappearing from red to blue. Consequently, the disappeared color
from the −1st order of diffraction is continuously transferred toward our forward detection
angles and keeps increasing L* and b*, the same reason for ϕ < 45◦.

At θ = 0 ◦, the effects from both diffraction and Rayleigh anomalies are clearly observed
on UD-LFSLs. When ϕ = 0◦, the −1st order of diffraction with a wavelength range of 378–
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533 nm mostly determines the structural color of UD-LSFLs, greenish-blue. As ϕ increases,
any effects due to the −1st order of diffraction reduce, due to our color measurement
configuration limited near the plane of illumination incidence, and the structural color of
UD-LSFLs shifts to neutral gray. However, once ϕ reaches 50◦ and further increases to 90◦,
Rayleigh anomalies clearly have an effect on the color of UD-LSFLs by disappearing the
−1st order of diffraction as the cutoff wavelength decreases, and lead to the increases in L*
and b*. More discussion about the angular-dependence of colorimetric responses shown in
Figure 4b is available in Supplementary Materials.

In the case of OD-LSFLs, their structural color depends mainly on the detection angle,
but does not change much on the rotation angle (ϕ). Moreover, it is not neutral gray, and
varies within the colorimetric response variation of UD-LSFLs with ϕ at each detection
angle, as shown in Figure 4c. This indicates that the structural color of OD-LSFLs is also
subject to both diffraction and Rayleigh anomalies, and mostly is attributed to overall
contribution from all the colorimetric responses of UD-LSFLs with the ϕ range of 0◦ to 180◦
since OD-LSFLs are UD-LSFLs with a periodic ordering of their orientations.

5. Conclusions

The colorimetric behaviors of the polished Ni, UD-LSFLs, and OD-LSFLs on Ni
are investigated by using the CIE standard illuminant D65 at an illumination angle of
−45◦. We demonstrate that UD-LSFLs on metals can transform polished metals to gonio-
apparent materials with their colorimetric responses that depend on the rotation angle
of the sample, whereas the colorimetric response of OD-LSFLs changes only with the
detection angle, and is nearly independent of the rotation angles. Furthermore, we find that
these colorimetric responses of UD- and OD-LSFLs are attributed not only to diffraction
but also to the wavelength-dependent power redistribution to the diffused light due to
Rayleigh anomalies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11082010/s1, More discussion about the angular-dependence of colorimetric responses
shown in Figure 4b is available.
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Abstract: In-Sn-Zn oxide (ITZO) nanocomposite films have been investigated extensively as a
potential material in thin-film transistors due to their good electrical properties. In this work, ITZO
thin films were deposited on glass substrates by high-power impulse magnetron sputtering (HiPIMS)
at room temperature. The influence of the duty cycle (pulse off-time) on the microstructures and
electrical performance of the films was investigated. The results showed that ITZO thin films
prepared by HiPIMS were dense and smooth compared to thin films prepared by direct-current
magnetron sputtering (DCMS). With the pulse off-time increasing from 0 μs (DCMS) to 2000 μs, the
films’ crystallinity enhanced. When the pulse off-time was longer than 1000 μs, In2O3 structure could
be detected in the films. The films’ electrical resistivity reduced as the pulse off-time extended. Most
notably, the optimal resistivity of as low as 4.07 × 10−3 Ω·cm could be achieved when the pulse off-
time was 2000 μs. Its corresponding carrier mobility and carrier concentration were 12.88 cm2V−1s−1

and 1.25 × 1020 cm−3, respectively.

Keywords: ITZO film; high-power impulse magnetron sputtering; duty cycle; pulse off-time; electri-
cal properties

1. Introduction

Si-based thin-film transistors (TFTs) are widely used in liquid crystal displays, sen-
sors, logic integrated circuits, etc. [1–3]. However, the high temperatures required for the
formation of Si materials severely limits their applications in novel optoelectronic devices.
For instance, flexible electrical devices and wearable devices are being developed rapidly
nowadays but the flexible substrates used in these devices possess poor heat resistance,
which makes Si-based TFTs unusable in these fields. Conversely, amorphous oxide semi-
conductors can be fabricated at room temperature [4–6]. Such materials combine good light
transmittance and conductivity. Therefore, TFTs based on such materials are gradually
replacing Si-based TFTs in certain areas. To date, the amorphous oxide semiconductor
that has been most widely studied and has achieved commercial applications is In-Ga-
Zn-O (IGZO) [7,8]. Its good uniformity and high carrier mobility (~10 cm2/Vs) have led
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to it attracting much attention in recent years [9]. Unfortunately, during the traditional
back-channel-etching process used to manufacture amorphous IGZO TFTs, IGZO reacts
easily with weak acids [10,11]. Furthermore, the field-effect mobility of IGZO TFT is still
inadequate to drive high-frame-rate displays [12]. Therefore, it is necessary to explore
other amorphous oxide semiconductors.

In-Sn-Zn-O (ITZO) is a novel transparent conductive material that replaces Ga2O3
in IGZO with more chemically stable SnO2, which helps to endow ITZO with better
etching-resistance ability [13]. Meanwhile, the direct spatial overlap of the orbitals between
Sn 5s orbital and In 5s can enhance the mobility of the electrons within the conduction
band minimum, leading to a higher carrier mobility [14]. In addition, compared with
the substitution of Zn2+ by trivalent Ga3+, the substitution of Zn2+ by tetravalent Sn4+

will release more free electrons and improve the electrical properties of the films [15]. As
a result, ITZO-based TFTs have high potential for the development of next generation
displays due to their good etching-resistance during the back-channel-etching process.

Currently, magnetron sputtering and the sol-gel method are most commonly used to
prepare ZnO-based thin films [16–18]. In particular, magnetron sputtering has attracted
much attention due to its low deposition temperature, fast sputtering speed, uniform film
formation, and good repeatability [19–21]. However, the films deposited by traditional
magnetron sputtering method present loose structure with many defects, greatly affect-
ing the films’ performance [22]. The relatively recently developed high-power impulse
magnetron sputtering (HiPIMS) technology has an important advantage in its high target
ionization rate, which can improve the activity of the various species during the sputtering
process [23–26]. In addition, due to the high instantaneous power density applied on the
target, the energy of the incident species to the substrate is effectively increased, resulting
in the formation of a denser and more uniform film, thereby reducing the carrier scattering
and enhancing the carrier mobility [27,28]. To the best of our knowledge, no other groups
have prepared ITZO films using HiPIMS technology. In the current work, the optoelec-
tronic properties of ITZO films prepared by HiPIMS technology under different duty cycles
were investigated.

2. Experimental Details

ITZO thin films with a thickness of 100 nm were deposited through HiPIMS technology on
glass and silicon substrates from an ITZO target (99.9% purity, In2O3:SnO2:ZnO = 30:35:35 at.%,
Φ = 76.2 mm) at room temperature. The working pressure was 0.7 Pa with the Ar flow
rate maintained at 20 sccm. The sputtering power of the HiPIMS power supply was 300 W,
while the pulse on-time (ton) remained at 50 μs. The pulse off-time (toff) varied from 0 to
2000 μs during the deposition process. The duty cycle is defined as the ratio between the ton
and the sum of ton plus toff, and therefore reduces with an increase in toff. The deposition
parameters maintained during the deposition are summarized in Table 1.

Table 1. Sputtering parameters maintained during deposition of ITZO thin films.

Parameters Value Parameters Value

Target ITZO Background pressure (Pa) <7 × 10−4

Substrate Glass/silicon Working pressure (Pa) 0.7
ton (μs) 50 Ar flow rate (sccm) 20
toff (μs) 0 → 2000 Deposition temp. (◦C) ambient

Power (W) 300 Film thickness (nm) ~100

The sputtering voltage and current variation of HiPIMS power output were monitored
by oscilloscope (Rigol DS5202CA, Rigol Technologies. Inc., Beijing, China). The films’
thickness was detected by step profiler (Kosaka Surfcoder, Kosaka Laboratory Ltd., Tokyo,
Japan). The films’ composition was characterized by electron probe X-ray microanalyzer
(EPMA, JEOL JXA-8200, JEOL, Tokyo, Japan). The structural properties of ITZO films were
analyzed through X-ray diffractometer (XRD, Rigaku Ultima IV, Tokyo, Japan). The surface
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roughness of the films was measured by atomic force microscope (AFM, DI-Dimension
3100, Digital instruments, Bresso, Italy). The microstructure of the specimens prepared
by focused ion beam (FIB) milling was observed on cross-sections by high resolution
transmission electron microscopy (HR-TEM, JEOL JEM-2100, JEOL, Tokyo, Japan). The
films’ electrical properties were obtained by the Hall effect measurement system (AHM-
800B, Agilent Technologies, Santa Clare, CA, USA).

3. Results

Figure 1 shows the variation of the sputtering voltage and current on the target with
the pulse off-time prolongation during the deposition process. Both of them increased with
the extension of the pulse off-time. Consequently, the peak power density on the target
also rises gradually. The variation of the duty cycle and the calculated peak power density
as a function of toff are given in Table 2. As the pulse off-time extended from 0 μs to 2000
μs, the target peak power density rises greatly from 6.42 to 531.97 W·cm−2. However, the
deposition rate monotonically decreased with the extension of pulse off-time (Figure 2).
With increasing pulse off-time, the reduction in the effective sputtering period resulted in
fewer target atoms being sputtered, which in turn reduced the deposition rate.

Figure 1. The sputtering voltage and current with different sputtering pulse off-times (toff): (a) 0 μs, (b) 500 μs, (c) 1000 μs,
(d) 1500 μs, and (e) 2000 μs.

Table 2. The variation of duty cycle and peak power density as a function of toff used in each
experiment (ton = 50 μs).

toff (μs) 0 500 1000 1500 2000

Duty cycle (%) 100 9.09 4.72 3.23 2.44
Peak power density (W/cm2) 6.42 189.47 257.89 442.11 531.97

Table 3 shows the relationship between the pulse off-time and the film’s composition.
The content of In, Sn, Zn, and O in the film changed slightly as the pulse off-time was
extended. When the pulse off-time was 0 μs, the sputtering mode was equivalent to
conventional DCMS, where the target ionization rate is limited. Upon extension of the pulse
off-time, the peak power density applied on the target surface increased markedly, and the
instantaneous energy released on the target rises considerably, resulting in a significant
increase in the ionization rate of the target species. The ionized target species possess
higher activity and react more easily with the reactive O atoms. Therefore, O content in
the films deposited using HiPIMS mode was higher than that in the films deposited by
DCMS mode. Nevertheless, the films’ composition remained almost unchanged and they
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were always oxygen-deficient, resulting in the formation of donor defects such as oxygen
vacancies, thereby improving their conductivity.

 
Figure 2. Deposition rate at different pulse off-times.

Table 3. Atomic concentration of ITZO films deposited at different pulse off-times.

toff (μs) In Sn Zn O

0 54.69 (±0.1) at.% 3.49 (±0.1) at.% 1.19 (±0.1) at.% 40.63 (±0.1) at.%
500 52.95 (±0.1) at.% 3.47 (±0.1) at.% 1.03 (±0.1) at.% 42.56 (±0.1) at.%

1000 52.31 (±0.1) at.% 3.32 (±0.1) at.% 1.19 (±0.1) at.% 43.18 (±0.1) at.%
1500 52.91 (±0.1) at.% 3.56 (±0.1) at.% 1.03 (±0.1) at.% 42.50 (±0.1) at.%
2000 51.67 (±0.1) at.% 3.89 (±0.1) at.% 1.14 (±0.1) at.% 43.30 (±0.1) at.%

Figure 3 shows the XRD spectra of the ITZO thin films deposited with various pulse
off-times. Amorphous-like structures were obtained when the pulse off-times were 0 μs
and 500 μs. No obvious diffraction peak could be detected in either of these films. As the
pulse off-time extended to 1000 μs and 1500 μs, ITZO films began to crystallize and an
In2O3 (222) diffraction peak emerged. Upon further extending the pulse off-time to 2000 μs,
the films’ crystallinity increased significantly. Additional diffraction peaks of In2O3 (222),
In2O3 (400), In2O3 (440), and In2O3 (622) were also identified. This behavior was related to
higher instantaneous energy being bombarded on the target with the extension of pulse
off-time; therefore, the sputtering species consequently possessed more kinetic energy.
This promoted the nucleation and orderly growth of the ITZO films, thus improving the
films’ crystallinity. The films’ crystalline features can be analyzed by TEM, as shown in
Figure 4. The close-up lattice images in this figure are taken from the areas marked by
red squares and produced through inverse Fourier transformation. In Figure 4a, many
amorphous areas can be found in the ITZO film deposited with the pulse off-time of 0 μs.
In contrast, In2O3 (222) planes with interplanar lattice spacing of about 2.9 Å can be clearly
observed in Figure 4b, indicating that the films’ crystallinity increased with the extension
of pulse off-time.
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Figure 3. XRD patterns of ITZO films deposited at different pulse off-times.

 



Figure 4. The cross-sectional TEM images as well as the corresponding enlarged images of ITZO films deposited with pulse
off-times of (a) 0 μs and (b) 2000 μs.

The films’ surface morphology was characterized through AFM analysis (Figure 5).
The roughness of the films decreased from 2.17 nm to 0.85 nm and further to 0.70 nm, as
the pulse off-time extended from 0 μs to 1000 μs and on to 2000 μs. Due to the high-energy
sputtering species bombardment of the substrate during the deposition process, the films
became much denser and smoother under extended pulse off-time.

The films’ electrical properties as analyzed by Hall measurement are shown in Figure 6.
The variation of the carrier concentration and the carrier mobility are summarized in
Figure 6a. As the pulse off-time was raised from 0 to 500 μs, the deposition mode changed
from DC mode to HiPIMS mode. Due to the higher kinetic energy of the sputtering
species bombarding the substrate during the HiPIMS deposition mode, a denser film with
a low amount of defects was obtained. As a result, the carrier concentration decreased
from 3.92 × 1019 cm−3 to 9.11 × 1018 cm−3; while the carrier scattering reduced, and the
carrier mobility increased greatly from 3.99 cm2V−1s−1 to 31.25 cm2V−1s−1. Upon further
extending the pulse off-time, the films changed from an isotropic amorphous structure
to an anisotropic polycrystalline structure, with more grain boundaries introduced. This
increased the probability of grain boundary scattering and hindered the carrier migration,
resulting in a decrease in the carrier mobility. Similar behavior has also been found in
nitrogen-doped ITZO films [29]. In addition, the target ionization rate enhanced with
the extension of the pulse off-time, thereby raising the activity of the doping species
during the sputtering process. Thus, the substitution of In3+ ions by Sn4+ occurred more
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readily. This substitution leads to lattice distortion and aids in the formation of VO (oxygen
vacancies) and SnIn (the substitution of In3+ by Sn4+) donor defects, which both improve
the carrier concentration.

 

Figure 5. AFM images of ITZO films deposited with pulse off-times of (a) 0 μs, (b) 500 μs, (c) 1000 μs,
and (d) 2000 μs.
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Figure 6. Electrical properties of ITZO films deposited at different pulse off-times: (a) the carrier mobility and carrier
concentration and (b) the films’ resistivity.

The film’s resistivity is related to the carrier mobility and carrier concentration. Their
relationship is calculated using the following equation [30]:

ρ =
1

(e × μ × N)
(1)

where ρ is the film’s resistivity, e is the electron charge, μ is the carrier mobility, and N is
the carrier concentration. Through the combined effects of carrier mobility and carrier
concentration, the variation of the films’ resistivity as a function of pulse off-time is shown
in Figure 6b. It decreased from 3.98 × 10−2 Ω·cm to 4.07 × 10−3 Ω·cm as the pulse off time
rises from 0 μs to 2000 μs.
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4. Conclusions

In this work, ITZO thin films were deposited on glass substrates at room temperature
through HiPIMS technology with various pulse off-times. The microstructures and elec-
trical properties of the films were investigated. The results show that compared with the
ITZO film deposited under DCMS mode, ITZO films deposited using HiPIMS mode are
denser and possess smoother surface morphology. As the pulse off-time was extended,
the crystallinity of ITZO films enhanced, and the film’s resistivity effectively reduced. The
optimal resistivity of about 4.07 × 10−3 Ω·cm was achieved when the pulse off-time was
2000 μs. This result indicates that through utilizing HiPIMS technology, ITZO films with
controllable carrier concentration and carrier mobility in addition to controllable resistivity
can be produced, which is desirable in the production of films for applications in various
optoelectronic devices.
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Abstract: Virus infection is one of the threats to the health of organisms, and finding suitable an-
tiviral agents is one of the main tasks of current researchers. Metal ions participate in multiple key
reaction stages of organisms and maintain the important homeostasis of organisms. The application
of synthetic metal-based nanomaterials as an antiviral therapy is a promising new research direction.
Based on the application of synthetic metal-based nanomaterials in antiviral therapy, we summarize
the research progress of metal-based nanomaterials in recent years. This review analyzes the three
inhibition pathways of metal nanomaterials as antiviral therapeutic materials against viral infections,
including direct inactivation, inhibition of virus adsorption and entry, and intracellular virus suppres-
sion; it further classifies and summarizes them according to their inhibition mechanisms. In addition,
the use of metal nanomaterials as antiviral drug carriers and vaccine adjuvants is summarized. The
analysis clarifies the antiviral mechanism of metal nanomaterials and broadens the application in the
field of antiviral therapy.

Keywords: metal-based nanomaterials; characteristics; antiviral therapy; mechanism; application

1. Introduction

Virus infection has always been a threat to human and animal health. Typical viruses
include hepatitis B virus [1], influenza virus [2], human immunodeficiency virus (HIV) [3],
and coronavirus [4], etc., which can cause severe disease. Therefore, antiviral drug de-
velopment is a major research direction for scientists. At present, the main treatment
methods for viral infections include developing vaccines and screening antiviral drugs.
However, the cycle for virus vaccine development and drug screening is currently too
long. Additionally, the emergence of antiviral drug resistance has brought considerable
challenges to successfully suppressing viral infections, so the development of new antiviral
drugs is particularly important.

As one of the emerging fields in recent years, nanomaterials can be simply divided
into one-dimensional, two-dimensional, and three-dimensional nanostructures according
to the morphology of the material. There are many methods to synthesize nanomate-
rials, such as mechanical grinding synthesis [5], chemical vapor synthesis [6], chemical
liquid reaction [7], physical vapor deposition [8], and phytosynthesis [9,10]. Among them,
the phytosynthesis method is the most remarkable method of preparing nanoparticles
now. It has the advantages of environmental protection and low energy consumption,
but it also has the disadvantages of limited reaction yield and poor particle uniformity.
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Since then, further research has made substantial progress on the preparation methods
of nanomaterials by adjusting the ratio of raw materials and exploring suitable reaction
conditions. Nanomaterials have the advantages of small size, high specific surface area,
adjustable particle size, and easier surface functionalization, which make them widely
used in sensing [11], catalysis [12], energy storage [13], and the medical treatment field [14].
Metal-based nanomaterials could be widely used in biomedical fields, as metal ions are
essential in living organisms. Since the particle size of the virus particles ranges from tens
to hundreds of nanometers, the surface activity of the metal material is enhanced after the
metal is nanosized. It can be used in the inhibition of virus infection. In addition, according
to the statistics on Web of Science, the number of articles published on the application
of metal nanomaterials in the field of viruses has been increasing year-on-year (Figure 1).
More importantly, some nanomaterials such as Ag [15], Au [16], ZnO [17], etc., which
have an inhibitive effect on bacteria and viruses, highlight their potential for antiviral
applications. Notably, the pandemic of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in 2019 poses a huge threat to human health. As such, progress on virus
pathogenesis new antiviral drug development is a research priority [18].

 

Figure 1. The number of articles published each year on the application of metallic nanomaterials in
the field of viruses.

This review first provides a more comprehensive summary of the different stages of
the role of metal nanomaterials in inhibiting viral infections in recent years. (1) Directly
inactivating the virus; (2) inhibiting virus adsorption and entry; (3) intracellular virus
suppression. Subsequently, it summarizes the use of metal-based nanomaterials as drugs
and vaccine carriers. The application of metal nanomaterials in the field of antiviral research
is introduced and its prospects are discussed. This review focuses on metal nanomaterials
by comparing research progress in related fields in recent decades [19–21]. The inhibitory
effect of metal nanomaterials on virus infection and their application as drugs and vaccine
carriers are discussed and demonstrated.
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2. Inhibition of Virus Infections

Virus infection of cells can be divided into three stages. The first is the early adsorption
of the virus onto cell membrane, where the virus binds to cell surface receptors through its
surface protein. The second is the process of uncoating, replication, and translation after
the virus enters the cell. Finally, the virus repackages to release new progeny viruses. In
these processes, if metal nanomaterials can inhibit the virus in the early stage and prevent
the virus from invading cells, they can be used in medical protective equipment, which has
great potential for preventing the virus spread (Figure 2).

Figure 2. The mechanism of metallic nanomaterials inhibiting virus infection.

2.1. Direct Inactivation of the Virus

If metal-based nanomaterials inactivate viruses directly before viruses invade cells,
this requires that nanomaterials possess excellent antiviral performance and good biological
safety. Studies found that metal-based nanomaterials such as Au [22], Ag [23], ZnO [24], etc.,
have good antibacterial properties. Among them, TiO2 nanomaterials with photocatalytic
properties can generate active substances by using light or through their affinity with
biological macromolecules. They can damage the biofilm and kill the bacteria. Since
the surface of the virus also has a biofilm, these metal-based nanomaterials can be used
for the direct inactivation of the virus. H. Cui and colleagues found that TiO2 has good
photocatalytic properties and can generate reactive oxygen species (ROS) under ultraviolet
irradiation. ROS has oxidative properties. Therefore, using external interference in tumor
therapy, the balance of ROS expression in tumor cells will be affected, which accelerates
tumor cell apoptosis. At the same time, its excessive presence can also destroy the biofilm
and cause it to lose its biological activity. Related genes in cells regulate the normal
expression level of ROS. H. Cui’s group explored the inhibitory effect of TiO2 on the
influenza virus under ultraviolet irradiation (Figure 3). Compared with normal cells

255



Nanomaterials 2021, 11, 2129

infected with influenza virus (Figure 3b), the cell activity after TiO2 treatment is greatly
enhanced (Figure 3a), which intuitively shows the inhibitory effect of TiO2 on the virus.
Later studies showed that with the increase of TiO2, virus culture time, and ultraviolet light
time, the inhibitory effect of TiO2 on the virus is increased. Considering that the material
can generate ROS under ultraviolet light irradiation, it can inactivate viruses [25]. Similarly,
N. A. Mazurkova explored the antiviral properties of TiO2 under sunlight and ultraviolet
rays. It was observed by scanning electron microscopy that the material adsorbed to the
surface of the virus envelope in the early stage, and then destroyed it, thereby inactivating
the virus. Later experimental results showed that the inhibitory effect was positively
correlated with the concentration of TiO2 and the incubation time [26]. Ahmad Tavakoli
and colleagues also used CuO nanomaterials to generate ROS and explored its inhibitory
effect on herpes simplex virus (HSV). During the study, CuO was added after the virus
infected the cells. After 48 h of culture, the results showed that the inhibitory effect
increased as the CuO concentration increased [27].

Figure 3. Cytopathic effect on Madin-Darby canine kidney cells infected with avian influenza virus
eluted from nano-TiO2 film (a) and control (b); changes in titer (c) and inactivation efficiency (d) of
H9N2 vs. ultraviolet intensity. (Reproduced with permission from Ref. [25], Copyright 2010, Wiley).

Compared with some metal-based nanomaterials that use light to produce ROS to inac-
tivate viruses, the mutual combination of metal ions and protein molecules can often change
the protein conformation, causing irreversible damage to the effect of inhibiting virus infec-
tion. SungJun Park synthesized a magnetic hybrid colloid loaded with Ag nanoparticles
of different sizes. Using the interaction between Ag and biological macromolecules, this
nanomaterial’s inhibitory effect on bacteriophages, norovirus, and adenovirus was ex-
plored. The results show that the virus binds to the sulfhydryl-containing protein on the
surface of the virus through Ag nanoparticles, thereby destroying the virus envelope to
inhibit the virus. Similarly, the use of the affinity of metal ions with proteins can bind to
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the outer surface proteins of virus particles and destroy the virus structure to inhibit the
virus [28]. F. Pfaff tested its inhibitory effect on modified vaccinia virus Ankara (MVA),
human adenovirus serotype 5 (HAdV-5), poliovirus type 1 (PV-1), and murine norovirus
(MNV) by co-cultivating WC material and virus. The author shows that WC tends to
reunite, which can encapsulate virus particles, thereby destroying the nucleic acid of the
virus and inactivating the virus [29].

2.2. Inhibiting Virus Adsorption and Entry

The binding process of the virus and the cell is through the targeted binding of the
envelope protein on the virus surface to the cell surface receptor. The expression of these
virus surface proteins is stable and not prone to gene mutation. Therefore, nanomaterials
can be used to adsorb viruses directly, simulate virus-connected receptors on the cell
surface, and competitively bind virus particles before the virus invades the cell to prevent
the virus from infecting the cell. The mechanism provides a new trend for the research of
antiviral materials.

To prevent the virus from invading the cell, scientists target the combination of virus
and cell. The most direct method can be used to bind the viral capsid protein to occupy
the receptor of the virus-bound cell, thereby preventing the disease from invading the
cell. Metal ions have a good affinity with biological macromolecules, and the combination
of virus and metal nanomaterials inhibits virus infection on cells. Rishikesh Kumar’s
lab has synthesized 10 nm Fe2O3 nanoparticles with the external glycine reducing the
biological toxicity of Fe2O3 nanomaterials, and this shows a specific inhibitory effect on
influenza virus H1N1. The results show that, with smaller particle size and a higher specific
surface area, the combination of Fe2O3 nanomaterials and viruses is easier. The Fe2O3
nanoparticles combine with viruses to produce a particular steric hindrance, inhibiting the
virus from invading cells [30]. Yasmin Abo-Zeid explored the interaction of Fe2O3/Fe3O4
with hepatitis C glycoproteins E1, E2, and the spike protein receptor binding domain of
COVID-19, respectively. She found that the ends of these viral proteins have richer amino
acid residues. However, iron oxide nanoparticles can bind to them to occupy the virus’s
binding site and the cell, successfully interfering with the absorption of the virus into the
cell (Figure 4) [31].

Figure 4. Three-dimensional interaction diagram showing (a) Fe2O3; and (b) Fe3O4 docking interactions with the key amino
acids in the HCV E2 glycoprotein. Three-dimensional interaction diagram showing docking interactions with the key amino
acids in the HCV E2 glycoprotein. (Reproduced with permission from Ref. [31], Copyright 2020, Elsevier).
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Metal-based nanomaterials have a small particle size and a high specific surface area,
convenient for material modification, and can be functionalized in combination with the
characteristics of virus receptors on cell surface. Studies have shown that when HSV
invades cells, glycoproteins on the envelope’s surface bind to heparin sulfate (HS) on
the cell membrane [32]. In this binding process, the sulfonate ion in the protein plays an
important role. Therefore, the surface of metal-based nanomaterials can be functionalized
to modify sulfonate groups and simulate HS on the cells’ outer surface to prevent viruses
from invading cells through competitive binding with viruses. Dana Baram-Pinto and
colleagues used the affinity of the noble metals (Au and Ag) to sulfhydryl groups and
external sulfonate ions as shown in Figure 5 to synthesize metal-based nanomaterials
that simulate HS. Studies have shown that the material has successfully added sulfhydryl
sulfonate, and the later anti-HSV experiments have shown that it has good virus inhibition
characteristics. Influenza virus invades cells through the highly conserved protein hemag-
glutinin (HA), which contains six disulfide bonds on the surface of the virus, binding cell
surface receptors and entering the cell. The study of metal nanoparticles focuses on binding
HA and destroying its structure to prevent viruses from invading cells [22,23]. In addition,
Jonathan Vonnemann explored the strength of the adsorption between Au and viruses by
synthesizing Au with different particle sizes and then connecting sulfonate particles. The
results show that when the diameter of Au nanoparticles is less than 52 nm, although the
nanomaterials are adsorbed on the virus envelope, the Au nanoparticles’ surface area is
not enough to prevent the adsorption of the virus and cells, as shown in Figure 6. When
Au nanoparticles are larger than 52 nm, the nanoparticles occupy the surface area of the
virus. The steric hindrance is increased, which significantly reduces the contact between
the virus and the cell, thereby reducing the probability of the virus infecting cells [33].

Au/Ag is known to have a good affinity with S. Jinyoung Kim synthesized Au and Ag
with different morphologies and with or without holes. After co-cultivating with the virus
for a certain period, the adsorbed and unadsorbed viruses were separated by centrifugation.
The interaction between the nanoparticles and the virus was observed by transmission
electron microscope, and the number of disulfide bonds in the viral hemagglutinin was
quantified to determine the effective destruction of the disulfide bonds by the metal-based
nanoparticles. The results show that, compared with non-porous Au and Ag nanomaterials,
porous Au nanoparticles can achieve a more apparent antiviral effect by destroying the
disulfide bonds in the hemagglutinin on the surface of the virus [34]. This provides a new
application direction for porous Au nanoparticles to suppress viruses containing enveloped
spike proteins.

The process of a virus invading cells involves specific binding, which provides a good
starting point for preventing viruses from infecting cells. The primary inhibition method is
to competitively bind to the virus by simulating cell surface virus receptors and inhibiting
the virus from invading cells. However, this method can stop the virus from spreading
further and does not inactivate the virus. There are certain drawbacks to the application.
It is worth noting that these nanomaterials can be adsorbed on medical protective fabrics
and concrete surfaces, thereby reducing the spread and infection of viruses.
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Figure 5. Characterization of (a) Au-MES (MES = mercaptoethane sulfonate) NPs; (b) Ag-MES NPs; (c) variation of
plaque size as a function of increasing time lapse between primary infection and the administration of Au-MES NPs;
(d) evaluation of inhibition of virus entry into host cells. Plaque numbers observed 48 h after infection (1) without and
(2) with nanoparticles; infected cell culture in the absence of Au-MES NPs (e) and in the presence of Au-MES NPs (f).
(Reproduced by permission from Ref. [22], Copyright 2010, Wiley.) (g) Optical microscopic image (×10 magnification)
demonstrating the effect of Ag-MES nanoparticles on HSV-1 infectivity; (h) quantitative analysis of the Ag-MES inhibition
efficiency (reproduced with permission from Ref. [23], Copyright 2009, American Chemical Society).

259



Nanomaterials 2021, 11, 2129

Figure 6. Schematic representation of the size-dependent virus inhibition by ligand functionalized
gold nanoparticles according to the TEM data. (a) Although smaller sized gold nanoparticles decorate
virions, the inhibition of virus-cell binding was shown to be inefficient; (b) larger virus-sized gold
nanoparticles induce the formation of virus-inhibitor clusters, inhibiting the virus-cell binding more
efficiently. (Reproduced with permission from Ref. [33], Copyright 2014, Royal Society of Chemistry).

2.3. Intracellular Virus Suppression

After the virus enters the cell, it uses the intracellular machinery to carry out protein
replication and translation. Since the virus is uncoated to expose the genetic material
DNA/RNA, this process can provide the possibility for external drugs to destroy the viral
nucleic acid or interfere with the process of translation, replication, and release.

When the virus enters the cell, it begins the process of unpacking, replication, and
translation. During this period, the RNA/DNA and protein of the virus are synthesized
in large quantities; this happens to be the most effective moment for drugs to inactivate
viruses. By importing the drug into the cell, it acts on the viral RNA/DNA and protein,
destroying the replication process of the virus and inhibiting its reproduction. Most nano-
materials have good biocompatibility. The advantages of small particle size and high
specific surface area can help nanomaterials enter cells efficiently. With the capability of
binding metal ions with biological macromolecules, the metal nanomaterials electrostat-
ically interact with viral nucleic acids or proteins to form chemical bonds, destroy their
structures, or cause irreversible conformational changes of viral proteins, thereby achieving
the purpose of inhibiting virus replication. Ting Du synthesized glutathione-encapsulated
Ag2S nanoparticles to explore their inhibitory effect on coronaviruses. The author explored
the expression levels of the virus by adding Ag2S materials at different times after virus
infection. Since the particle size of Ag2S is about 2.5 nm, it has a more profound cell
penetration ability and can better interact with viruses. PEDV nucleocapsid (N) protein
is a protein that binds to viral RNA, and its expression is tested to verify the inhibition of
Ag2S. The results show that Ag2S inhibits the virus by inhibiting the negative-strand RNA
synthesis and budding of PEDV [35].

The relatively high surface activity of metal nanomaterials also brings the disadvan-
tage of high cytotoxicity. However, more amphiphilic polymers such as PEG and PVP have
been studied at this stage [36]. They can be easily combined with metal nanoparticles to
enhance the water solubility of materials, reduce biological toxicity, and increase the inter-
nalization rate of cells to materials. ZnO is the main component of many sunscreens [37]
and antibacterial materials [38], and its application in the field of antibacterial products has
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been extensively studied. However, the effect of ZnO on viruses is less reported. Studies
have shown that synthetic micron-sized filamentous foot-like ZnO prevents HSV-1 from
entering the cell [17]. Later studies showed that naked ZnO and PEG-modified ZnO had
a dramatic inactivating effect on HSV-1, which was mainly achieved by interfering with
the expression of early viral proteins. The results showed that PEG-modified ZnO had
a better virus inhibition effect [39]. Similarly, through the inhibition of naked ZnO and
PEG-modified ZnO on H1N1 influenza virus, the virus inhibition stage is shown to be after
the virus entry [24].

3. Loading Drug Synergy

The high infectivity and pathogenicity of viruses has caused people to pay more
attention to antiviral drug research and development. The current research and devel-
opment of viral drugs mainly include screening natural drugs and synthesizing organic
small-molecule drugs. However, the screening of natural medicines requires a high work-
load, and the inhibitory effect of natural medicines on viruses is not satisfactory. The
inhibition mechanism remains to be explored. The research and development of organic
small-molecule drugs, finding the relevant derivatives of existing antiviral small-molecule
drugs, and further exploring drugs with viral inhibitory effects have good application
prospects. However, small organic molecules have disadvantages such as low water solu-
bility, poor biocompatibility, and high toxicity. Moreover, the development and application
of vaccines have also opened up new areas for virus therapy. Vaccines are preventive
treatments that can significantly reduce the incidence of viral infections. However, vaccines
for injection have biological activity, and instability in transportation and storage is still
an open question. Hence, many scholars have developed numerous carrier materials,
such as colloids [40], magnetic nanomaterials [41], inorganic nanomaterials [42], and metal
organic framework materials [43], to increase the loading rate of drug molecules by high
biocompatibility and high specific surface area of the carrier material. Thereby, the carrier
nanomaterial increases the uptake rate of the cell to the drug, and enhances the stability of
the vaccine and the immune response of the body.

The human body contains many kinds of metal elements, including Al, Ca, Mg, Fe,
Na, Mn, Zn, K, Li, Cu, Se, etc. These metals are essential for participating in various life
cycle processes in the human body. Therefore, small amounts of metal ions are less harmful
to the human body, and the metal ions could be prepared as nanomaterials with a high
specific surface area of nanomaterials, porosity of some materials, and good biological
activity as a promising drug carrier.

3.1. Loading Drugs

The poor water solubility of antiviral drugs makes their bioavailability low, and higher
doses are often required to achieve the desired therapeutic effect. However, higher doses
will produce certain toxicity to organisms, so the emergence of drug carriers can improve
the drugs’ bioavailability and reduce the damage to organisms. When selecting metal
nanoparticles as drug carriers, the toxicity of metal ions to organisms and the loading
efficiency of materials should be considered. Using metal ions or inert ions, with higher
content in human cells, can reduce the toxicity of materials and increase the materials’
natural metabolism.

Human Acquired Immune Deficiency Syndrome (AIDS), caused by HIV, is a disease
in which immune cells are the primary targets. These cells can accumulate viruses for
a long time to be used as targeted sites for drug delivery. Studies have shown that Au
nanoparticles can be more internalized by human macrophages and have less biological
toxicity [44]. Hinojal Zazo and colleagues immobilized stavudine, an antiretroviral drug,
on the surface of Au nanoparticles to deliver targeted drugs to macrophages. In addition,
when Au is loaded with drugs, it can increase the expression of inflammatory genes in
macrophages and induce a specific inflammatory response in the body [45].
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Quantum dots (QD) are a type of low-dimensional semiconductor material and often
have smaller sizes. Therefore, applying QD materials to the field of biological therapy
can often improve the therapeutic effect. Ranjeet Dungdung’s group used ZnS quantum
dots as a drug carrier, loaded with mycophenolic acid (MPA), an immunosuppressant
against dengue fever virus. It was found that cells have a higher internalization rate of
ZnS-coupled MPA, and its inhibitory effect on dengue virus was significantly improved
and the selectivity index was increased by two orders of magnitude [46]. The study shows
that quantum dots can significantly increase the uptake rate and therapeutic effect of drugs,
indicating that QD as drug carriers have great application prospects.

The application of antiviral drugs can significantly reduce the infection rate of the
virus. However, the presence of the blood–brain barrier reduces the scope of action of the
drug, which is also a shortcoming in the therapeutic application of most drugs. When
Madhavan Nair and colleagues studied the antiretroviral application of HIV, they found
that the antiretroviral drug azidothymidine 5′-triphosphate (AZTTP) has low efficiency in
passing through the blood–brain barrier, which makes the treatment of the virus not very
efficient. Therefore, it is crucial to find an excellent carrier to load AZTTP to achieve targeted
drug release. Studies have shown that by synthesizing 30 nm magnetic CoFe2O4@BaTiO3,
AZTTP is bonded to nanomaterials’ surface through ionic bonds. As shown in Figure 7,
the delivery and trigger release of the drug are controlled by applying the strength and
frequency of the magnetic field in different directions to achieve the purpose of release on
demand. Later studies have shown that the load rate of AZTTP for three hours at 37 ◦C
is about 24% through spectrophotometric detection. Depending on the magnetic field
strength and frequency, they are adjusted to achieve quantitative release of AZTTP [47].

In the treatment of viral infections, in addition to traditional antiviral drugs, nucleic
acid drugs such as oligonucleotides [48], siDNA [49], DNAzymes [50], etc., have also
achieved good results. These nucleic acid biological macromolecules can often target the
RNA fragments of the virus and interfere with the virus’s replication process in the cell
to achieve the purpose of inhibition. However, these nucleic acid drugs still have the
disadvantages of low cell uptake rate and low bioavailability. Using these nucleic acid
drugs, the methods of transporting them into the cell through the carrier can increase
the uptake rate of nucleic acid drugs to the cell and improve the therapeutic effect. Soo-
Ryoon Ryoo and colleagues selected a therapeutic oligonucleotide called DNAzyme that
specifically targets hepatitis C virus (HCV) mRNA and splits specific genes N53, a helicase
and ribozyme gene involved in hepatitis C virus replication. As shown in Figure 8a,b, iron
oxide nanoparticles (MN) were conjugated to DNAzyme as a carrier, and then connected
to the outer layer of cell-penetrating peptide (CPP) through disulfide bonds and modified
fluorescein CyC5.5 (D2-MPAP-MN). The material group connected with DNAzyme showed
a significant inhibitory effect (Figure 8c–e), by examining the gene expression of virus N53,
compared with the carrier material (MN/MPAP-MN) [51].
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Figure 7. (a) Illustration of the underlying physics of the a.c.-field-triggered release; (b) pharmacokinetics study: three-
dimensional chart representation of the drug release percentage at various combinations of the field strength, the frequency,
and the treatment duration. (Reproduced with permission from Ref. [47], Copyright 2013, Nature Publishing Group).

Studies have shown that small interfering RNA 331 (siRNA331) can target the con-
served region of hepatitis C virus RNA [50]. Inspired by this, Zhongliang Wang and
colleagues used Au nanoparticles as a carrier platform to link endoribonucleotides and
DNA oligonucleotides on the outer surface through non-covalent adsorption and Au-S
bonds to form nanozymes. Here, endoribonucleotides are used for non-specific degrada-
tion of single-stranded RNA. The DNA oligonucleotide design contains siRNA331, which is
used to improve the hybridization and cleavage efficiency of the targeted gene of nanozyme.
The nanozyme specifically binds HCV RNA and cuts it to inhibit the replication process of
HCV. Through specific experiments in the later period, it was found that nanozymes have
a better ability to precisely cut HCV genes. The experimental results in cells and mice are
consistent with expected results [52].
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Figure 8. Material construction and performance testing. (a) Structure of the 10–23 synthetic DNAzyme (shaded in green
color). A conserved 15-base unpaired motif serves as the catalytic core and is flanked by variable binding domains at its 50-
and 30-ends. The point of scission within target RNA is indicated by a red color arrow; (b) multifunctional nanoparticle
formulation for DNAzyme delivery. (Dz, DNAzyme; MPAP, myristoylated polyarginine peptide; Cy5.5, fluorescent dye;
CPP, cell-penetrating peptide); (c) Western blot analysis of HCV NS3 expression in cultured Huh-7 Luc-Neo cells treated
with Dz-conjugated multifunctional nanoparticles; (d) densitometric analysis of the data shown in (c). Density values for
NS3 were normalized to the β-actin band density; (e) luciferase (reporter gene) assays of Huh-7 Luc-Neo cells treated
with Dz-MPAP-MN indicate dose-dependent downregulation of the NS3 target gene. (Reproduced with permission from
Ref. [51], Copyright 2012, Elsevier).

3.2. Load Vaccine

Vaccines are used to prevent infectious diseases by artificially attenuating and inacti-
vating pathogenic microorganisms and their metabolites to produce an immune response
in the body. After immunization, the organism will produce immune antibodies to protect
itself, and the immune system will form a memory of pathogenic microorganisms. When it
invades again, the immune system can react in time and produce corresponding antibodies
to protect the organism. The treatment of viral infections is often more complicated. How-
ever, it is often a valid preventive method to cause the body to produce specific antibodies
through the previous vaccine injection.

Vaccines can be divided into live-attenuated vaccines, inactivated vaccines, recombi-
nant vaccines, and so on. Among them, live vaccines (adenovirus vaccines [53], measles
vaccines [54], and polio vaccines [55]) can stimulate the body’s comprehensive systemic
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immunity and long-lasting immune response with the disadvantages of antigen inter-
ference and enhanced virulence. Inactivated vaccine (influenza split vaccine [56], rabies
vaccine [57], and hepatitis A vaccine [58]) are viruses that have been inactivated by chemi-
cal or physical methods, and still maintain the immunogenicity of their immune antigens.
Killed vaccines have high safety and good stability. However, adjuvants are often needed
to enhance the immune effect. Gene vaccines (hepatitis B vaccine [59], HIV vaccine [60])
are not infectious, convenient for mass production, and safe. They also need adjuvants
to enhance the immune effect during usage. Therefore, adding vaccine adjuvants to non-
specifically increase the body’s immune response in traditional vaccine production is often
a good preparation plan. These adjuvants often increase the immune response ability in
organisms through their own physical and chemical properties or by changing antigens’
physical properties.

For nanoparticles, by relying on the diversity of their structures and morphologies,
they can be used as adjuvants and suitable carriers of antigens to enhance the immune
response. This requires easy functional modification of nanomaterials’ surface, and the
vaccine adjuvants are physically or chemically connected. So, the adjuvant is released
slowly to achieve the effect of prolonging the immune time. Meanwhile, some metal-based
nanomaterials have adjuvant properties, and their use with vaccines can increase the body’s
immune effect. Besides, the affinity of metal ions and biological macromolecules can be
used to combine the surface proteins of the virus in the vaccine to enhance its stability,
thereby improving the immune effect.

On the other hand, the storage and transportation of vaccines are more challenging,
and the biological activity needs to be guaranteed. The vaccine can be protected by adding
nanomaterials to increase its stability during transportation and storage and reduce costs.
They are widely used as carriers in the biological field [61]. Metal-organic framework
materials are nanomaterials with porous structures. Their surface is rich in unsaturated
metal sites and is easier to modify after synthesis. Therefore, it is widely used in drug
transportation [62]. In the same way, vaccine reagents are biologically active and can use
porous materials to be adsorbed in the pores through static electricity to achieve the effect
of vaccine protection. In addition, the affinity of metal ions and biological proteins is
used to coordinate and adsorb the metal nanomaterials and vaccine proteins to ensure the
biological activity of the vaccine. This indicates extensive application prospects in the field
of vaccine protection with metal nanomaterials.

ZIF-8 has mild synthesis conditions, and it is possible to encode ovalbumin (OVA), an
antigen model, into ZIF-8 for co-transport of antigen and adjuvant by surface electrostatic
adsorption of immune adjuvant cytosine-phosphate-guanine (CpG) [63]. According to
the characteristics of ZIF-8 in which protonation in a weakly acidic environment leads to
structural degradation, the release of antigens and adjuvants is achieved, and a robust
immune response is caused. Similarly, Yong Yang [64] first synthesized MIL-101-Fe-NH2,
which is safe and degradable, and then modified disulfide bonds on the outer surface. The
immune adjuvant OVA is bound to the outer surface through disulfide bonds, and then
CpG is adsorbed on the outer surface of MIL-101-Fe-NH2 through electrostatic adsorption.
Since the glutathione (GSH) content in the cell is higher than that in the extracellular
tissue, the synthetic material undergoes a redox reaction between GSH and the disul-
fide bond in the material to release OVA. Studies have shown that the material’s better
transportation performance increases the immune effect and the memory of the immune
system. Furthermore, metal elemental nanomaterials have a small particle size and are
easily taken up by cells. Therefore, the cellular uptake of antigens and adjuvants that
they carried increases [65,66]. More importantly, studies using Ag as the metallic element
combined with influenza-inactivated virus vaccines have shown that the Ag nanoparticles
can stimulate the regeneration of bronchial-associated lymphoid tissues and the expression
of antigen-specific IgA, acting as an immune adjuvant [67]. Moreover, calcium phosphate
nanoparticles (CAP) have been proven to be a good vaccine adjuvant [68,69].
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Due to the excellent physical and chemical properties of metal-based nanoparticles,
their biological applications have been continuously expanded. Previous work has found
that some metal-based materials themselves have adjuvant properties. During the early
vaccination process, alum is a promising adjuvant widely used in vaccines. Later studies
found that CAP can stimulate the organism’s immune response, and its effect is better than
that of alum [68]. On this basis, Marina A. Volkova and colleagues studied the immune
response induced by CAP when combined with an inactivated Newcastle disease virus
vaccine. It is found that CAP can induce effective mucosal immunity, thereby enhancing
the effectiveness of the vaccine. CAP can also be used as a vaccine carrier. By synthesizing
CAP nanoparticles, the immunologically active TLR9 ligand and influenza A antigen
are loaded. Analogously, studies have shown that the loaded CAP nanoparticles can be
effectively taken up by dendritic cells and can stimulate an effective immune response in
the body [70].

Some adjuvants need to be added into inactivated virus vaccines to increase the
immune effect when used in vivo. Here, adjuvants can stimulate the immune response,
and protect the activity of the inactivated virus antigen. The inactivated foot-and-mouth-
disease virus vaccine is not stable when used. The histidine residues on the surface
protein are protonated, causing it to lose immune activity [71,72]. Metal ions have a good
affinity with amino acid residues. Shuai Li and colleagues coordinated with histidine
residues on the surface protein of the foot-and-mouth-disease virus through Zn2+ to
prevent protonation in organisms and improve the stability of antigens [73]. Similarly, by
taking advantage of the good affinity of metal ions and biological macromolecules, Ni
coordination will bind to the virion and the target protein, activate the antigen-presenting
cells in the body, and promote the efficiency of antigen cross-presentation [74]. In terms
of vaccine transportation protection, Michael A. Luzuriaga selected the metal organic
framework material ZIF-8 with milder synthesis conditions as the protection model. By
carrying out surface biomineralization on the surface of the tobacco mosaic virus, the
growth of the ZIF-8 shell achieves its purpose of protection under changing environmental
conditions. After treatment with pressure, heating, methanol, guanidine hydrochloride,
and ethyl acetate, compared to the protected virus, the degree of change in the surface
protein of the virus after wrapping ZIF-8 is significantly smaller, which protects the virus
from the external environment. After peeling off the outer layer of ZIF-8, it was found that
the surface protein and RNA of the virus remained active. The subsequent results of mouse
experiments also confirmed the above results [75].

We briefly summarize below the therapeutic mechanism of nanomaterials in viral in-
fection inhibition. As shown in Table 1, according to different viral inhibition mechanisms,
it is divided into direct inactivating, inhibition of absorption, intracellular inhibition, and
as a carrier. The analysis shows that the metal nanometer that directly inactivates the virus
mainly destroys the virus envelope by contacting the virus or releasing active substances
to damage the virus. Inhibition of virus absorption is via competitive binding to cells, or
binding the surface of the virus through metal nanomaterials, occupying the binding site
of the virus and the cell to prevent the virus from invading the cell. Intracellular inhibition
uses metal nanomaterials to enter the virus-infected cell, and metal ions damage the viral
genetic material or interfere with its replication process to inhibit further virus replication.
With high biocompatibility and high cellular uptake rate, the metal nanomaterial is used
as a carrier to improve the therapeutic effect of antiviral drugs. In addition, metal nano-
materials are also used as vaccine adjuvants to improve immune response and enhance
vaccine effects.
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4. Conclusions

The spread of viruses such as SARS-CoV and SARS-CoV-2 as well as influenza viruses
poses a huge threat to human health. It is generally known that viruses are prone to mutate
due to external influences to produce different virus subtypes, limiting the use of traditional
antiviral drugs and vaccines. Therefore, novel drug discovery and vaccine development
for the treatment of viral infectious diseases is very important.

Metal-based nanomaterials have the advantages of high specific surface area and small
particle size, making them widely used in the biological field. In terms of antiviral activity,
some gold-based nanomaterials such as Au, Ag, CuI, TiO2, etc., have virus-inactivating
ability and can damage their surface proteins or their genetic material by combining with
viruses. In comparison, nanoparticles such as ZnO and Fe3O4 can prevent the virus from
further infecting cells by interfering with the replication, translation, and release of the virus.
Some other metal nanoparticles have a small particle size and good biocompatibility, are
easily taken up by cells, and can be used as a suitable carrier for antiviral drugs. Moreover,
utilizing the binding of metal ions and biological macromolecules, metal nanoparticles can
be used as vaccine adjuvants or adjuvant carriers to promote the occurrence of immune
response of the body. However, there are still some problems to be solved in the antiviral
application of metal-based nanomaterials. First of all, the toxicity of metal ions in organisms
is still a major obstacle to their application. The biological toxicity of metal ions has always
been a major obstacle to the application of metal-related materials in biological treatments.
While ensuring their therapeutic effect, reducing the in vivo toxicity of metal ions is one of
the most important directions for researchers to explore. At this stage, there are mainly
two methods; first, by reducing the concentration of metal materials used, and second,
by optimizing the metabolism of metal ions. However, the effect is not yet satisfactory.
Next, the antiviral mechanism of some metal ions has not yet been explored clearly. Finally,
there are many metal nanomaterials, and the current research is limited to a few metal
ions. The antiviral properties of other metals still need to be further studied. Based on their
excellent properties, the application of metal-based nanomaterials in the antiviral field is a
promising research field for expansion.
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Abstract: Combining iron oxide nanoparticles (Fe3O4 NPs) and gold nanoparticles (Au NPs) in
one nanostructure is a promising technique for various applications. Fe3O4 NPs have special
supermagnetic attributes that allow them to be applied in different areas, and Au NPs stand out
in biomaterials due to their oxidation resistance, chemical stability, and unique optical properties.
Recent studies have generally defined the physicochemical properties of nanostructures without
concentrating on a particular formation strategy. This detailed review provides a summary of the
latest research on the formation strategy and applications of Fe3O4@Au. The diverse methods of
synthesis of Fe3O4@Au NPs with different basic organic and inorganic improvements are introduced.
The role and applicability of Au coating on the surface of Fe3O4 NPs schemes were explored. The
40 most relevant publications were identified and reviewed. The versatility of combining Fe3O4@Au
NPs as an option for medical application is proven in catalysis, hyperthermia, biomedical imaging,
drug delivery and protein separation.

Keywords: inorganic nanoparticles; chemical method; formation strategy; medical applications

1. Introduction

Coated nanoparticles, or core@shell nanoparticles, consist of two or more nanoparti-
cles that contain a wide variety of organic as well as inorganic nanoparticles, where one
serves as a core while the other is centered on the core and named the shell [1]. Knowledge
of core@shell synthesis is a pioneering step of nanoscience, as the way to manipulate the
nanoparticles’ structure has enabled us to generate a variety of hybrid NPs [2,3]. Core@shell
NPs, with the potential to be used as core or shell in a wide variety of materials, will reflect
their satisfying distinctive properties and custom functions. Core or shell products can be
chosen, depending on the intent of the study [4]. The core@shell property can be modified
by causing changes to the components that make up the shell layer or core [5]. Characteris-
tics and distinctive attributes such as optical, magnetic, biological, compatibility, chemical
stability and physicochemical properties can be realized when different nanoparticles are
incorporated, such as gold nanoparticles (Au NPs) on iron oxide nanoparticles (Fe3O4
NPs). In recent years, substantial attempts have probably been introduced to evaluate the
biomedical applications of Fe3O4 NPs, including protein purification, immunoassays, hy-
perthermia, drug delivery, magnetic resonance imaging (MRI), and computed tomography
(CT) [6]. Fe3O4 NPs are the most favored nanomaterials in medical applications because of
their minimal toxicity features and excellent physicochemical characteristics such as stabil-
ity, biocompatibility and supermagnetism [7]. The magnetic response stability of Fe3O4 is
due to its low oxidation sensitivity [8]. In addition, size control, preventing aggregation
via coating, precise dispersion and interaction, as well as the penetration of tissue and
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cell barriers all give Fe3O4 NPs an advantage over other metal nanoparticles. Fe3O4 NPs
provide a forum for therapeutic uses where they can be utilized for their contrast agent
characteristics in MRI diagnostics, as well as for therapeutics in the form of bio-catalysis,
drug delivery and protein purification [9].

Various kinds of functional materials, including silica, polymers and Au have been
formed on the Fe3O4 NPs surface to improve biocompatibility, chemical stability as well as
processability for broader applications [10,11]. Au is considered to be the most desired coat-
ing material for the production of Fe3O4@Au NPs due to its surface functionality, catalytic
activity and superior optical properties [12–15]. Because of the variety of physicochemical
features and the ability to change the magnetic and optical property by modifying the
charge, size, shape, surface modification and thickness of the Au shell, Fe3O4@Au NPs
have been widely considered the most effective candidature for medical applications [16].
Several studies have been reported for the synthesis of Fe3O4@Au NPs. These studies gen-
erally described nanoparticles’ physicochemical properties without focusing on a specific
formation strategy [17–19].

For this reason, the current review will: (1) summarize the latest progress (2018–2020)
in the design and synthesis of the Fe3O4@Au and elaborate upon the strategies involved in
the formation Fe3O4@Au NPs core@shell, Fe3O4@Au HNPs, Fe3O4@Au core@satellite NPs
as and as nanodumbbells, Fe3O4@Au DNPs; (2) explore the schemes of each manufacturing
strategy for Au-coated Fe3O4; and (3) present the potency of Fe3O4@Au as a promising can-
didature for medical applications in areas of catalysis, hyperthermia, biomedical imaging,
drug delivery and protein separation (2018–2020).

2. Synthesis of Fe3O4@Au

Fe3O4@Au NPs can be classified as Fe3O4@Au NPs core@shell, Fe3O4@Au HNPs,
Fe3O4@Au core@satellite NPs as and as nanodumbbells, Fe3O4@Au DNPs structures. In
this section, the synthesis of all structures will be introduced.

2.1. Core@Shell Structure of Fe3O4@Au

Core@shell nanoparticles have various properties, such as magnetism, metallicity and
semiconductivity. These attributes come either through the core or shell materials, or both
(Figure 1). In this review, we will discuss Fe3O4 NPs as a core and Au NP as a shell.

 

Figure 1. TEM image [20] and schematic diagram of Fe3O4@Au NPs core@shell construction.

Recently, Xie et al. [21] have synthesized novel core@shell NPs for use in fast, sensitive,
convenient and good surface-enhanced Raman scattering. This method involved two steps
for the formation of core@shell NPs: (i) the preparation of Fe3O4@silica NPs, using an
ultrasound technique to deposit silica oxide on the surface of Fe3O4 for 5 min; and (ii) the
preparation of the Fe3O4@SiO2@Au seed, using a seed growth method. A similar study was
submitted by He et al. [20]. Fe3O4@Au NPs were coated with glutathione to reduce the dose
dependence of the anticancer medication, doxorubicin (DOX), by covering the glutathione
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shell on Fe3O4@Au NPs [22]. The former Fe3O4@Au NPs produce involved this process.
Twenty milliliters (20 mL) of HAuCl4 solution (0.1%) was added to 40 mL of distilled water
in a 250 mL flask. The solution was refluxed and Fe3O4 was applied to the mixture, then
the mixture was boiled for 45 min. A reduction (sodium citrate) was quickly applied under
vigorous stirring to the boiling mixture. Citrate addition contributes to the color shift from
a grey to a red solution. The solution was boiled for 15 min and then stirred until the
solution reached room temperature. The use of glutathione conjugations thus acts as an
effective vehicle of drug delivery. In addition to causing drug release with redox-activated
glutathione, it requires significantly low levels of glutathione @Au@ Fe3O4 NPs for DOX
releases. The sonochemical approach effectively synthesizes monodispersive and highly
stable Fe3O4@Au NPs, with a size distribution of approximately 20 nm during 8 min [23].
Utilizing surface response (RSM) methodology, test runs of 14 dissimilar variations of
gold ions, sonication frequency and sodium citrate (independent variables) have been
conducted at two-center points to optimize testing procedures. Variance analysis (ANOVA)
has been used to achieve optimal conditions for experimental results. The optimal zeta
potential value of about –46.125 mV was reached under the ideal conditions of independent
variables, which is compatible (at approximately 99.2%) with the real zeta potential value
(–45.8 mV). The monodispersity and stability of the Fe3O4 NPs effectively coordinated a
transition to the core@shell, as demonstrated by a rise in zeta potential value from –24 mV to
–45 mV. To date, no work has been reported which produced core@shell NPs for large-scale
production. The sonochemical method is widely considered to be one of the most promising
methods for preparing, encapsulating and modifying nanoparticles due to its safe, rapid,
low-cost and environmentally friendly characteristics [24]. Various types and shapes of
nanomaterials have been prepared using a sonochemical method [25,26]. In addition, the
sonochemical method ensures the uniformity, homogeneity and monodispersity of the
nanoparticles produced [27]. From this point of view, all these advantages and properties
of this method may have the potential to be more applicable to large-scale production.

Somayeh et al. [28] carried out a simple and eco-friendly green method for the prepa-
ration of spherical Fe3O4@Au with a size of 31 nm, utilizing the aqueous extract of the
Carum carvi seed which plays three functions such as reduction, capping, and stabilizer
agents during the Fe3O4@Au synthesis process (Table 1). The seeds of Carum carvi were
thoroughly washed with distilled water, followed by drying at 25 ◦C for 2 days. In the end,
the resultant was milled to produce a powder. In order to prepare the aqueous extract,
the powder was steeped in 100 mL of distilled water for 10 h at a temperature of 25 ◦C
and then purified using filter paper to acquire a clear solution. To synthesize Fe3O4@Au,
50 mg of Fe3O4 was dissolved in 100 mL of aqueous extract of Carum carvi and the mixture
solution was stirred for around 10 min. Twenty milliliters (20 mL) HAuCl4 solution (5 mM)
was then applied to the mixture solution. Finally, the mixture solution was kept for 24 h
and then dried overnight at 70 ◦C. The green, rapid and low-cost preparation of core@shell
Fe3O4@Au NPs using natural honey as a reducing as well as stabilizing agent through
hydrothermal method for 20 min was reported by Rasouli et al. [29]. Fe3O4 NPs were
dissolved in 50 mL ultrapure water and sonicated for 2 min, to which 25 mL of HAuCl4
(0.005 M) was added and stirred for 15 min to achieve the full adsorption of gold ions on
the surface of Fe3O4. Subsequently, 0.25 g of the natural honey was added to the mixture
solution, held under the hydrothermal method at 120 ◦C for 20 min. Eventually, Fe3O4@Au
NPs were separated from the excess result solution using a permeant magnet and washed
three times through ultrapure water. TEM images revealed that the synthesis of Fe3O4@Au
NPs has a diameter ranging between 3.49 and 4.11 nm. Tarhan et al. [30] announced that
novel Fe3O4@Au NPs, functionalized via maltose, have been prepared as a favorable carrier
matrix for easy and efficient L-asparaginase immobilization. The findings show that NPs
are monodispersed to 9.0 emu/g magnetization with a size of 10 nm. Tarhan et al. [30]
expect that flexible carriers will lead to new possibilities for applications in the fields of
biomedicine, biotechnology and biochemistry on the basis of the success of the procedure
and the promising findings achieved from their novel process.
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Table 1. Summary of the recently published studies on the synthesis methods of Fe3O4@Au NPs.

No. Nanoparticles Structure Synthesis Method Size/Shape Applications Ref

1 Core@shell Growth method 5 nm/spherical Food application [21]

2 Core@shell Sonochemical ~40 nm/flower Food application [20]

3 Core@shell Green method 31/spherical Antimicrobial
activity [28]

4 Core@shell Green method 3.49–4.11 nm/semispherical Drug delivery [29]

5 Core@shell Reduction 10 nm/amorphous Enzyme
immobilization [30]

6 Core@shell Sonochemical 20–50 nm/spherical Cancer biomarkers [31]

7 Core@shell Seeds growth 9.49, 10.04 and 8.95 nm/flower Catalytic reduction
of RhB [32]

8 Core@shell Seeding technique 15–57 nm/ [33]

9 Core@shell Nano-emulsion
technique 11 nm/semispherical [34]

10 Core@shell Laser ablation 20 nm/spherical [35]

11 Core@shell Reduction 20–50 nm/semispherical Cytotoxicity assay
in MDCK cell line [36]

12 Core@shell Reduction ~100 nm/flower [37]

13 HNPs Reduction 10 nm/spherical Hyperthermia [38]

14 Au/PDA hybrid In situ redox-oxidize
polymerization 25 nm/spherical Catalysis and

adsorption [39]

15 Fe3O4@Au@CeO2 hybrid Redox reaction 17 nm/nanofibers Catalysis [40]

16 HNPs Thermal
decomposition 25 nm/octahedral Theranostics [41]

17 HNPs Seeds growth 90 nm/spiky Multimodal
in vivo imaging [42]

18 HNPs Chemical reduction 31 nm/spherical [43]

19 Core@satellite Seed-mediated growth 65 nm/cubic Catalysis [44]

20 Core@satellite

Hydrothermal
treatment, and
freeze-drying
technologies

300–400 nm/spherical Microbial fuel cells [45]

21 Dumbbell NPs Reduction 22 nm/spherical Radiation therapy [46]

22 Dumbbell NPs Thermal
decomposition 7 nm/spherical [47]

Fe3O4@Au NPs have been produced as novel electrochemical immunosensors for the
use of cancer biomarkers [31]. The morphology of Fe3O4@Au NPs was that of a spherical
shape with an average size of approximately 20–50 nm. This novel strategy has shown
simpler construction, easier operation and a wider linear range. The proposed approach
and the use of a screen-printed carbon electrode provided for the development of a simple
electrochemical immunosensor that could be disposable, portable and cheap without using
additional labeling. For 15 min under sonication, the suspension of HAuCl4 has been
stirred with Fe3O4 solution. Subsequently, the reduction agent solution (NaBH4) was
quickly added to the cooled suspension, which was then sonicated for another 10 min. Kou
et al. [32] reported the custom design of extremely effective catalysts for Fe3O4@Au NPs.
Fe3O4 was formed with three different morphologies using engineered quantities of urea,
and the probable mechanism was proposed. Therefore, by measuring the amount of Au
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seeds, they achieved Fe3O4@Au with different morphologies and tunable Au deposition.
The catalytical ability of Fe3O4@Au with several structures was compared through the
application to degrade 4-nitrophenol and catalytic rhodamine while systematically investi-
gating the correlation of the Au seed amount to the turnover frequency and the catalytic
capability of Fe3O4@Au. They observed that the flower-like Fe3O4@Au NPs with 20 mL of
Au seeds applied had the highest degradation rate of 96.7%, and after recycling, their cat-
alytic ability was almost unchanged. The formation of Fe3O4@Au NPs was accomplished
by reducing the Au ions on the Fe3O4 surface using the seeding technique [33]. In a definite
volume of glycerin, different concentrations of oxidized Fe3O4 or the Au-shell reaction
were used. The reaction solution, including the reduction agent and Fe3O4 cores, was first
sonicated for 15 min, then heated with vigorous stirring to approximately 150 ◦C. Once the
reaction solution reached 150 ◦C, a drop-specific solution was added for HAuCl4. Fifteen
minutes after the addition of Au salts, the heating system was stopped but the stirrer
proceeded while the mixture was refreshed at room temperature. The component ratio
adaptation allowed the Fe3O4@Au NPs particle shell thickness to be tuned. The present
route produces well-determined structures of the Fe3O4@Au NPs of various sizes between
15 and 57 nm, with the Au noble metal varying from Fe3O4 NPs. Bi-phase Fe3O4@Au
NPs were provided using a nano-emulsion technique [34]. Characterization reveals that
the Fe3O4@Au nanostructure produced a particle size and distribution of approximately
11 nm in size. The NPs are non-toxic, water-soluble and stable due to the capping agent
covering the particles. Optical and magnetic data indicate that the NPs have a narrow-band
surface absorption of plasmon and an increased susceptibility to the Au shell. As a result,
the bi-phase Fe3O4@Au NPs are challenging for various applications such as magnetic
separation, optical detection and photonic therapy. In a different process, Au and Fe3O4
representing magneto-plasmonic NPs were obtained in two successive steps in an aqueous
environment by the laser ablation of the Au and Fe3O4 targets [35]. Au NPs are trapped in a
Fe3O4 mucilaginous matrix, which was established by both microscopic and spectroscopic
observation as magnetite. The plasmonic property of the colloids obtained was tested with
surface-enhanced Raman scattering spectroscopy, as well as their adsorption capability.
In addition to those inherent in Au NPs, the presence of Fe3O4 offers the bimetallic col-
loid new avenues of adsorption, particularly with respect to organic contaminants and
heavy metals, allowing them to be extracted from the aqueous environment to promote
a magnetic field. In addition, these NPs are low in toxicity, making them promising for
biomedical applications. Fe3O4@Au in a size range of about 20–50 nm and significant
magnetization saturation using a solvothermal one-pot process was recorded by Ángeles-
Pascual et al. [36]. NaBH4 gradually reduced the HAuCl4 solution into 9 mL of the black
NP solution to create a thin gold shell on the Fe3O4 NPs surface. The solution, under
intense stirring, was heated up to 70 ◦C and allowed to naturally cool down to room tem-
perature. Afterwards, Fe3O4@Au was separated using the neodymium magnet and rinsed
to remove the excess of chemicals from the reagents. To examine the biocompatibility of
NPs, a cytotoxicity assay was performed in the MDCK cell line. The tests for the Fe3O4@Au
NPs exhibited higher cell viability, indicating their excellent biocompatibility and their
potential for medical application. A novel and direct method for preparing Fe3O4@Au
NPs comprising a Fe3O4 core coated with an Au shell was identified [37]. The synthesis
incorporates ease of operation, minimal control and high reproducibility while at the same
time being environmentally friendly. The shell of Au NPs with a controllable thickness
of 30 nm was developed on the Fe3O4 core of 20 nm in size by reducing Au salt in the
ultrasonic bath. Au shell thickness might be adjusted by means of varying the quantity of
Au salt applied. Fe3O4@Au NPs of sizes ranging between 80 and 160 nm were prepared.
The Fe3O4@Au NPs were studied for their magnetic and plasmonic behavior. Function-
alization with polyethene glycol was conducted to explore its possible use in biomedical
applications. Unlike Fe3O4@Au DNPs, core@shell was commonly utilized as a contrast
agent in dual MR and CT imaging techniques.
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2.2. The Hybrid Structure of Fe3O4@Au (HNPs)

The synthesis of hybrid Fe3O4@Au NPs (HNPs) with appropriate size, design and
properties is difficult, and has gained considerable attention among researchers in material
sciences. It is possible to tune the design of Fe3O4@Au HNPs by selecting the proper
technique and controlling the processing parameters during the synthesis.

Fe3O4@Au HNPs have single-hybrid nanoparticles consisting of an entire-layer Au
ion-reducing coating on the Fe3O4 surface. In addition to biocompatibility, the structure of
Fe3O4@Au HNPs can also impart the NPs surface with appropriate biological and chemical
interface activity [48]. A well-defined novel structure can easily be formed by the Au shell
uniformly coated on the surface of Fe3O4 NPs with sulfur-based ligands. A considerable
amount of work has been performed during the last two decades to develop Fe3O4@Au
HNPs using various techniques, including co-precipitation, seed-mediated growth, direct
coating and thermal decomposition methods. The most popular method for preparing
Fe3O4@Au HNPs is the Au shell’s direct coating on the Fe3O4 surface. In this approach,
two strategies for forming the shell of Au on the Fe3O4 surface were observed. The first
method is a one-pot process in which the Au ions extend to form the shell on the Fe3O4
NPs surface. For the second process, Au NPs are internally produced, then seeded into a
suspension of Fe3O4 NPs to create Fe3O4@Au HNPs [18]. Sood et al. [49] observed that the
Au shell’s direct coating on the Fe3O4 NPs surface loaded with small ligands, including
ascorbic acid and citric acid, may be more successful.

Park et al. [38] described the hyperthermic features of Fe3O4@Au HNPs within a
200 kHz and 1.5 kA m−1 biocompatible alternating magnetic field (AMF). In the air atmo-
sphere, a 0.4 mL precursor of iron was added to a mixture of both oleic acid with octyl ether
at 100 ◦C. The solution was stirred during 1.5 h before being cooled at room temperature.
A mixture of oleylamine (0.5 mmol) and HAuCl4 (1.3 mmol) in the 5 mL of chloroform
was added two times at intervals of approximately 5 minutes with vigorous stirring with
a solvent of oleylamine (2 mmol) and Fe3O4 NPs (0.1 mg) in chloroform (10 mL). HNPs
were produced by growing Au NPs on the Fe3O4 NPs surface with an average size of
10 nm. Due to the decrease in the saturation value of the HNP solution relative to the Fe3O4
NPs, the initial heating rate was set to lower than the Fe3O4 NPs solution. The continued
application of the AMF gradually increased the HNP solution temperature, while the
solution of the Fe3O4 NPs achieved thermal equilibrium. A similar AMF condition was
demonstrated with the heating efficiency of Au NPs combined with non-conductive and
diamagnetic SiO2 NPs, which demonstrates that sustained heat for HNPs may be due
to the supplementary heating of the Au NPs in a radiation frequency solenoid belt (RF).
A novel hollow nanosphere Fe3O4@Au/polydopamine (Au/PDA) capable of absorbing
potentially toxic ions plus catalyzing the decrease in 4-nitrophenol has been published [39].
The hybrid shell has well encapsulated the hollow nanosphere Fe3O4(Au/PDA) to create
the dual-functioning magnetics hollow nanocomposites utilizing an easy redox-oxidizing
polymerization technique (Figure 2). Due to its uniform, hollow interior and usable
PDA coating with a strong activity of the Au nanoshell, the eventual hollow nanosphere
Fe3O4@Au/PDA has great potential for drug delivery and nanocatalysis. In brief, the
multifunctional Fe3O4@Au/PDA nanosphere has wide application potential for coexisting
toxic water contamination, green and simple synthesis and ease of manipulation, effective
adsorption efficiency and strong catalytic activity. Au NPs play a crucial part in heteroge-
neous catalytic reactions. Nevertheless, Au NPs typically have low selectivity and complex
recyclability. Fe3O4@Au@CeO2 hybrid nanofibers were prepared in the presence of Fe3O4
nanofibers, through a simple one-pot redox reaction between HAuCl4 and Ce (NO3)3 [40].
On the Fe3O4 nanofibers’ surface, the CeO2 shell was uniformly coated to form a unique
hybrid structure, while the Au NPs were encapsulated within the CeO2 shell. As a result
of the CeO2 shell formation, Fe3O4@Au@CeO2 hybrid nanofibers are positively charged
surfaces, allowing them to be excellent choices for the predominantly sensitive catalytic
action against the degradation of negatively charged organic colors. The Fe3O4@Au@CeO2
hybrid nanofibers have demonstrated magnetic properties, giving them good recyclable
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usability. This research provides a simple and efficient solution for preparing the hybrid
nanomaterials of magnetic noble metal/metal oxide with a distinctive surface character-
istic and chemical structure for offering applications in heterogeneous catalysis. A high
temperature wet chemical method was used for the synthesis of Fe3O4@Au HNPs with a
diameter of 25 nm [41]. Fe3O4@Au HNPs with Au seeds produced in situ were derived at
high temperatures through the thermal decomposition of HAuCl4 and Fe(CO)5. Fe3O4@Au
HNPs revealed the best features for application as hyperthermic and contrast agents for
MRI. Due to the large saturation magnetization and octahedral shape of the magnetite par-
ticles, Fe3O4@Au HNPs obtained a particular loss power of approximately 617 W·gFe −1

with an exceptionally high r2-relaxivity of about 495 mM−1s−1.

 

Figure 2. TEM image [39] and schematic illustration for the production of hybrid Fe3O4@Au HNP.

Wang et al. [42] stated that the novel structure of spiky Fe3O4@Au (SPs) is used
for multi-modal imaging and phototherapy agents. The uniformly sized Fe3O4@Au SPs
were synthesized in two steps. First, citrate-stabilized Fe3O4 NPs of the average size
of 10 nm was synthesized, then the Au layer was coated on the Fe3O4 NPs surface to
create Fe3O4@Au HNPs, which were used for the production of Fe3O4@Au SPs. The SPs
exhibit great photodynamic effects and therapeutic photothermal, with a photothermal
conversion efficiency of about 31%, and enable tumor-targeted imaging, such as MRI,
photoacoustic and computed tomography. The SPs display good biocompatibility, in vivo
as well as in vitro. Additionally, the SPs obliterated a tumor below 808 nm of radiation
owing to its unique absorption in the near-infrared field. SPs represent a convenient
product for application in clinical practice with their potential for deeply integrated multi-
modal imaging as well as multiple therapeutic functions. Fe3O4@Au HNPs have been
produced, characterized and presented as a new porous marker to increase micro-/nano-
based pores found and quantified by SEM in the shale [43]. With the presynthesized Fe3O4
NPs in a solution, the Fe3O4@Au HNP shale has been synthesized using the chemical
reduction technique. Because of the superparamagnetic properties, the nanomarker is easily
operated via the external magnetic field to appoint in pores and provides a sharp contrast
picture between the pores and shale matrix, making it much easier and more accurate to
recognize micro/nano-sized pores in shales. Moreover, as Au NPs are particularly rare
noble metals in the shale, Au’s energy-dispersive X-ray mapping was used to accurately
calculate area porosity in a shale. A precise and realistic technology is recommended
to enable the characterization of micro/nano-pores in the shale in conjunction with the
aforementioned merits of the nanomarker. The design and synthesis of hybrid NPs with
distinct morphologies can draw the interest of scientists to hybrid biosynthesis NPs.
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2.3. Core@Satellite Structures

One of the popular frameworks for Fe3O4@Au NPs is core@satellite (Cs). This struc-
ture has a single core of Fe3O4 with the binding by covalent bonds of numerous Au NPs
similar to satellites. The CsFe3O4@Au NPs comprise a residually exposed core surface of
Fe3O4 suitable for MR imaging and further functionalization. In addition, the Cs structure
consists of many peripheral Au NPs with a large surface area of the satellite nanoparticle
that is advantageous for imaging as well as photothermal capabilities [50]. CsFe3O4@Au
NPs are drawn up using different methods. Liu et al. [44] announced that a seed deposition
method was used to produce CsFe3O4@Au nanocubes (Figure 3). Ten milliliters (10 mL) of
Au seeds were applied dropwise to obtain Fe3O4@PEI nanocubes dispersed in deionized
water through ultrasonic treatment. The CsFe3O4@PEI@Au nanotubes were thoroughly
washed with deionized water after 2 h of sonication. Recently, Song et al. [45] succeeded in
developing CsFe3O4@Au NPs that combined three-dimensional microporous graphene
foam was formed by an efficient approach which integrated in situ growth, hydrother-
mal treatment and freeze-drying methods. Ultrasonic treatment was required during
the sample preparation to help form a stable mixed colloidal suspension of precursors.
Nevertheless, it is notable for Au NPs to be removed from the CsFe3O4/Au NPs by using
ultrasound. The binding force between the products of CsFe3O4/Au NPs must be powerful
enough to solve this problem. As a result, the Cs Fe3O4/Au NPs used in this method were
provided using an in situ growth technique, where Fe3O4 NPs coated with citric acid were
utilized as seeds to reduce gold ions (HAuCl4) with the asset of sodium citrate for the
nucleation and growth of Au NPs on Fe3O4 NPs surfaces.

 

Figure 3. TEM image [44] and schematic diagram for the preparation of core@satellite CsFe3O4@Au NPs.

2.4. Fe3O4@Au Nanodumbbells

Dumbbell NPs (DNPs) consist of a tightly interacting heterostructure together with one
NP at the other end (Figure 4). The separate NPs are dumbbell-like or resemble particles in
near contact with each other. In contrast to Fe3O4@Au HNPs in which Au shields the Fe3O4
core, the Fe3O4@Au DNP’s have a broad-based functional surface and active interface which
improves their applications for diagnostics and therapy as theranostics [51]. Fe3O4@Au DNPs
have unique features, including (1) the ability to allocate various functionalities to delivery
applications and particular target imaging; (2) the magnetic detection and simultaneous
optical abilities; and (3) the ability to customize optical and magnetic features by adjusting
the size of Fe3O4@Au HNPs [52]. Fe3O4@Au DNPs can be regularly produced through the
epitaxial growth of one NP to another form of NPs called NP seed. During the procedure, the
nucleation should be properly regulated to generate heterogeneous nucleation on a particular
crystalline phase around the seed NPs [53]. Klein et al. [46] developed a simple one-pot
synthesis method for the preparation of Fe3O4@Au DNPs using a sonication process. In their
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analysis, Fe3O4@Au DNPs were achieved by the co-precipitation of Fe3O4 NPs in an aqueous
solution of HAuCl4. Subsequently, 3-mercaptopropionic acid was added to a mixture to
stabilize Fe3O4@Au DNPs. The resulting DNPs were collected by permanent magnetism and
washed three times with 20 mL of ultrapure water. Kostevsek et al. developed Fe3O4@Au
DNPs coated with chitosan using a two-step process [47]. First, Fe3O4@Au DNPs were
provided through the reduction of Au ions using the thermal decomposition of the Fe
pentacarbonyl (Fe(CO)5) with the existence of oleic acid, oleylamine and 1,2-hexadecanediol
at the same time. An Au NP was observed to develop at first in the mixture, during the
reaction because of a larger variance in the potential for reduction between Fe and Au.
Afterwards, Au NPs were used to break down Fe(CO)5 to produce Fe3O4@Au at higher
temperatures. Second, the surface of Fe3O4@au presynthesized NPs was changed to produce
highly biocompatible Fe3O4@Au DNPs coated with chitosan, utilizing hydrocaffeic acid and
thioglycolic acid-conjugated chitosan. Fe3O4@Au DNPs were shown to be biocompatible
within a certain range of concentrations that can be employed for optical and magnetic
applications in biomedicine [54]. Despite the fact that much work has been expended
in the synthesis of Fe3O4@Au CNPs for MR@CT imaging applications, the synthesis and
development of these nanoparticle systems remain an open area with significant challenges.
For example, Fe3O4@Au nanodumbbells have not been extensively used for dual-mode
MR/CT imaging applications.

Figure 4. TEM image [55] and schematic drawing of Fe3O4@Au DNPs dumbbell preparation.

3. Medical Application of Fe3O4@Au NPs

Nanoscience currently ranks among the world’s most desirable sciences due to its
interdisciplinary research field, which can be used in many applications [55,56]. Fe3O4@Au
with enhanced properties possesses a specific economic value relative to single NPs due to
the current increase in performance, durability and a wide range of industrial, engineering
and medical applications. Recently, Fe3O4@Au NPs have attracted many researchers due
to their wide variety of features, potential, structures, easy control and simple produc-
tion methods, as discussed above. Fe3O4@Au NPs were employed for a wide range of
applications, including catalysis [57], hyperthermia [58], biomedical imaging [59], drug
delivery [29] and protein separation [60]. Thereby, the most desirable applications will be
discussed (Figure 5).
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Figure 5. Schematic representation of the medical applications of Fe3O4@Au NPs [5].

Izadiyan et al. [61] documented the construction of Fe3O4@Au NPs using a modern
two-step synthesis technique made of green husk extract from Juglans regia. Their analysis
shows that Fe3O4/Au NPs’ structure, physical and chemical properties exhibit Fe3O4 and
Au’s intrinsic features. The Fe3O4@Au NPs display 235 μg/mL of inhibitory concentration
(IC)50 against colorectal cancer cells (HT-29). Once measured against non-cancer cells, not
even up to 500 μg/mL of IC50 was obtained. This result exhibited the promising properties
of Fe3O4@Au NPs for cancer treatment and different biomedical applications. Au shell
coating over Fe3O4 NPs provides an appropriate platform for adequate modification via
therapeutic agents, which is one of the main challenges for the use of Fe3O4@Au NPs
through cancer therapy. Cancer cells lack the necessary heat-shock reaction and therefore
start dying before normal cells when the temperature of the tissue is above 42 ◦C, and the
time necessary to achieve the therapeutic temperature was indeed faster for Fe3O4@Au
NPs than for naked Fe3O4 NPs [36].

Zhao et al. [62] reported the production of Fe3O4@Au HNPs at room temperature,
which concurrently improved X-ray attenuation as well as showed fluorescence and mag-
netic properties. Findings from the in vitro fluorescence experiment revealed that the NPs
were extremely photostatic and could prevent endosome degradation in cells. Additionally,
the in vivo study of normal mice showed 34.61 times more contrast under MR guidance
15 min after the administration of the Fe3O4@Au HNPs. The most elevated Hounsfield unit
(HU) stood at 174 for 30 min after injections of Fe3O4@Au HNPs by CT. In vivo studies
of Fe3O4@Au HNPs in rat models carrying three different viral infections were further
evaluated. For fatty liver models, almost constant contrast improvement was observed
without focus dysfunction or nodules under CT and MR (72 HU) and (the highest contrast
ratio was 47.33). At the same time, the pronounced enhancement of HCC and cirrhotic liver
under CT and MR guidance might be observed in liver parenchyma following Fe3O4@Au
HNPs injection with highlighted lesions. In addition, the biochemical, hematological and
pathological analysis revealed a lack of chronic and acute toxicity and demonstrated the
biocompatibility of Fe3O4@Au HNPs in vivo applications. These Fe3O4@Au HNPs have
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shown great potential as a bio-image and multi-modality candidate. Recently, our team
recorded Fe3O4@Au NPs developed through sonochemical production for MR and CT
imaging [63]. The Fe3O4 NPs were produced by co-precipitation, followed by the reduction
of a gold ion on the Fe3O4 surface utilizing a simple and rapid sonochemical process, in just
10 min. Viability testing for a human embryonic kidney cell line (HEK-293) with various
doses (100 to 500 Fe μg/mL) for Fe3O4 and also Fe3O4@Au was performed for various
incubation periods (24, 48 and 72 h). Significant reduction in the viability of HEK-293
cells could indeed be identified through an increase in the NPs dose. HEK-293 cells were
cultivated with various concentrations of coating NPs (Fe3O4@Au), which were higher
than that of bare Fe3O4 due to the biocompatibility properties of the Au shell. This result
means that the Au shells could decrease the toxicity of Fe3O4 [64]. Fe3O4@Au NPs were
first distributed as a control sample in various agar gel concentrations (0.1 to 0.5 mg) using
a simple agar gel (Figure 6a). The brightness of the Fe3O4@Au NPs MRI images reduces
if the dose increases, leading to a decrease in the MRI signal strength via the increasing
Fe dose [65]. Transverse relaxivity (r2) is typically used as a contrast agent to measure
the effectiveness of Fe3O4. Illustration 6 (b) provides a relaxation rate (T2) as a variable of
the Fe3O4@Au NP dose in which T2 linearly increases during the increase in the Fe dose
with an r2 slope value of about 222.28 mM−1 s−1 (Table 2). Fe3O4@Au NPs’ r2 value is
high, probably due to the water protons that can be obtained at the Fe3O4 surface of the
shell during the interstitial spaces of Au shells. The result of the sensitivity supports the
possible use of Fe3O4@Au NPs in MRI applications as a T2-shortening agent. The X-ray
attenuation of various concentrations of Fe3O4@Au NPs has been studied, employing agar
as a sample group to assess the potential of the use of Fe3O4@Au NPs as a contrast agent
for CT (Figure 6c). The sensitivity of the CT picture improves with the concentration of Au.
Illustration 6 (d) exhibits that the Fe3O4@Au NPs’ CT value (HU) gradually increases with
the concentration of Au shell (HU = 418) [66]. This report reveals that the attenuation rate of
Fe3O4@Au under parallel concentrations of iodine is significantly higher than Omnipaque.
This reduction was consistent with an earlier report [66]. Sun et al. stated that because of
their higher surface-to-volume ratio, ultrafine Au shells demonstrate higher X-ray attenua-
tion compared to their larger equivalents [67]. This function is imperative since Fe3O4@Au
NPs’ strong X-ray attenuation capability is a prerequisite for their future utilization as a
CT contrast agent. In vitro results (r2 and HU) support the efficacy of Fe3O4@Au in MR
and CT imaging. In general, Fe3O4@Au NPs’ MRI contrast influence depends on Fe3O4
concentration, whereas the Au shell serves an essential function via the X-ray attenuation
of CT imaging.

Figure 6. (a) MR images with various Fe doses; (b) T2 linear fitting of Fe3O4@Au NPs; (c) CT images of various Au doses;
and (d) the intensity of X-ray attenuation [63].
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Table 2. Summary of the recently published studies on medical applications of Fe3O4@Au NPs.

No. Nanoparticles Type Application Results Ref

1 Core–shell Fe3O4/Au Anticancer
The Fe3O4@Au NPs display 235 μg/mL of inhibitory

concentration (IC)50 against colorectal cancer cells
(HT-29).

[61]

2 Fe3O4@Au HNPs
CT-MR

dual-modality
contrast agents

In vitro phantom studies revealed that these NPs
provided superior contrast enhancement for CT and

MR imaging.
[62]

3 Fe3O4@Au NPs MRI and CT
imaging

The in vitro findings (r2 = 222.28 mM−1 s−1,
HU = 418) substantiate the effectiveness of
Fe3O4@Au NPs in MRI and CT imaging.

[63]

4 Fe3O4@Au NPs Photothermal
therapy

The findings demonstrated that Fe3O4@Au NPs have
the ability to be used as a phototherapeutic agent to

enhance the eradication of breast cancer cells.
[68]

5 Fe3O4@Au core/shell Biosensors Fe3O4@Au NPs as new multiplex biosensors of real
laboratory testing in complex matrices. [69]

6 Spiky Fe3O4@Au NPs Theranosticagents

The serum biochemistry results showed that the
spiky Fe3O4@Au NPs had no discernible toxicity
in vivo and could not accurately depict liver and

kidney failure.

[70]

7 Fe3O4@Au NPs Dual-modal
imaging

The Fe3O4@Au NPs proved to be a successful
candidate to image tumors for Vivo PA/MR through

intravenous injection.
[71]

8 Fe3O4@Au NPs Antibacterial study
Fe3O4@Au NPs revealed good antibacterial activity
against Gram-positive and Gram-negative pathogens

which are found in water.
[72]

Mohammed et al. [68] announced that the sonochemical method successfully synthe-
sized Fe3O4@Au with a mean size of 20.8 nm. Fe3O4@Au NPs demonstrated slight toxicity
to MCF-7 cell lines within 24 h, even with the maximum NPs concentration. The laser
irradiation time, power, and wavelength used to treat both cells and NPs were 10 min,
200 mW and 808 nm, respectively. Cell viability decreased dramatically after treatment
with 50 μg Fe/mL Fe3O4@Au NPs. The findings in this study conclude that Fe3O4@Au NPs
have the ability to be used as a phototherapeutic agent to improve breast cancer treatment.
Fe3O4@Au NPs were designed for a plasmon signal enhancement label for nucleotide
and serum marker combined detection by Premaratne et al. [69]. The Fe3O4@Au NPs’
integrated plasmon and magnetic enhancement features proved capable of quickly and
magnetically separating the detection-attached sensors and magnifying the SPR signal’s
performance whilst reducing the non-particular signals of a serum matrix. Such features
enhanced the assay’s dynamics as well as its selectivity and sensitivity. With the recently
developed emphasis on in vitro diagnostic imaging for painless/non-invasive disease and
abnormality detection, results showed Fe3O4@Au NPs to be new multiplex biosensors of
real laboratory testing in complex matrices. Spiky Fe3O4@Au NPs were proven to be effica-
cious theranostic agents in photothermal treatment, a drug-targeted delivery and genetic
transmission system [70]. The clearance, biocompatibility and biodistribution of the spiky
Fe3O4@Au were studied in mice. The organ distributions revealed that the intravenously
administered spiky Fe3O4@Au NPs were mainly accumulated in the spleen and liver, and
the size of the particles significantly affected their actions in vivo. The biochemistry and
electron transmission microscopy serum of ultra-histologic structures revealed that spiky
Fe3O4@Au NPs had no significant in vivo toxicity and did not present a potential risk of
kidney and liver dysfunction. Such results lay the groundwork for the development of
future theranostic agents. Kang et al. [71] studied the dual-mode imaging of Fe3O4@Au
NPs as contrast agents for magnetic resonance (MR) and photoacoustic (PA) imaging. MR

284



Nanomaterials 2021, 11, 2147

imaging offers a time-dependent location for the tumor, while PA imaging demonstrates
the presence of high-resolution blood vessels within the tumor. The Fe3O4@Au NPs dis-
play a greater value of r2—approximately 329 mM−1 s−1. The Fe3O4@Au NPs were also
added to the tumor-bearing mice of LNCaP as a successful candidate to image tumors for
Vivo PA/MR through intravenous injection. MR/PA imagery results in the tumor area
show a substantially improved MR/PA image. In multi-modal imaging, the prepared
Fe3O4/Au NPs will be widely applied. Fe3O4@Au NPs were synthesized through the
chemical reduction approach [72]. TEM analysis revealed the production of Fe3O4@Au
with a mean size of approximately 18 nm. The decreased size allows these Fe3O4@Au NPs
to effectively infiltrate the bacterial crust, resulting in membrane reliability failure. These
Fe3O4@Au NPs indicate high antibacterial activity in the water against Gram-positive and
Gram-negative pathogens. The result achieved showed that the Fe3O4@Au NPs were a
strong antibacterial agent. Using invented Fe3O4@Au NPs in the medical industry is still
challenging because the results of clinical trials have yet to be released.

4. Conclusions and Challenges

Fe3O4@Au NPs provide numerous possibilities for a powerful platform for medical
applications due to their special optical and magnetic properties. Owing to advances in
synthesis methods, various forms of Fe3O4@Au NPs such as core@shell NPs, core@shell
HNPs, core@satellite NPs and dumbbell NPs have recently been explored. The physico-
chemical characteristics of Fe3O4@Au were controlled by manipulating each NP in terms of
composition, size, shape and interparticle correlations according to their needs. Fe3O4@Au
NPs have been commonly regarded as therapeutic agents for various uses due to various
functional materials, including catalysis, hyperthermia, biomedical imaging, drug delivery,
and protein separation. Nonetheless, the use of Fe3O4@Au NPs as a medical agent is still in
its infancy and is faced with many doubts and challenges. It is very challenging to develop
more effective, smart and secure Fe3O4@Au NPs for medical applications. While several
Fe3O4@Au NPs have been established, translating these components into real clinical
applications has not yet been carried out. To address these drawbacks, efforts should
be made to produce Fe3O4@Au NPs, where each functionality performs in a combined
way without affecting other features and functionality. In addition, these components
should be precisely applied to long-term toxicity investigations, biodistribution evaluation
and several other preclinical tests. Despite these challenges, medical applications based
on Fe3O4@Au NPs will indeed find real-time applications due to their special features.
Collective efforts from researchers from multidisciplinary backgrounds can enhance the
success of using Fe3O4@Au HNPs as a medical agent.
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Abstract: In order to enhance the sensitivity of a Fabry–Perot (F-P) acoustic sensor without the need
of fabricating complicated structures of the acoustic-sensitive diaphragm, a mini-type external sound
pressure amplification structure (SPAS) with double 10 μm thickness E-shaped diaphragms of differ-
ent sizes interconnected with a 5 mm length tapered circular rod was developed based on the acoustic
sensitive mechanism of the ossicular chain in the human middle ear. The influence of thickness and
Young’s modulus of the two diaphragms with the diameters of 15 mm and 3 mm, respectively, on the
amplification ratio and frequency response were investigated via COMSOL acoustic field simulation,
thereby confirming the dominated effect. Then, three kinds of dual-diaphragm schemes relating
to steel and thermoplastic polyurethanes (TPU) materials were introduced to fabricate the corre-
sponding SPASs. The acoustic test showed that the first scheme achieved a high resonant response
frequency with lower acoustic amplification due to strong equivalent stiffness; in contrast, the second
scheme offered a high acoustic amplification but reduced frequency range. As a result of sensitivity
enhancement, adapted with the steel/TPU diaphragm structure, an optical fiber Fabry–Perot sensor
using a multilayer graphene diaphragm with a diameter of 125 μm demonstrated a remarkable
sensitivity of 565.3 mV/Pa @1.2 kHz due to the amplification ratio of up to ~29.9 in the range of
0.2–2.3 kHz, which can be further improved by miniaturizing structure dimension, along with the
use of microstructure packaging technology.

Keywords: sound pressure amplification structure; double diaphragm scheme; Fabry–Perot sensor;
graphene diaphragm; sensitivity enhancement

1. Introduction

Acoustic pressure sensing plays an important role in applications such as environmen-
tal noise monitoring [1], photoacoustic spectroscopy [2] and human–machine interaction [3],
etc. Due to the advantages including immunity to electromagnetic interference, the ca-
pability of performing remote sensing, very high resolution, fast response, and compact
size [4], optical sensors have been attracting more research interests among various acoustic
sensors. It is important to note that planar diaphragms are generally used to sense the
sound pressure in optical sensors. To strengthen acoustic sensitivity, various diaphragm
structures have been reported in recent years. The diaphragms with large areas and small
thickness were generally adopted to increase the sensitivity [5]. Unfortunately, a larger
ratio of diameter to thickness may lead to low resonance frequency and uneven frequency
response [6–8]. Although a metal diaphragm-based sensor developed by Gaomi Wu [9]
showed a sensitivity larger than 800 mV/Pa, the high sensitivity mainly resulted from
the larger film area. When the film diameter was reduced to 125 μm, the diaphragm with

Nanomaterials 2021, 11, 2284. https://doi.org/10.3390/nano11092284 https://www.mdpi.com/journal/nanomaterials289



Nanomaterials 2021, 11, 2284

the same area ratio would only have an extremely low sensitivity of 8 mV/Pa. Recently,
the corrugated diaphragm was introduced to improve acoustic sensitivity [10–14]. For
example, the average mechanical sensitivity of the corrugated silver diaphragm-based
optical fiber microphone was 52 nm/Pa in the low frequency range of 63 Hz–1 kHz, which
was twice that of the planar diaphragm with the same larger diameter of 2.5 mm and
thickness of 200 nm [13]. In their latest work in 2020 [14], the mechanical sensitivity was
increased to 82.65 nm/Pa by optimizing the depth of the corrugated diaphragm. However,
fabricating a corrugated diaphragm is limited by the diaphragm material and complicated
micro-nano fabrication technology, in addition to the need for a larger size diaphragm.
Instead of the use of a peripherally clamped circular diaphragm, cantilever type sensors
have been developed [15–18]. In Ref. [17], the mechanical sensitivity of 198.3 nm/Pa at
1 kHz was demonstrated by using a steel cantilever with the larger size of 1.8 mm × 1 mm
and the thickness of 10 μm. Although the cantilever structure has the advantage of high
sensitivity, the asymmetric feature makes the sensor mainly operate at close to the reso-
nance frequency with an extremely narrow band and nonlinear response [19]. Another
feasible way is to employ external acoustic amplification structures. In 2011, Eui Sung
Jung [20] proposed a microphone with a spiral-type acoustic tube, which generated a
resonance effect between the diaphragm and the acoustic transducer inside a case. The
underwater frequency response of the microphone at 3–4 kHz was improved by approxi-
mately 20 dB. Nevertheless, this structure was specifically for sensing diaphragms with
large areas, especially those with a diameter of over 10 mm. Then, in 2015, Pan Hu [21]
designed a steel megaphone at the front of an Fabry–Perot (F-P) acoustic sensor, which
showed the sensitivity of 56.99 mV/Pa at 4.5 kHz. However, the long megaphone was
confined to short-distance sound detection. Recently, in 2018, Renxi Gao [22] proposed
a Helmholtz resonator to encapsulate an optical fiber vibration sensor with multiple re-
sponse peaks below 1 kHz; however, the bandwidth of each resonance peak was less than
100 Hz, meaning an extremely uneven frequency response. Therefore, an external sound
pressure-enhanced structure suitable for miniaturized sensors, capable of long-distance
detection in a wide frequency range, is of great significance to F-P acoustic sensors.

In reality, human organs have subtle sound sensing structures that have recently been
used to improve the frequency response and sensitivity. As we know, the basilar membrane
(BM) in the human cochlear is naturally designed with an asymmetric trapezoidal shape
that has numerous resonance frequencies by varying the width and thickness of the BM
along the cochlea spiral, thereby enabling the resonance-based sensing and frequency
tuning capability [23]. For example, in 2016, Jongmoon Jang [24] reported a trapezoidal-
shape triboelectric-based artificial basilar membrane (TEABM) using eight double-ended
polymer beams fixed on the substrate. The beam length was in the range of 8.2–32 mm
and its width was 6–8 mm. Compared with their previous artificial basement membrane
with a cantilever array, this fabricated TEABM displayed multiple harmonic response
spikes in the lower range of 294.8–2311 Hz, and the sensitivity to sound was improved
from 0.35–1.67 mV/Pa to 1.74–13.1 mV/Pa. Then, in 2018, Jae Hyun Han [23] developed a
curved-shape basilar membrane-inspired flexible piezoelectric acoustic sensor (f-PAS) using
seven polymer beams with a length in the range of 0.5–1 mm on the plastic substrate. The
curved-shape f-PAS exhibited a non-flat resonance response distribution composed of many
discrete harmonic peaks in the range of 0.1–4 kHz. The acoustic test showed four to eight
times higher sensitivity compared to the conventional condenser sensor. However, multi-
channel simultaneous detection is also required for the beam array structure due to the
limited effective bandwidth, therefore restricting the miniaturization and complicating the
potential application because of the access of multiple acoustic probes and their matching
conditioning devices. Furthermore, biological studies on the human ear have verified that
external sound pressure is transmitted and then amplified from the tympanic membrane to
the stapes footplate in the middle ear [25–27], wherein the middle-ear sound pressure gain
can reach 23.5 dB around 1–2 kHz. As a result, the middle ear-inspired sound pressure
amplification structure (SPAS) is a great option for enhancing acoustic sensitivity.
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Hence, in this paper, a simple low-frequency SPAS primarily consisting of dual
diaphragms of different diameters interconnected with a tapered rod was introduced
to drive the adapting F-P acoustic sensor by imposing the amplified sound pressure onto
the graphene diaphragm adhered on the endface of the sensor, which offers a feasible
sensitivity-enhanced way without the need of modifying an F-P sensor by fabricating
complicated diaphragm structures. Then, in virtue of the sound reinforcement principle of
the human middle ear, the acoustic amplification performance of the developed structure
was investigated for the determination of the structural parameters of SPAS by COMSOL
Multiphysics simulation. Then, three types of SPASs were fabricated and further evaluated
by acoustic test, which characterized the significant role of acoustic amplification for SPAS
and a high acoustic sensitivity of 255.5 mV/Pa @ 1 kHz was achieved for an F-P acoustic
sensor with SPAS. Compared with the external amplification structures previously reported
in Refs. [20,22], the simple bionic SPAS can offer an enhanced sensitivity in a relatively
wide frequency band ranging from 0.2 Hz to 2.3 kHz. It is necessary to note that, herein,
the F-P acoustic sensor adapted with the SPAS employed a graphene diaphragm due to
the small thickness and excellent mechanical strength of graphene [28]. Although recent
research described a large-area graphene oxide (GO) diaphragm-based F-P sensor with a
sensitivity of 25.84 mV/Pa [29], it is more appropriate for the SPAS to use a smaller cavity
accommodating the F-P probe. Hence, the F-P acoustic sensor with graphene diaphragm
was introduced in the manuscript to evaluate the SPAS performance.

2. The Model Adapted to SPAS

Figure 1 illustrates the schematic diagram of the SPAS. Since the lymphatic fluid
that is full of the human cochlea would cause higher acoustic loss, an ossicular chain
structure in the middle ear is capable of enhancing the input external acoustic pressure
and then transfer into the inner ear for effectively matching sound passing from the low
impedance of external air to the high impedance of cochlear fluid [25]. It is known that a
human middle ear is made of a tympanic membrane ™, middle ear cavity, and ossicular
chain which consists of the malleus, incus, and stapes [30]. Referring to the structural
illustration of a human middle ear in Figure 1a, external air pressure is strengthened via
large TM vibration and then lever amplification offered by malleus and incus. In this
case, the amplified acoustic pressure is passed to the following inner ear by the use of the
stapes. According to the acoustic signal enhancement scheme including the large area
ratio between input TM and output stapes and the lever magnifying mechanism formed
by malleus and incus, a mini-type SPAS of simple structure with a large area ratio of the
outer film (diaphragm 1) to inner film (diaphragm 2) is proposed, as shown in Figure 1b,
wherein the two films of different sizes are equivalent as the TM and stapes in Figure 1a
for acoustic signal amplification. Then, a conical rod, serving as a pressure transmission
medium, is fixedly connected with the two diaphragms at its upper and lower endfaces,
respectively. The diaphragms attached with the rod have adhered to the supporting outer
casing that also offers a guide tube for assembling an F-P probe, thereby forming two
sealed air cavities (cavity 1 and cavity 2). The compressed air in cavity 2 caused by the
SPAS would increase the pressure imposed on the sensitive diaphragm such as graphene
suspended on the ferrule endface. As a consequence, acoustic sensitivity can be improved
with the aid of the SPAS for a diaphragm-typed F-P acoustic sensor.
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Figure 1. Schematic illustrations of (a) a human middle ear structure and (b) the presented SPAS with an F-P probe.

For the SPAS displayed in Figure 1b, an equivalent schematic diagram of the force
model is depicted in Figure 2. For the sensitivity increase, the radius R1 of the diaphragm 1
is five times larger than the radius R2 of the diaphragm 2. In this case, considering the
smaller deflection deformation of diaphragm 1 resulted from the applied lower external
acoustic pressure ranging from 20 μPa to 20 Pa, the relative volume change in cavity 1 is by
far lower than that in cavity 2, thus neglecting the effect of pressure change in cavity 1. For
the purpose of modeling the load-deflection behavior, in view of the rigid connecting rod,
the effective working part of each diaphragm is an annular region, which can be regarded
as an E-shaped diaphragm under the uniform load on one side and the concentrated load
on the other side. According to the small deformation theory of the E-shaped plates [31],
the normal displacement ω1(r) about the distance r from the center of diaphragm 1 under
the uniform dynamic load p1 and the central load pc1 can be approximated as:
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where R1 and H1 are the radius and the thickness of diaphragm 1, respectively; r1 is the
radius of the upper endface of the connecting rod; E1 and μ1 are Young’s modulus and
Poisson’s ratio of the diaphragm material. Similarly, the deflection ω2(r) of diaphragm 2
under the uniform dynamic load p2 and the central load pc2 can be obtained by:
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where R2 and H2 are the radius and the thickness of diaphragm 1, respectively; r2 is the
radius of the lower endface of the connecting rod; E2 and μ2 are Young’s modulus and
Poisson’s ratio of the diaphragm material.
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Figure 2. An equivalent schematic diagram of the force model for the presented SPAS.

Due to the rigid connection of the tapered rod with the diaphragms 1 and 2, the center
deflection for the two diaphragms can be approximated as:

ω1(r1) = ω2(r2) (3)

Then, based on the force conduction in the rod, the following relationship can be
obtained by:

πr1
2 pc1 = πr2

2 pc2 (4)

In terms of the ideal gas equation of state [32], the air pressure (p0 + p2) in cavity 2 at a
constant room temperature can be given by:

p0 + p2 =
πR2

2hp0

πR2
2h − ΔV

(5)

where p0 and ΔV are the initial pressure (1 × 105 Pa) and the variation of volume in the
cavity 2, respectively; h is the height of cavity 2. ΔV can be determined by:

ΔV = πr2
2ω2(r2) +

∫ R2

r2

2πrω2(r)dr (6)

In this case, the generated dynamic acoustic load p2 in cavity 2 can be further
written by:
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For a specific SPAS with known structural parameters, due to a set input load p1, the
pressure values p2, pc1 and pc2 can be calculated by the aforementioned Equations (1)–(4) and (7).
Therefore, the acoustic amplification factor K of the SPAS can be confirmed by:

K =
p2

p1
(8)

In this way, the structural parameters of SPAS could be optimized by the mechanical
amplification responsivity on basis of Equation (8).

3. Simulation on Acoustic Amplification Effect

3.1. Effect of SPAS Structural Parameters on Amplification Ratio

An investigation of the radius and thickness of diaphragm and rod as dominant
structural parameters was introduced to evaluate the amplification ratio of SPAS. For
simplified analysis, considering the reduced size and ease of fabrication for the SPAS, the
material and thickness of the two diaphragms are identical by defining H1 = H2 = H. Taking
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a steel diaphragm as an example, E1 = E2 = E = 2.07 × 1011 Pa and μ1 = μ2 = μ = 0.29. The
related simulation parameters for the design of SPAS are listed in Table 1. It should be
added that since the fabrication of SPAS and the connection of the amplification structure
with an F-P sensor were performed at room temperature and pressure, the initial pressure
in cavity 2 was assumed to be about 1 × 105 Pa in Table 1. Then, based on the established
model mentioned above, Figure 3 shows the influence of structural parameters on K.

Table 1. Simulation parameters for the design of SPAS.

Structural Parameter Value/mm Material Parameter Value

R1, R2 7.5, 1.5 E 2.07 × 1011 Pa
r1, r2 4.5, 0.5 μ 0.29

H 0.01 Pressure in cavity 2 Value

h 0.1 p0 1.01 × 105 Pa

Figure 3. Simulation on (a) the effect of the radius r1 and r2 of the connecting rod on K, (b) the effect of the ratio of radius
R1/R2 and the thickness H of two diaphragms, and (c) the effect of the height h and the initial pressure p0 of cavity 2 on K.

Referring to Figure 3a, although as a whole the increased r1 or reduced r2 contributes to
an increase in K, the radius at both the upper and lower surfaces of the pressure conduction
rod produces the non-monotonic effect on K. It can be seen from the red line in Figure 3
that for a certain r2 value (0.5 mm), r1 is confirmed as 4.5 mm instead of a maximum value
to achieve an extreme value of 15.1 for K. In contrast, when r1 is chosen as 4.5 mm, r2 can
be further reduced to obtain a higher K; however, a smaller r2 is limited by the fixation
technology of the connecting rod and the supporting diaphragm at its lower endface. In
other words, r2 followed by r1 is confirmed by the model simulation. In Figure 3b, K is
directly positively proportional to R1/R2 and 1/H. Moreover, the enhancement effect of
R1/R2 is more obvious than that of H. For example, for a specific diaphragm thickness
of 10 μm, K equals to 1 when R1/R2 = 1; nevertheless, it correspondingly rises from 15.1
to 31.2 with an amplification factor of ~2.1 when R1/R2 changes from 5 to 7. Hence, the
preference for dual thin diaphragms with a large area ratio should be given on the basis
of the thinning process of diaphragm material and miniaturization of SPAS. In addition
to the aforementioned main structural parameters, the reduced height (h) of cavity 2 and
the increased initial pressure (p0) in the cavity also demonstrate clearly consistent effects
on K as shown in Figure 3c. According to the red line in Figure 3c, for a cavity height
of 100 μm at an approximate median point in the range of 60–150 μm, K is increased to
18.5 at 1.5 × 105 Pa from 11.1 at 0.6 × 105 Pa with a 66.7% rate of increase. By contrast, a
64.4% rate of increase for K is obtained when the cavity height (h) decreases from 150 μm to
60 μm at 1 × 105 Pa. Although the magnitude of the impact with little difference, whether
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raising p0 or reducing h closely depends upon the sealing outer casing and miniaturization
process of SPAS.

3.2. Effect of Diaphragm Parameters on Acoustic Amplification

According to the above simulation on K, the structural parameters of dual diaphragms
are major influence factors, wherein the diaphragm thickness is more critical regarding the
limitation in the physical dimension of SPAS. Hence, acoustic amplification performance by
COMSOL multiphysics simulation using the initial parameters in Table 1 mentioned above
is performed. By imposing a 1-Pa dynamic acoustic pressure whose frequency ranges
from 200 Hz to 10 kHz on diaphragm 1, the acoustic pressure response is investigated
in cavity 2 to estimate the dynamic amplification performance. Assuming the excitation
frequency is 20 Hz. Figure 4 illustrates the dynamic acoustic response (f and K) verse
diaphragm thickness (H) and Young’s modulus (E) of the diaphragm, respectively, wherein
f is the resonance frequency at the first vibration mode of the diaphragm. It can be clearly
found in Figure 4a that f and K represent the opposite response to H or E. To achieve a
wider frequency response for acoustic amplification, the thicker diaphragm is much better;
however, the expense of lower K needs to be paid. Hence, a trade-off between f and K
should be considered. It should be pointed out that the simulated sound pressures are,
respectively, 15.18374 Pa and 15.18375 Pa at the edge and center of the diaphragm, with a
negligible pressure difference of 10 μPa. That is to say, the acoustic pressure in cavity 2 can
be regarded to be uniform. Similarly, in Figure 4b, the preferable response to E primarily
lies in the region of 20–1000 GPa, as indicated in the orange area. In view of acoustic
sensitivity evaluation at 1 kHz with a higher K value, the points closing to the intersection
in Figure 4a are chosen so as to obtain K = 15.2 and f = 953 Hz, thereby confirming the
corresponding film thickness of 10 μm and Young’s modulus of ~207 GPa. Note that the
K value equals 15.2 by COMSOL simulation in Figure 4 agrees well with the one that is
calculated as 15.1 in Figure 3, thus favorably signifying the availability of the established
theoretical model for the SPAS.

Figure 4. Acoustic simulation on (a) the effect of diaphragm thickness H on K and f and (b) the effect of Young’s modulus E
of the diaphragm on K and f.

4. Experiment and Result Analysis

4.1. SPSA Fabrication

Figure 5 presents the fabrication process of the SPAS. As shown in Figure 5a, the
diaphragm 2 was clamped between two 100 μm thickness steel gaskets with a 3 mm
diameter inner hole by the use of epoxy glue. Then, as shown in Figure 5b, based on
the same adhesive bonding method, the diaphragm 1 was glued onto the endface of a
machined steel casing with an inner diameter of 15 mm and a height of 5 mm. Then, a PLA
tapered rod with upper and lower diameters of 9 mm and 1 mm was 3D printed, whose
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upper surface was adhered to the diaphragm 1. After that, referring to Figure 5c, both the
casing with the tapered rod and the gaskets holding the diaphragm 2 were glued together
via a location base whose inner diameter is the same as the outer diameter of the casing.
The following process is to insert an F-P probe into a steel location base that would be
held together with the casing in the subsequent procedure. As indicated in Figure 5d, an
F-P probe with a 13-layer graphene diaphragm with a thickness of ~4.3 nm was inserted
into a location base with an inner diameter of 2.5 mm until it contacted the surface of a
glass base. In this case, the epoxy glue was dipped into the joint between the F-P probe
and the location plate in order to stabilize the two components. Next, in a similar manner,
the steel plate with an F-P probe was rigidly attached to the steel casing by glue as given
in Figure 5e. Note that the detailed process of transferring a graphene diaphragm onto
the endface of a ferrule with an inner diameter of 125 μm in the inset in Figure 5f can
refer to the Ref. [33], wherein a wetting transfer method was adopted. In short, firstly,
the polymethyl methacrylate (PMMA) substrate was etched off by immersing the divided
graphene sample into acetone solution for about 1 h. Secondly, the ferrule was moved down
slowly toward the floating graphene diaphragm until it touched the graphene diaphragm.
Finally, the graphene diaphragm-covered fiber-capillary tip assembly was then left to dry
in a cabinet for about half an hour. In this way, the preparation of an F-P probe coated
with the graphene diaphragm was completed. As a result, the SPAS assembled with the
F-P probe was displayed in Figure 5f, wherein the SPAS shows the physical dimension of
Φ18 mm × 9 mm. Additionally, the inset in Figure 5f shows that certain wrinkles occurred
on the surface of the diaphragm, which was to a certain extent caused by the uneven stress
in the diaphragm. The uneven film stress would affect the flatness of dynamic frequency
response of the F-P acoustic sensor and the upper limiting frequency, which could be
improved by optimizing a high-quality transfer method of graphene diaphragm in the
future study. In addition, it should be added that during acoustic test, diaphragm 2 made
of steel or thermoplastic polyurethanes (TPU) material was introduced successively to
fabricate different SPAS devices for comparison of acoustic amplification behaviors, in
combination with the use of reflective coating on diaphragm 2.

Figure 5. Fabrication process of the SPAS. (a) Clamping diaphragm 2 between two steel gaskets. (b) Bonding diaphragm 1
onto the endface of a steel casing. (c) Fixing the parts that make up the SPAS. (d) Inserting an F-P probe into a location
base. (e) Assembling the casing with the locating base installed with an F-P probe by epoxy glue. (f) Picture of the
assembled SPAS.
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4.2. Acoustic Measurement Setup

To examine the sensitivity-enhancing effect induced by the introduction of SPAS, an
acoustic pressure measurement setup was established as shown in Figure 6. A signal
generator (DG5102, Rigol, Beijing, China) offered a dynamic acoustic signal in the range of
0.2–10 kHz via a conventional loudspeaker. The generated acoustic signal was detected
simultaneously by the developed F-P sensor and a reference microphone (BK4189, BK,
Nærum, Denmark) with a sensitivity of 50 mV/Pa, which were placed at the two symmetry
positions closer to the loudspeaker along the central axis of the loudspeaker in a self-made
soundproof box. The F-P sensor was driven by 1550 nm incident light with an optical
power of −16.3 dB sent by a tunable laser (AP3350A, APEX, France) for the optimal voltage
output. Then the resulting interference signal through a three-port circulator (6015-3-APC,
Thorlabs, Newton, NJ, USA) was fed into an oscilloscope (DPO3054, Tektronix, Beaverton,
OR, USA) for optical intensity demodulation through a low noise photodetector (PR-
200K4177, Conquer, Beijing, China) with a 200 kHz bandwidth. In this way, the voltage
output from BK4189 was amplified by a conditioning amplifier (BK1708, BK, Nærum,
Denmark) and then external acoustic pressure applied on the diaphragm 1 could be
determined by the amplified voltage and the reference microphone output. Hence, the
sensitivity verse acoustic pressure can be obtained for the developed F-P sensor with or
without SPAS. Then, the amplification ratio K in different acoustic frequencies can further
be solved by the ratio of the two measured acoustic responses when the SPAS was used
or not.

Figure 6. Experimental setup for the acoustic test.

4.3. Results and Discussion

In order to optimize the SPAS for acoustic amplification, three types of SPASs, named
as SPAS1, SPAS2, and SPAS3, were fabricated by employing a steel diaphragm, TPU
diaphragm with nano-carbon power coating, and TPU diaphragm with black paint coating
as diaphragm 2, respectively, as depicted in Figure 7a. Through the experimental setup in
Figure 6, it can be concluded from the acoustic frequency response in Figure 7b that the F-P
sensors with SPAS could remarkably achieve much higher output voltage; moreover, their
responses near resonant frequencies are even superior to that (~500 mV) from the reference
microphone. In addition, SPAS2 and SPAS3 can offer relatively stronger sound pressure
signals than SPAS1, with the sacrifice of the slightly declining resonant frequency from
1.7 kHz to 1.3 kHz and then 1.2 kHz. It is further worth pointing out that in comparison
with SPAS2, SPAS3 provided more preferable acoustic frequency output with a double
peak amplitude in a wider band of 1.8 kHz, where the latter demonstrated a more sensitive
response to sound information than BK4189. The corresponding K values were calculated
by dividing the response from the F-P sensor using SPAS by the one without SPAS, as
indicated in Figure 7c. Although the three types of SPASs obtained roughly identical bands
corresponding to the region of K greater than 1 (0.2–2.5 kHz, 0.2–2 kHz and 0.2–2.3 kHz),
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which agrees well with the simulation data as labelled by dashed line with shadow area,
SPAS3 exhibited the optimal amplification performance conforming to the sound-enhanced
trend in Figure 7b due to higher K values in a comparatively broad frequency domain.
The maximum K values corresponding to the resonant frequencies 1.7 kHz, 1.3 kHz, and
1.2 kHz for SPAS1, SPAS2, and SPAS3, respectively, were calculated as 7.6, 11.1, and 29.9.
The varying K or amplitude response verse frequency is dependent upon the resonant
amplification effect of the presented SPAS. Therefore, further research on a SPAS with a
greater harmonic response with a wide and flat low-pass band is needed to improve the
aforementioned frequency response fluctuations.

Figure 7. (a) Diaphragms 1 and 2 for the acoustic test. (b) Measured frequency response with or without SPAS, (c) K
value and (d) acoustic sensitivity for the F-P sensors with SPAS1, SPAS2, and SPAS3. Note that the black horizontal line in
(b) represents the normalized output from the reference microphone.

The acoustic sensitivities of these graphene-based F-P sensors with the SPAS under
different acoustic pressure levels at the representative frequencies were measured as shown
in Figure 7d. Compared with the F-P sensors without SPAS, those F-P probes with SPAS
behaved more outstanding acoustic pressure characteristics. Take the SPAS3 among the
three SPAS as an example. The F-P sensor with the SPAS3 exhibited the acoustic sensitivities
of 255.5 mV/Pa @ 1 kHz and 565.3 mV/Pa @ 1.2 kHz, respectively. By comparison, the F-P
sensor without SPAS only showed a sensitivity of ~20 mV/Pa. Hence, there is no doubt
about the effective sound-enhanced effect induced by the SPAS. Additionally, although
the enhanced sensitivity for the F-P sensor using the SPAS1 or SPAS2 was limited at
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typical 1 kHz, the voltage sensitivities of the F-P sensor were estimated to be 345.0 mV/Pa
@1.7 kHz and 232.5 mV/Pa @1.3 kHz by using a least square fitting method with a fitting
coefficient of 99.6% and 99.8%, respectively.

Note that the measured acoustic sensitivity mentioned above is the voltage sensitivity,
which is also related to the signal conditioning unit in addition to the sensor performance
itself. Thus, the mechanical sensitivity, closely concerned with the intrinsic response of the
sensor, should also be evaluated on the basis of the mechanical response characteristic of
the pressure-sensitive diaphragm. In this case, it can be inferred from the large deflection
behaviors of circular graphene diaphragm [34] that the diaphragm deflection responses
for the F-P sensor with the SPAS3 under acoustic pressure were derived as ~6.7 nm/Pa
and ~14.8 nm/Pa, respectively, corresponding to 255.5 mV/Pa @1 kHz and 565.3 mV/Pa
@1.2 kHz. The calculated mechanical sensitivity by far higher than 6 nm/Pa is obviously
preceded over conventional diaphragm-type F-P acoustic sensors with the measured
optimal sensitivity of ~2.38 nm/Pa in Ref. [34] and ~1.1 nm/Pa in Ref. [35]. Referring to
Figure 7b, the F-P sensor with the SPAS3 also revealed a sensitivity-enhanced frequency
band of 0.2–2.3 kHz (bandwidth: 2.1 kHz), which was obviously greater than the sound
field enhancement bandwidth of ~1 kHz generated by a spiral-type acoustic tube in Ref. [20]
and ~100 Hz confined by a single resonant peak excited by a Helmholtz resonator [22]. This
phenomenon verified the advantage and the applicability of the presented external SPAS.
Additionally, it further reveals that a higher resonant frequency as the cut-off frequency
with a flat low-frequency band is oriented to structural improvement in future research.

5. Conclusions

In order to enhance the acoustic sensitivity for an F-P acoustic sensor via an amplifica-
tion structure, a human ear-inspired cylindrical SPAS, whose outer diameter and height
were 18 mm 9 mm, was designed by means of two circular diaphragms interconnected
with a conical round rod. Then, the COMSOL-based sound field simulation of the ampli-
fication structure demonstrated the dominating influence of structural parameters of the
diaphragm on the amplification ratio and resonant frequency response. According to the
COMSOL simulation analysis, the radius ratio of the two circular diaphragms in SPAS was
set as ~5, along with a radius ratio of 0.6 for the upper endfaces of the connecting round
rod. Furthermore, steel and TPU materials were used in combination so as to fabricate
three types of SPAS parts (SPAS1, SPAS2, and SPAS3). Subsequently, an F-P acoustic
sensor with a multilayer graphene diaphragm suspended onto a ferrule with a diameter of
125 μm was inserted into the SPAS for acoustic test. The measured results showed that the
SPAS3 achieved the optimal acoustic harmonic response that is higher than the reference
microphone within the range of 0.2–2 kHz. Moreover, the maximum gain factor of ~29.9
for the SPAS3 was obtained at 1.2 kHz, which is obviously greater than 7.6 and 11.1 for the
other two SPASs with a narrower bandwidth of 400–800 Hz. In this case, the enhanced
acoustic sensitivity of 255.5 mV/Pa @ 1 kHz was achieved for the F-P sensor with the
SPAS3, which is significantly superior to the conventional F-P acoustic sensor reported
previously and the reference electric microphone (~50 mV/Pa @ 1 kHz).
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Abstract: Polycyclic aromatic hydrocarbons (PAHs) in tobacco tar are regarded as a significant threat
to human health. PAHs are formed due to the incomplete combustion of organics in tobacco and
cigarette paper. Herein, for the first time, we extended the application of CsPbBr3 quantum dots
(CsPbBr3) to the photocatalytic degradation of tobacco tar, which was collected from used cigarette
filters. To optimize the photoactivity, CsPbBr3 was coupled with Bi2WO6 for the construction of
a type-II photocatalyst. The photocatalytic performance of the CsPbBr3/Bi2WO6 composite was
evaluated by the degradation rate of PAHs from tobacco tar under simulated solar irradiation. The
results revealed that CsPbBr3/Bi2WO6 possesses a large specific surface area, outstanding absorption
ability, good light absorption and rapid charge separation. As a result, in addition to good stability,
the composite photocatalyst performed remarkably well in degrading PAHs (over 96% were removed
in 50 mins of irradiation by AM 1.5 G). This study sheds light on promising novel applications of
halide perovskite.

Keywords: nanocomposites; photocatalytic degradation; perovskite; tobacco tar

1. Introduction

The development of economies can create problems such as energy shortages and
environmental pollution, which are regarded as critical challenges to global sustainable
development. In recent years, industrial and environmental pollution caused by organic
pollutants has attracted considerable public attention [1,2]. In terms of human health, the
main concerns include benzene compounds [3], formaldehyde [4], bacterial infections [5],
and tobacco tar [6]. In particular, it is well known that tobacco tar is formed due to
the incomplete combustion of organics in tobacco and cigarette paper. The substrates of
tobacco are very complicated, and among these organic substrates, polycyclic aromatic
hydrocarbons (PAHs) are considered as the major pollutants. This can be attributed to
their bio-accumulative, toxic, carcinogenic, and recalcitrant features [7]. Thus, minimizing
the toxicity of tobacco tar is desirable for human health and the environment. However,
until now, not much research has been carried out on the degradation of tobacco tar
via photocatalysis.

Among the techniques used for organic pollutant degradation, photocatalytic oxidation
uses low-cost semiconductive materials and is considered as an environmentally-friendly
path for the purification or transformation of organic pollutants [8–11]. Semiconductor-
based photocatalytic reactions have already attracted extensive attention because they are
a simple and environmentally friendly way to utilize solar energy. Therefore, numerous
types of photocatalysts have been extensively investigated, such as TiO2, ZnO, SnO2, SrTiO3,
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LaFeO3, BaTiO3, and so on [12–17]. However, these semiconductors still have some common
shortcomings, such as a narrow light absorption range and a high recombination ratio of
photogenerated charges [18]. In this case, there is an urgent need to develop visible-light
driven and highly active photocatalysts.

Bi2WO6 is currently regarded as a promising photocatalyst for its outstanding photo-
redox ability, nontoxicity, and thermal and chemical stability [19]. Its potential applications
include solar cells, photoelectrodes and photocatalysis [20–22]. However, the rapid recom-
bination of exitonic pairs, ineffective charge separation and unsatisfactory visible-light
absorption have limited the photocatalytic performance of pure Bi2WO6 [23]. Hence, dif-
ferent strategies have been applied to improve the photocatalytic properties of Bi2WO6,
such as coupling with other semiconductors, morphological control, ion doping and sur-
face modification [24–28]. One of the most accessible approaches is the deposition of
quantum dots (QDs) onto the semiconductor surface, which is beneficial due to their note-
worthy properties, including high charge separation efficiency and quantum confinement
effects [29,30]. Thus, modification with QDs is regarded as an effective method to improve
the photocatalytic performance of semiconductor materials.

Among the various QDs materials, CsPbBr3 QDs have received increasing inter-
est due to their high luminescent quantum yields [31] in solid states in the green range
(band gap energy = 2.4 eV) and superior environmental stability in comparison to other
perovskites with organic cations [32]. Perovskite materials possess unique advantages
in regard to effective charge separation and electron hole diffusion, which makes them
suitable not only for the photovoltaic field, but also for several photocatalytic reaction
types [33,34]. In addition, CsPbBr3 is very attractive due to its high thermal-stability and
photo-resistance [35]. Considering these advantages, CsPbBr3 was used to decorate Bi2WO6
via a hydrothermal method in this work and the photoactivity was evaluated through
the photocatalytic degradation of PAHs in tobacco tar under simulated solar light. Addi-
tionally, the CsPbBr3/Bi2WO6 heterogeneous photocatalyst exhibited increased specific
surface area and improved light absorption in the visible range, which effectively pro-
moted the photocatalytic activity [36]. Compared with pure Bi2WO6, the CsPbBr3/Bi2WO6
composites exhibit superior photocatalytic activity and stability. This work presents a
promising strategy for designing a more efficient composite photocatalyst-based semicon-
ductor photocatalyst for application to pollutant purification. In addition, to the best of our
knowledge, this work is the first to utilize perovskite for the degradation of PAHs.

2. Experimental Section

2.1. Reagents and Materials

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, 99%), ethanol (CH3CH2OH, 99.7%),
nitric acid (HNO3, 68%), sodium tungstate dehydrates (Na2WO4·2H2O, 99.5%) were
purchased from Aladdin Industrial Co, Ltd. (Shanghai, China) and CsPbBr3 perovskite QDs
was purchased from Nanjing MKNANO, China and used as received. The used cigarette
filters were collected randomly. The deionized water used throughout all experiments was
purified through a Millipore system (Millipore, Billerica, MA, USA).

2.2. Synthesis of CsPbBr3/Bi2WO6

Pure Bi2WO6 was synthesized via a hydrothermal method. First, Bi(NO3)3·5H2O
(1 mmol) was dissolved in an aqueous solvent mixture of 30 mL HNO3 (pH = 3) and 20 mL
Na2WO4·2H2O (0.5 mmol). The mixed solution was then vigorously stirred until clear,
under room temperature. The solution was subsequently heat-treated in a muffle furnace
at 120 ◦C for 2 h. The resultant precipitate was dried to obtain the pure Bi2WO6 photo-
catalyst (light-yellow powder). Subsequently, 1 mL of CsPbBr3 suspension (10 mg/mL,
purchased from Nanjing MKNANO, Nanjing, China) was ultrasonicated for 30 min to
generate CsPbBr3 QDs dispersion. Then, a certain amount of Bi2WO6 was added into
the above CsPbBr3 suspension and stirred for 20 h. For example, to prepared 10 wt%
CsPbBr3/Bi2WO6, 90 mg of Bi2WO6 was added to the 1 mL suspension. Subsequently, the

303



Nanomaterials 2021, 11, 2422

mixture was evaporated at 40 ◦C for 10 h and the composite photocatalyst was obtained
after drying.

2.3. Photocatalytic Experiments

The tobacco tar was obtained by immersing 10 randomly collected used cigarette
filters in 50 mL trifluorotoluene, followed by 10 min ultra-sonification to give a brown-
yellow tobacco tar solution. The cigarette filters were then removed from the solution.
The concentrations of the substrates in the tobacco tar solution were confirmed using gas
chromatography (GC). The as-prepared photocatalyst was uniformly dispersed in 2 mL of
tobacco tar solution with 20 min ultrasonic treatment. Then, the samples were illuminated
by Xe lamp with an AM 1.5 G filter as the simulated solar source. The photoactivity was
confirmed by monitoring the concentrations of PAHs under different illumination time.

2.4. Characterization

The crystal structure of the samples was studied by X-ray diffractometry (XRD;
Bruker-AXS D8 Advance, Karlsruhe, Germany). Field emission scanning electron mi-
croscopy (SEM) (Hitachi S-4800, Tokyo, Japan) and transmission electron microscopy
(TEM) (JEOL JEM-2100, Tokyo, Japan) were performed for the morphological and mi-
crostructural analyses, respectively, of the samples. The UV-vis absorption spectroscopy of
the samples was performed by a UV-vis near-infrared spectrophotometer (Agilent Cary
5000, Palo Alto, CA, USA). The XPS energy spectrum was determined by an X-ray pho-
toelectron spectrometer (Thermo Fisher/Escalab 250Xi, Waltham, MA, USA). Measuring
the surface area and pore size distribution of samples was performed using a specific
surface and porosity analyzer (Micromeritics ASAP2460, Atlanta, GA, USA). TGA analysis
was done by using the Mettler Toledo TGA/DSC 3+ instrument (Zurich, Switzerland).
Total organic carbon (TOC) content in solvent was assessed by a TOC analyzer (Shi-
madzu, TOC-L-VCPN, Tokyo, Japan). The photocatalytic result was characterized by single
quadrupole gas chromatography-mass spectrometry (Thermo Fisher/Trace1300 ISQ QD,
Waltham, MA, USA).

3. Results and Discussion

3.1. Properties of the Composite Photocatalysts

Powder X-ray diffraction (PXRD) (Figure 1a) was initially exploited to evaluate the phase
and crystallinity of the as-prepared CsPbBr3 QDs-decorated Bi2WO6 (CsPbBr3/Bi2WO6). A p-
FTO glass slide was used as a substrate to support the samples for characterization. The main
peaks at 2θ of 28.3◦, 32.8◦, 47.0◦, 55.8◦ and 58.5◦ can be indexed to an orthorhombic Bi2WO6
(JCPDS#39-0256), and corresponded to the indices of (131), (200), (260), (331) and (262) planes,
respectively. On the other hand, the diffraction patterns of cubic CsPbBr3 corresponded
to JCPDS#54-0752 and a previous report [32,37]. The transmission electron microscopy
(TEM, Figure 1b) revealed that the CsPbBr3 QDs of a few nanometers were dispersed
on Bi2WO6 with a quasi-rectangle morphology. The two materials were subsequently
confirmed by high-resolution transmission electron microscopy (HR-TEM), which showed
the lattice spacing of CsPbBr3 ([220] = 0.20 nm) and Bi2WO6 ([200] = 0.28) (Figure 1d),
which can be compared to the diffraction results from PXRD. In addition, as illustrated
in Figure 1c, the connected boundary presented as a semi-coherent interface involving
several unit cells. The lattice mismatch between the crystal planes of these two components
can be defined as Δd/dBi2WO6 = 28%. Furthermore, as shown in Figure 1c,d, CsPbBr3 and
Bi2WO6 exhibited periodically coincided lattice (7d (CsPbBr3) = 5d (Bi2WO6)), suggesting
that intimate energetic and chemical interactions were formed at the semi-coherent interface
of the two components [38].
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Figure 1. (a) PXRD patterns and (b) TEM image of the as-prepared 15 wt% CsPbBr3/Bi2WO6

photocatalyst; (c) schematic diagram of semi-coherent interface of the two components; (d) HR-TEM
image of the as-prepared 15 wt% CsPbBr3/Bi2WO6 photocatalyst.

The elemental composition of the as-prepared pure Bi2WO6 and CsPbBr3/Bi2WO6
were confirmed by X-ray photoelectron spectroscopy (XPS), which demonstrated that
the CsPbBr3/Bi2WO6 sample contained no other elements apart from O, Bi, Cs, Pb, Br,
C 1 and W (Figure 2a). The surface atomic content was calculated by the fitting peak
area and sensitivity factor, as shown in Table 1 (the carbon atomic content comes from
the XPS instrument). Besides, the altered chemical state of the coupled materials was
recorded by XPS as well; as shown in Figure 2b–d, the characteristic peaks of W4f5/2
and W4f7/2 in pristine CsPbBr3/Bi2WO6 were located at 37.8 and 35.7 eV (Figure 2b), the
characteristic peaks of Bi4f5/2 and Bi4f7/2 were located at 164.8 and 159.3 eV (Figure 2c),
and the characteristic peaks of O1s were located at 533.3, 532.0 and 530.4 eV (Figure 2d).
In the Bi2WO6 sample, the characteristic peaks of W4f5/2 and W4f7/2 were located at
37.4 and 35.3 eV (Figure 2b), the characteristic peaks of Bi4f5/2 and Bi4f7/2 were located
at 164.4 and 158.9 eV (Figure 2c), and the characteristic peak of O1s was 533.4, 532.1 and
530.2 eV (Figure 2d). This showed that the valence state of Bi, W and O in the composite
sample was +3, +6 and −2, respectively. In comparison to pristine Bi2WO6, the binding
energy of Bi4f, W4f in the CsPbBr3/Bi2WO6 samples shifted ca. 0.7 and 0.4 towards
the higher energy, respectively. This could be attributed to the regional environment
and electron density change of Bi2WO6 and CsPbBr3 in the composites due to strong
heterojunction formation [39]. In detail, the Bi2WO6 displayed increased electron accepting
capacity and decreased electron density. On the other hand, this is accompanied by an
increase in the electron density and an improvement in the electron-donating capacity on
the CsPbBr3 side. Consequently, the internal electric field was established, leading to a
tendency for electron transfer from CsPbBr3 to Bi2WO6, and as a result, a typical type-II
band structure was formed.
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Figure 2. XPS spectra of (1) pure Bi2WO6 and (2) 15 wt% CsPbBr3/Bi2WO6 samples. (a) Survey scan; (b) W4f; (c) Bi4f;
(d) O1s.

Table 1. Relative atomic content of pure Bi2WO6 and 15 wt% CsPbBr3/Bi2WO6 samples.

Sample Bi4f/% W4f/% O1s/% C1s/% Br3d/% Pb4f/% Cs4d/%

Bi2WO6 1.62 2.53 24.04 71.8 0 0 0
CsPbBr3/Bi2WO6 2.21 2.15 21.7 72.74 0.96 0.09 0.16

In order to explore the electronic features of CsPbBr3/Bi2WO6, Hall effect measure-
ment was employed to monitor the charge carrier density and the Hall mobility. Hall effect
measurement is an important approach for investigating the charge transport mechanisms
in Bi2WO6 with or without the coupling of CsPbBr3 QDs. Here, as shown in Table 2, the
Bi2WO6 sample exhibited lower charge carrier density (2.738 × 1011 cm−3) than that of
CsPbBr3/Bi2WO6 (5.154 × 1014 cm−3). In contrast to the reduced charge density in the
Z-scheme due to the recombination of electrons and holes between the two component ma-
terials, this result was consistent with the type-II feature of the composite materials, which
possessed accumulated charges. Meanwhile, greater mobility was observed from pristine
Bi2WO6 in comparison to that of CsPbBr3/Bi2WO6; this can be attributed to the effective
mass of the carriers. According to the equation: μ = τe

m , the mobility (μ) is proportional to
the elemental charge (e) and carrier mean free time (τ). In contrast, the mobility is inversely
proportional to the effective mass of the carriers (m), and a greater m typically indicates
larger carrier density [40].

Table 2. Hall effect measurement of pure Bi2WO6 and 15 wt% CsPbBr3/Bi2WO6 samples.

Sample
Carrier Density

(cm−3)
Hall Mobility
(cm2V−1s−1)

p/n Type

Bi2WO6 2.738 × 1011 25.316 n
CsPbBr3/Bi2WO6 5.154 × 1014 4.672 p
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The morphologies of the as-prepared samples were confirmed by scanning electron
microscopy (SEM). The Bi2WO6 displayed particles of a few hundred nanometers with
exposed flat and smooth facets as shown in Figure 3a. In comparison to the pure Bi2WO6,
the as-prepared CsPbBr3/Bi2WO6 composite exhibited a rougher morphology due to the
decoration of CsPbBr3 dots on the facets of Bi2WO6 (Figure 3b). These SEM results were
consistent with the cubic-shaped particles on the micro-square observed by TEM under
low magnification (Figure 1b). The rough morphologies of the composite material lead
to efficient light absorption due to their light trapping effect [41]. Besides, the surface
area could be increased due to the presence of CsPbBr3 quantum dots on Bi2WO6, which
was confirmed by N2 adsorption-desorption isotherms. The samples presented typical
Type-IV adsorption isotherms with a H3 hysteresis loop (Figure S1a), illustrating the
porous nature of the catalysts [42]. Furthermore, the specific surface area of the Bi2WO6
and CsPbBr3/Bi2WO6 were compared and CsPbBr3/Bi2WO6 exhibited a more than 4-fold
larger surface area than that of Bi2WO6. The details of the isotherm studies can be found in
Table 3. The high surface area of CsPbBr3/Bi2WO6 suggested an improvement in the active
sites and adsorption capacity, which allows rapid interaction with the reactants. Next,
the pure Bi2WO6 and CsPbBr3/Bi2WO6 were subjected to thermal gravimetric analysis
(TGA) using -temperatures ranging from room temperature to 600 ◦C with a heat rate
of 5 ◦C/min in fluid He (20 mL/min). As illustrated in Figure S1b, CsPbBr3/Bi2WO6
exhibited improved thermal stability in comparison to the pure Bi2WO6, especially from
250 ◦C to 600 ◦C. This could be attributed to the strong interaction between CsPbBr3
and Bi2WO6.

 

Figure 3. SEM images of (a) Bi2WO6 and (b) CsPbBr3/Bi2WO6 photocatalysts.

Table 3. The specific surface of Bi2WO6 and CsPbBr3/Bi2WO6.

Catalyst BET Surface Area (m2/g) t-Plot External Surface Area (m2/g)

CsPbBr3/Bi2WO6 9.88 9.70
Bi2WO6 5.04 5.34

In Figure 4a, the UV-vis absorption spectra of pure Bi2WO6 and the CsPbBr3/Bi2WO6
composite are illustrated. The pure Bi2WO6 presented an absorption edge at ca. 445 nm,
corresponding to its typical band gap energy of 2.78 eV. After loading with CsPbBr3 QDs,
a dramatically enhanced absorption below ca. 510 nm was observed, which indicated
the optimized light harvesting capacity of the composite photocatalyst [38,43–45]. In
addition, as presented in Figure 4b, a decreased intensity and slightly blue-shift in the
photoluminescence (PL) peak was observed when coupling the CsPbBr3 with Bi2WO6,
which indicated that the recombination rate of electron-hole pairs were suppressed, and
thus they promote the photocatalytic efficiency [46].
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Figure 4. (a) UV-vis absorption spectra and (b) steady-state PL spectra of CsPbBr3 and 15 wt%
CsPbBr3/Bi2WO6.

3.2. Activity for Photodegradation of PAHs from Tobacco Tar

Trifluorotoluene was employed as the solvent to dissolve the tobacco tar due to its
apolar nature, good solubility, and superior chemical stability comparing with toluene.
A list of the main substrates in the tobacco tar solution identified by gas chromatography-
mass spectrometry (GC-MS) is given in Table S1. A Xe lamp (100 mW cm−2) coupled
with AM 1.5 G filters were utilized as the simulated solar source for illumination. GC-
MS and UV-visible absorption spectra (UVAS) were exploited to evaluate the products
and degradation rate of the photocatalysts. A series of tests was carried out under room
temperature, and the photocatalytic reactor was saturated with different matter (air, H2O,
and O2) to investigate the key radicals for promoting the degradation rate. To reach
adsorption equilibrium, the as-prepared photocatalysts were initially mixed with tobacco
tar under stirring (1200 rpm) in the dark for 30 min prior to the photocatalytic reactions.

As reported previously [47,48], the highly reactive hydroxyl radicals (·OH) and su-
peroxide radicals (·O2

−) formed in the photocatalytic process are desirable for degrading
PAHs into less toxic products. Thus, the samples were saturated with air to supply the
source H2O and O2 needed to accelerate the generation of hydroxyl and superoxide radi-
cals. As shown in Figure 5, approximately 32% of the PAHs was degraded with the pure
Bi2WO6 photocatalyst in 50 min. This can be compared to the CsPbBr3/Bi2WO6 composite,
which presented a significantly improved degradation rate. This can be attributed to the
efficient charge separation of the type-II band structure and the enhanced light absorp-
tion of the CsPbBr3. In addition, the degradation rate was systematically enhanced with
the increasing weight ratio of the CsPbBr3 in the composites (Figure S2), and reached its
maximum at 96% when loaded with 15 wt% CsPbBr3 (Figure 5a,b). The total organic
carbon (TOC) content in the solvent was assessed by a TOC analyzer to further reflect the
degree of PAHs degradation. As shown in Table S2, the TOC content in the reaction system
decreased from 5.36 mg/L before the reaction to 2.3 mg/L after the reaction, indicating
that the CsPbBr3/Bi2WO6 composite photocatalyst is ideal for mineralizing PAHs. The
products mainly consisted of monocyclic aromatic hydrocarbons with low toxicity and
carbon oxide, as listed in Table S3. Although increasing the ratio of CsPbBr3 in the com-
posites enhances the light absorption due to the outstanding light harvesting capacity of
perovskite, overloading leads to aggregations resulting in a longer migration pathway
for photogenerated charges. In addition, the overloading might also reduce the exposed
surface area of Bi2WO6 to reactants. Consequently, increasing the perovskite ratio further
is not necessary to optimize the degradation rate. To the best of our knowledge, there is
no previous research on the photocatalytic degradation of PAHs in tobacco tar. Thus, we
compared our optimal sample (over 96% degradation in 50 min) with that for PAH removal
in water treatment, such as TiO2 (over 99% in 24 h) [49], ZnO/TiO2 (98% in 2 h) [50], TiO2
(over 66% in 39 min) [51], Evonik P25 (70% in 8 h) [52] and Pr/TiO2 (over 99% in 3 h) [53].
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Figure 5. (a) The absorption spectra of the samples using 15 wt% CsPbBr3/Bi2WO6 as a photocat-
alyst for different times; (b) photocatalytic degradation of tobacco tar using pure Bi2WO6, 15 wt%
CsPbBr3/Bi2WO6 and control group (without photocatalyst); (c) digital photographs of the sample
using 15 wt% CsPbBr3/Bi2WO6 as a photocatalyst for 10 to 50 min (from left to right). Reaction
condition: 50 mg photocatalyst, saturated with air, stirred in the dark for 30 min before experiments;
then, the reactions were conducted under AM 1.5 G simulated light irradiation for 50 min.

To investigate the photodegradation process, electron paramagnetic resonance (EPR)
spectra were employed to confirm the generated reactive radicals under simulated solar light.
The EPR signals of hydroxyl and superoxide radicals (Figure 6a) were recorded [38,54,55] after
illumination for 5 min as these two radicals are typically considered responsible for the high
degradation rate of PAHs. Control experiments were carried out to conf irm the respective
influence of these radicals on the photodegradation. To this end, one sample was degassed
by Ar and then saturated with O2 to eliminate the source of hydroxyl generation, another
sample was degassed with Ar and then 20 μL H2O was added to inhibit the superoxide
generation. Compared to the sample saturated with air, the degradation rate dramatically
reduced in the absence of a source for hydroxyl generation (Figure 6b). In contrast, the sample
showed a dramatically decreased degradation rate when the source of superoxide radicals
was excluded. These results suggested that the hydroxyl radicals with oxidation reactivity
were predominant in the degradation of PHAs, and degradation benefits from the presence
of water and oxygen. Aside from photocatalytic activity, the stability of a photocatalyst is
an important criterion. As shown in Figure S3, the photocatalytic activity only decreased
by 7% after six consecutive cycles, suggesting that CsPbBr3/Bi2WO6 photocatalyst has high
stability and reusability. The XRD spectra in Figure S4 shows that the diffraction peaks of
the material’s crystal structure did not change significantly after six cycles. In addition, no
trace of Pd ions was found after the reaction, which can be attributed to the stable nature of
CsPbBr3 in apolar solvent.
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Figure 6. (a) EPR spectra of CsPbBr3/Bi2WO6 sample saturated with air under illumination for 5 min
and 5,5-dimethyl-pyrroline N-oxide (DMPO) was used as trap agent; (b) photocatalytic degradation
rate of 15 wt% CsPbBr3/Bi2WO6 sample when saturated with different gases.

4. Photocatalytic Mechanism

Based on the Tauc plots shown in Figure S5a,b, the band gap energy (Eg) of the Bi2WO6
and CsPbBr3 samples were measured to be 2.71 eV, and 2.39 eV from the linear part of
(αhv)2 − (hv) curves. The VB values (EVB) and CB values (ECB) for a semiconductor can be
calculated according to the following equations:

ECB = EVB − Eg (1)

EVB = χ − Ee + 0.5Eg (2)

The electronegativity (χ) of Bi2WO6 and CsPbBr3 is 6.36 eV and 4.38 eV, respectively,
according to previous reports [56,57]. Ee was 4.5 eV, which is the energy of free electrons
on a hydrogen atom. Thus, we can conclude that the EVB of Bi2WO6 and CsPbBr3 was
3.25 and 1.075 eV while their associated ECB was 0.505 eV and −1.315 eV, respectively,
versus normal hydrogen electrode (NHE). On the basis of the above results, a possible
photocatalytic mechanism for degradation of PAHs was proposed (Figure 7). The type
II heterojunction was formed at the interfaces between CsPbBr3 and Bi2WO6. Under
illumination, both CsPbBr3 and Bi2WO6 were excited to produce photogenerated electrons
and holes. Then, to achieve Fermi level balance, the conduction electrons of CsPbBr3
were transferred to the conduction band of Bi2WO6 under the potential difference of the
band energy. At the same time, the valence holes of Bi2WO6 were transferred to the VB of
CsPbBr3. Finally, both CsPbBr3 and Bi2WO6 have improved charge separation efficiency,
and hence increased activity for oxidation and reduction, respectively. The reserved holes
can oxide water molecules or hydroxyl ions to produce hydroxyl radicals. Meanwhile, the
reserved electrons can reduce O2 to yield superoxide radicals. Finally, according to the EPR
spectra results, PAHs were degraded into octopamine, carbon dioxide, toluene and other
substances under the joint action of superoxide and hydroxyl radicals. Of the two active
radicals, hydroxyl radicals were predominant in the photocatalytic reaction.
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Figure 7. Schematic photocatalytic reaction process and charge transfer of the CsPbBr3/Bi2WO6

composite catalyst under solar light irradiation.

5. Conclusions

In this research, CsPbBr3 QDs decorated Bi2WO6 was successfully prepared by using
a hydrothermal method. The sample was used as a photocatalyst to investigate its novel ap-
plication for photodegradation of tobacco tar under visible radiation. The CsPbBr3/Bi2WO6
presented outstanding activity compared to classic metal oxides catalysts, and the degrada-
tion products were mainly low toxic compounds. The findings of this work may open a
promising avenue for producing high-efficiency photocatalysts with special heterostruc-
tures for removing organic contaminants from used tobacco tar, and could potentially be
applied to novel cigarette filters in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11092422/s1, Figure S1. (a) adsorption/desorption isotherms of pure Bi2WO6 and
CsPbBr3/Bi2WO6; (b) the TGA curves of pure Bi2WO6 and CsPbBr3/Bi2WO6; Figure S2. Degradation
rate of PAHs using 15 wt% CsPbBr3/Bi2WO6 composite photocatalyst with different CsPbBr3 weight
ratios; Figure S3. Degradation rate of PAHs using 15 wt% CsPbBr3/Bi2WO6 composite photocatalyst
with air in different reaction cycles; Figure S4. XRD patterns of 15 wt% CsPbBr3/Bi2WO6 before
reaction and after six reactions; Figure S5. Tauc plots of the Bi2WO6 (a) and CsPbBr3 (b); Table S1.
The total organic carbon (TOC) content of PAHs with 15 wt% CsPbBr3/Bi2WO6 nanocomposite;
Table S2. The main substrates from tobacco tar identified by GC-MS; Table S3. The main products
from the photodegradation of tobacco tar. Noted that there are side-products with low concentration.
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Abstract: In this work, the potentials of two-dimensional Ti2N and its derivative nanosheets
Ti2NT2(T=O, F, OH) for some harmful nitrogen-containing gas (NCG) adsorption and sensing
applications have been unveiled based on the quantum-mechanical Density Functional Theory
calculations. It is found that the interactions between pure Ti2N and NCGs (including NO, NO2,
and NH3 in this study) are very strong, in which NO and NO2 can even be dissociated, and this
would poison the substrate of Ti2N monolayer and affect the stability of the sensing material. For the
monolayer of Ti2NT2(T=O, F, OH) that is terminated by functional groups on surface, the adsorption
energies of NCGs are greatly reduced, and a large amount of charges are transferred to the functional
group, which is beneficial to the reversibility of the sensing material. The significant changes in
work function imply the good sensitivity of the above mentioned materials. In addition, the fast
response time further consolidates the prospect of two-dimensional Ti2NT2 as efficient NCGs’ sensing
materials. This theoretical study would supply physical insight into the NCGs’ sensing mechanism
of Ti2N based nanosheets and help experimentalists to design better 2-D materials for gas adsorption
or sensing applications.

Keywords: atomic structure; electronic structure; Density Functional Theory (DFT); MXenes; two-
dimensional materials

1. Introduction

Industrial pollutant emissions account for a large share of environmental pollution,
and one of the most harmful is nitrogen-containing gas (NCGs), such as NO, NO2, and
NH3. At the same time, the nitrogen-containing gases themselves are generally toxic and
can damage the respiratory cells of humans and animals [1–4]. Therefore, there is an urgent
need to explore efficient and alternative materials for the sensing or capturing of these
gases. Although some current solid-state sensors can also detect toxic gases, there is still
much room for improvement due to the increasingly high demand for sensitivity, selectivity,
stability, and other factors [5,6]. Two-dimensional (2-D) materials have large contact areas
with gas and special electronic properties; thus, their interactions with gas molecules have
been widely studied, especially in gas sensing and capturing [7]. For example, Zhang et al.
studied the adsorption behavior between four modified graphene substrates and small gas
molecules (CO, NO, NO2, and NH3) and significantly improved the performance of the gas
sensor by introducing doping or defects [8]. Liu et al. found that the GeSe monolayer had
potential for NH3 gas capture and storage, as well as for the detection and catalysis of SO2
and NO2. The optical properties of this GeSe monolayer can also be tuned as a candidate
material for optical sensors by adsorbing different small molecules [9]. Li et al. compared
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the structures and electronic properties of pure and two vacancy-defected MoS2 nanosheets
with NO adsorption. Defects can effectively improve the NO-sensing performance [10].

Transition metal carbide or nitride MXenes are also one family of promising gas-
sensing materials [11,12], where M is a transition metal and X is carbon or nitrogen.
The general formula of MXenes is written as MnXn−1. During the preparation process
in an aqueous solution containing fluoride ions, there may be some O, F, and OH func-
tional groups formed [13–15]. This type of MXene with functional groups is written as
MnXn−1Tn(T=O, F, OH). MXenes are also widely reported in energy storage, electrode ma-
terials, ion batteries, and the spintronic and optical devices, due to their unique structures
and properties [16–24].

After our review of previous literature, we found that some carbide-based MXenes
have the potential to be used as sensors for molecules, such as amino acids and nucle-
obase [25,26]. With less exfoliation energy compared with other types, the synthesizability
of the nitride MXenes is good [27], while there are fewer studies on their use in sensing
NCGs [28–32]. In order to obtain a theoretical understanding of the nitride MXenes in
terms of their sensing or capturing performance towards nitrogen-containing gas (NCGs),
in this work, we conducted a detailed computational study on the adsorption behav-
iors of NCGs (including NO, NO2, and NH3) of Ti2N monolayer with bare surface and
terminated with O, F, and OH functional groups. Density Functional Theory–based first-
principles calculations were performed to unveil the adsorption structures, charge transfer,
band structures, density of states, and work functions to stimulate and inspire the deep
mechanism investigations.

2. Methods

DFT calculations were employed by using the projector augmented wave (PAW) [33]
pseudo-potentials in a Vienna Ab initio Simulation Package (VASP) [34]. For the exchange-
correlation functional, we used the Perdew-Burke-Ernzerhof (PBE) [35] form of the gener-
alized gradient approximation (GGA). Grimme’s DFT-D2 method was used to describe
the van der Waals interactions [36]. This method adds semi-empirical dispersion on the
basis of conventional Kohn–Sham DFT energy. In calculations, Ti2N and Ti2NT2(T=O, F,
OH) were constructed as 4 × 4 × 1 supercells, and a 20 Å vacuum layer was added in
Z-axis direction to eliminate the interlayer interaction. The energy cutoff of 520 eV was
used for wave functions’ expansion. The Brillouin zone integration was sampled with
5 × 5 k-grid mesh for geometry optimizations and 15 × 15 k-grid mesh for electronic
properties calculations to achieve high accuracy. Geometry optimizations were performed
by using the conjugated gradient method, and the convergence criterion was set to be
0.02 eV/Å on force and 1 × 10−5 eV/atom on energy. The adsorption energy (Eads) of
nitrogen-containing gas (NCGs) on Ti2N or Ti2NT2(T=O, F, OH) is defined as follows:

Eads = EMXene + NCGs − E NCGs − EMXene (1)

where Eads, EMXene + NCGs, EMXene, and ENCGs stand for the adsorption energy, total energies
of optimized Ti2N or Ti2NT2(T=O, F, OH) MXene with adsorbed NCGs molecules, energies
of pure MXene, and isolated NCGs (NO, NO2, and NH3) molecules respectively.

3. Results and Discussion

First of all, the Ti2N MXene has a hexagonal structure with three layers of atoms: the
middle is N-atoms layer; and the upper (a) and lower (b) layers are Ti atoms, as is shown
in Figure 1a. After structural optimizations, the Ti-N bond length is 2.07 Å, the bond angle
of the same layer Ti and N (Ti–N–Ti) and N–Ti–N are both 92.4◦, and the bond angle of
different-layer Ti and N (Ti–N–Ti) is 87.6◦. The lattice parameter of the 4 × 4 supercell is
a = b = 11.98 Å. These parameters are very consistent with the results of Ti2N studied in
other works in the literature [37,38], indicating the reliability of the calculation results. The
band structure and PDOS of the material are shown in Figure 1b; it can be seen that there
are many electronic states available for occupation at the Fermi level, and Ti2N exhibits
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metallic properties. The states near the Fermi level are occupied by Ti electrons, where N’s
contribution is relatively small, meaning that low-energy carriers mainly originate from Ti.

Figure 1. (a) Top and side view of the optimized structures for Ti2N monolayer (blue and silver balls represent Ti and N
atoms, respectively). (b) Band structure and projected density of states of Ti2N monolayer (Tid-orbital uses top abscissa and
other orbitals use bottom coordinate).

In order to study the most stable adsorption configurations of NCGs on Ti2N MXene,
the NO, NO2, and NH3 molecules were respectively placed at three different adsorption
sites, namely on top of the Ti(a) atom shown in Figure 1a (site “a”), on top of the hollow
Ti(b) atom (site “b”), or on top of the N atom (site “c”). The screened most stable configura-
tions after adsorbing NCGs are shown in Figure 2. Both NO and NO2 show dissociative
adsorption. The adsorption energy is far greater than those of other two-dimensional
materials [39–44]. When NO is adsorbed on Ti2N, N and O atoms are adsorbed at the
adjacent site “b” respectively. The distance between N and O is 3.07 Å, which is much
larger than 1.15 Å of free NO gas molecule, indicating that the N–O bond is broken and
NO dissociates. The dissociated N and O atoms form new bonds with Ti atoms in the
upper layer of Ti2N, with bond lengths of 1.93 and 1.97 Å, respectively. Ti atoms protrude
slightly upwards from its binding, and the Ti–N bond length on the surrounding matrix
increases by about 0.14 Å. It can be seen from Figure 3a that, after dissociation, the N 2p
and O 2p in NO and the nearby Ti 3d-orbitals have similar peak positions and obvious p-d
hybridization in PDOS diagram. There is a strong bonding between NO and Ti2N, and the
adsorption energy is as high as −9.809 eV. At the same time, the band structure shows that
the dissociative adsorption of NO on Ti2N does not change the original metallic properties.

Figure 2. Top and side view of the optimized atomic structures for Ti2N monolayer after adsorbing (a) NO, (b) NO2, and
(c) NH3 (blue, silver, red, and pink balls represent Ti, N, O, and H atoms, respectively).

317



Nanomaterials 2021, 11, 2459

Figure 3. Band structures, PDOS and differential charge densities of Ti2N after adsorbing (a,d) NO, (b,e) NO2, and (c,f)
NH3 (Tid-orbital uses top abscissa and other orbitals use bottom coordinate; isovalue of NO and NO2 is set to 0.01 e/Å3,
NH3 is set to 0.005 e/Å3).

When NO2 interacts with Ti2N, it is interesting that NO2will also dissociate similar to
NO adsorption, and all the N and O atoms are adsorbed at the site “b”. One O-atom keeps
the same shape adsorbed at adjacent position, while the another O-atom is adsorbed away
from it. The N-O bond length in NO2is increased to 3.07 Å. The dissociative adsorption
energy is up to −14.336 eV. As can be seen from the electronic structure in Figure 3b, the
p-d hybridization of N 2p-, O 2p-, and Ti 3d-orbitals corresponds with the strong bonding of
Ti-N and Ti-O, respectively. The metallic behavior of Ti2N remains after NO2 dissociative
adsorption. From the differential charge density in Figure 3d–f, it can be seen that the
dissociation of NO and NO2 is caused by the excessive charge transfer from Ti2N MXene to
the gas molecule. The Bader charge analysis shows that 2.57 e− and 3.77 e− charges were
transferred from Ti2N to NO and NO2, respectively. The bulk of these transferred charges
comes from the surrounding Ti atoms, and this is also the fundamental reason why the
N-O bond is broken.

The adsorption of NH3 is completely different from those of NO and NO2. It is bound
by associative adsorption with the binding distance of 2.2 Å and the Eads value of−1.286 eV.
As shown in Figure 3c, NH3 tends to be adsorbed at site “a” with N-atom below and three
H-atoms evenly distributed above. The distance between the Ti atom at site “a” and the
surrounding N atom is elongated to 2.14 Å, and the N–Ti–N bond angle is reduced to 88.3◦.
To figure out the binding and charge transfer mechanism between NH3 molecule and Ti2N
monolayer, the band structure and PDOS were analyzed. It is difficult to find a pronounced
overlap between N p and Tid close to the Fermi level in Figure 3c. The amount of charge
transfer is only 0.01 e−, which is far less than those of NO and NO2. The bonding between
NH3 and Ti2N is very weak, and the band structure that is almost the same as the bare
Ti2N monolayer also confirms this.

For ideal gas sensing application, excessive adsorption energy is obviously not feasible.
The dissociative adsorption of NO and NO2 on Ti2N monolayer will obviously poison
the substrate and make it fail to work cyclically. The dissociation of gas molecules results
from the strong interaction between the bare Ti2N surface and O atoms. Thus, the pure
Ti2N monolayer can be used as a kind of gas-trapping material instead of highly efficient
sensor for NO and NO2. Compared with those two gases, the adsorption effect of NH3
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is satisfactory. The associative adsorption with lower energy will not cause chemical
poisoning, which is beneficial to Ti2N as a promising candidate material for reversible
NH3 sensors. In actual preparation process, some functional groups are usually introduced
onto the Ti2N monolayer, and these functional groups may have significant impacts on
adsorption properties of the material. Considering this reality, in the following part, we
recount how we studied the adsorption behaviors of the Ti2N monolayer terminated by O,
F, and OH towards NCGs.

We introduce O, F, and OH functional groups at three adsorption positions (site “a”,
“b”, and “c”) of Ti2N, of which OH only considers the vertical direction (O atom is close to
the matrix). All the functional groups tend to adsorb at site “b” with the lowest energy, as
shown in Figure 4a–c. After adsorbing different functional groups, the Ti–N bonds show
different degrees of extension: 2.164, 2.052, and 2.065 Å for Ti2NO2,Ti2NF2, and Ti2N(OH)2,
respectively, which is due to the bonding between Ti and functional groups. Gouveia
et al. reported possible atomic-layer-stacking-phase transitions of some MXenes [41]; thus,
we also carefully checked this point in our research. It is found that the material system
maintains phase stability and stacking way after introduction of those functional groups.
The Bader charge analysis shows that 1.1, 0.8, and 0.8 e− are respectively transferred to O,
F, and OH from Ti2N. It can also be observed in Figure 4d–f that there is a strong overlap
between the Tid-orbital and the T (O, F, or OH)d-orbitals.

Figure 4. Top and side view of the optimized structures, band structures, and PDOS of (a,d) Ti2NO2, (b,e) Ti2NF2, and (c,f)
Ti2N(OH)2 monolayers (blue, silver, red, pink, and yellow balls represent Ti, N, O, H, and F atoms, respectively. Tid-orbital
uses top abscissa and other orbitals use bottom coordinate).

After obtaining the stable configurations of Ti2NT2(T=O, F, OH), we placed various
NCGs molecules at different adsorption sites (site “a”, “b”, and “c”), such as those in
pure Ti2N. It can be seen from the most stable adsorption structures after optimizations
in Figure 5 that all NCGs have no dissociative adsorption on Ti2NT2(T=O, F, OH). The
binding distance is defined as the shortest direct distance between the NCGs molecule and
the matrix; hereby, the binding distances of NO, NO2, and NH3 on Ti2NO2 are 2.082, 1.824,
and 2.172 Å, respectively. The bond lengths of NO and NH3 after adsorption are the same
as those of free gas molecules, while one of the N–O bonds of NO2 is stretched to 1.530 Å.
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The 2-D Ti2NO2 does not change significantly under NO environment, while the Ti atoms
exposed to the adsorption positions of NO2 and NH3 are obviously dragged out. For NCGs
adsorption on the surface of Ti2NF2, the molecular bond lengths and the matrix are almost
unchanged with the adsorption distances of 2.951, 2.800, and 2.947 Å, respectively. It is
surprising when NO is adsorbed on Ti2N(OH)2. The H atoms on the substrate bind with
NO, where three H atoms combine with the N atom and one H atom combines with the O
atom to form a hydroxyl lammonium-like product. The adsorption distances of NO2 and
NH3are 1.625 and 1.702 Å, which are measured from the nearest H atom; thus, they are
shorter than those of other Ti2NT2(T=O, F). While, the adsorption is not strong, especially
the NH3 molecule has basically no change compared with the free molecule.

Figure 5. Top and side view of the optimized structures for Ti2NO2 after adsorbing (a) NO, (b) NO2,
and (c) NH3; Ti2NF2 after adsorbing (d) NO, (e) NO2, and (f) NH3;and Ti2N(OH)2 after adsorbing
(g) NO, (h) NO2, and (i) NH3 (blue, silver, red, pink, and yellow balls represent Ti, N, O, H, and F
atoms, respectively).

We can clearly see that the absolute values of adsorption energy of NCGs on Ti2NT2(T=O,
F, OH) decrease sharply compared with the pure substrate in Table 1, especially on the
surface of Ti2NF2. Since the H atoms of the OH functional groups fall off the Ti2N(OH)2
substrate and bind with NO, their decrease is not that large. On the pure Ti2N monolayer,
a large amount of charge is transferred from Ti2N to NO and NO2. After the introduction
of the functional group O, F, or OH, most of the charge transfer from Ti2N is captured by
these functional groups, which leaves a very small charge amount for exchange with NCGs.
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In addition, one can see that the difference in adsorption energy of each NCG on substrate
is obvious, indicating that the selectivity is good. As mentioned above, NO and NO2 are
dissociatively adsorbed on pure Ti2N, which results in the poisoning of the Ti2N surface.
Similarly, NO binds with H atoms of Ti2N(OH)2 and destroys the surface integrity of the
substrate, which is detrimental to the sensing material. Thus, Ti2N(OH)2 is not suitable for
NO sensing. From the perspective of adsorption energy, those of NO on Ti2NO2, NO2on
Ti2NF2, and NH3on Ti2N(OH)2 are between physisorption and chemisorption, which are
important to make sensors work reversibly and increase their efficiency [45].

Table 1. Adsorption energy (Eads) and charge-transfer profiles of NCGs adsorption on 2-D Ti2N and Ti2NT2(T=O, F, OH).

NCGs
Adsorption Energy (eV) Charge Transfer (e−)

Ti2N Ti2NO2 Ti2NF2 Ti2N(OH)2 Ti2N Ti2NO2 Ti2NF2 Ti2N(OH)2

NO −9.81 −0.68 −0.15 −5.55 2.57 −0.24 −0.07 0.50
NO2 −14.34 −2.38 −0.36 −3.78 3.77 0.49 0.29 1.78
NH3 −1.29 −1.16 −0.13 −0.57 0.01 −0.18 −0.03 0.15

To better understand the effects of NCGs molecules on Ti2NT2(T=O, F, OH), the band
structure and PDOS of all the adsorption systems are calculated and shown in Figure 6.
Regardless of the type of NCGs adsorption, the system retains metallic properties. Only
when Ti2NO2 is exposed to NO2, the Tid-, Op-,and N p-orbitals show a certain degree of
d-p hybridization, while the p- and d-orbitals in other PDOS do not overlap. When Ti2NO2
adsorbs NO, a flat band appears near the Fermi energy and indicates that the electrons
are delocalized, which further proves that the interaction between NO and Ti2NO2 is not
strong. This phenomenon is more obvious when NCGs are adsorbed on Ti2NF2 shown
in Figure 6d–f. These results are consistent with the above discussion on energetics and
charge-transfer profiles.

An ideal sensing material not only needs to possess excellent gas-binding capability
but also has a requirement for good sensitivity. The conductivity of materials, especially
two-dimensional materials, is closely related with work function. During adsorption, if
the electron affinity of gas molecule surpasses the work function of substrate materials,
the molecule will grab electrons from the surface of materials and the molecule would
be charged negatively; in contrast, the adsorbed molecule would be charged positively.
Both two cases would change the electronic structure, as well as conductivity of materials.
The work function [46] is defined as the least energy required to free an electron from the
surface of a system, which can be calculated by the following equation:

ϕ= V∞ − Ef (2)

where ϕ, V∞, and Ef are the work function, electrostatic potential at the vacuum level, and
the Fermi energy, respectively. Figure 7 shows the change of work function of Ti2N and
Ti2NT2(T=O, F, OH) before and after adsorption of various NCGs. “Bare” represents the
bare system (before adsorption), and the names of NCGs in abscissa represent various
systems after adsorption of different gases. The work functions of Ti2NO2 and Ti2N(OH)2
decrease obviously after adsorbing NO, while that of Ti2NF2 increases significantly after
adsorbing NO2. After adsorbing NH3, the work functions of Ti2N, Ti2NF2, and Ti2NO2
all decrease, and the change of Ti2NO2 is the most obvious. Because all the systems are
metallic, even small changes in work function can cause large variation in conductivity [43].
Comprehensively considering the above results on adsorption structure and energy, Ti2NO2
can be used as a superior sensing candidate material for NO and NH3, and Ti2NF2 can be
utilized as that for NO2. In addition, the potential of sensing properties of Ti2N, Ti2NF2,
and Ti2N(OH)2 towards NH3 is also good.
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Figure 6. Band structures and PDOS of Ti2NO2 after adsorbing (a) NO, (b) NO2, and (c) NH3; Ti2NF2 after adsorbing
(d) NO, (e) NO2, and (f) NH3; Ti2N(OH)2 after adsorbing (g) NO, (h) NO2, and (i) NH3 (Tid-orbital uses top abscissa and
other orbitals use bottom coordinate).

Figure 7. Work function change of Ti2N and Ti2NT2(T=O, F, OH) before and after adsorption of
various NCGs.

Finally, we discuss the recovery time (τ). An ideal gas-sensing material needs appro-
priate adsorption energy, and a shorter recovery time is better. To make a gas sensor work
efficiently, a short recovery time is required. It can be calculated through transition state
theory, namely by the following relationship [47,48]:

τ = υ−1exp(−Eads/kT) (3)
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where υ, Eads, k, and T are the attempt frequency, adsorption energy, Boltzmann’s constant
(8.62 × 10−5 eV K−1), and operational temperature, respectively. Under the same condi-
tions, the increase in adsorption energy will lead to an exponential increase in recovery
time; then the higher operating temperature compensation is required, which is detrimental
to the sensor performance. In order to get a relatively reasonable value, we set the attempt
frequency here to 1012s−1 based on traditional transition state theory [49–51]. The recovery
time of NO on Ti2NO2 is calculated to be 2.16 × 105 us, and that of NO2/Ti2NF2 and
NH3/Ti2NF2 is 1.29 and 1.71 ×10−4 us, respectively. Here it can be seen in Figure 8 that
the adsorption energy difference of less than 1 eV can be enlarged to several orders of
magnitude in recovery time. Although NO on Ti2NO2 has the longest recovery time, the
value is only 0.216 s. For the system of NH3/Ti2NF2, it has the shortest recovery time,
which shows that the MXene system in this research can be promising. Therefore, when
other conditions are met, the candidate materials with appropriate gas adsorption energy
and short response time should be selected.

Figure 8. Recovery time of different sensing systems.

4. Summary and Outlook

In this work, we used the first-principles DFT calculations to investigate the 2-D Ti2N
nanosheet and its Ti2NT2(T=O, F, OH) derivative materials for harmful nitrogen-containing
gas (NGCs) adsorption and sensing applications. When NCGs are exposed on the surface
of Ti2N, the dissociative adsorption of NO and NO2 occurs and destroys the stability of the
nanosheet, which would make it hard to work reversibly, while NH3 does not have this
effect on Ti2N. When studying the interaction mechanisms between NCGs and Ti2NT2(T=O,
F, OH), it can be found that a large amount of charges accumulates at functional groups,
thus greatly reducing the adsorption energy of NCGs in absolute value. The obvious
change in work function, coupled with the metallic nature of the systems, would improve
gas sensitivity. Appropriate gas adsorption energy can directly determine fast recovery
time to ensure the efficiency and reversibility of sensors. This research gives the electronic
structures origin and application prospect of Ti2NT2(T=O, F, OH) as efficient NCGs sensing
materials and would inspire experimentalists to explore better 2-D candidates in the field.
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Abstract: Broadband near-infrared (NIR) luminescent materials have been continuously pursued
as promising candidates for optoelectronic devices crucial for wide applications in night vision,
environment monitoring, biological imaging, etc. Here, graded GexSi1−x (x = 0.1–0.3) alloys are
grown on micro-hole patterned Si(001) substrates. Barn-like islands and branch-like nanostructures
appear at regions in-between micro-holes and the sidewalls of micro-holes, respectively. The former
is driven by the efficient strain relation. The latter is induced by the dislocations originating from
defects at sidewalls after etching. An extensive broadband photoluminescence (PL) spectrum is
observed in the NIR wavelength range of 1200–2200 nm. Moreover, the integrated intensity of
the PL can be enhanced by over six times in comparison with that from the reference sample on
a flat substrate. Such an extensively broad and strong PL spectrum is attributed to the coupling
between the emissions of GeSi alloys and the guided resonant modes in ordered micro-holes and the
strain-enhanced decomposition of alloys during growth on the micro-hole patterned substrate. These
results demonstrate that the graded GexSi1−x alloys on micro-hole pattered Si substrates may have
great potential for the development of innovative broadband NIR optoelectronic devices, particularly
to realize entire systems on a Si chip.

Keywords: broadband near-infrared; ordered micro-holes; graded alloy; photoluminescence; guided
resonant mode

1. Introduction

The near-infrared (NIR) spectroscopy is becoming an indispensable technique for a
wide range of applications, such as night vision [1,2], surveillance [3], food analyses and
environmental monitoring [4,5], biological imaging [6,7], and medical diagnostics [8,9]. The
dominant principle of these applications is based on the unique absorption or scattering
features related to the fundamental carbon-hydrogen (C-H) and oxygen-hydrogen (O-H)
vibration modes, which generally cover a broad spectra range of ~1000–2000 nm in the
NIR region (or so-called short-wavelength infrared) [4]. Accordingly, the broadband NIR
light source and detector are highly in demand for simultaneous identification of various
substances via the same photonic circuit. The traditional broadband NIR light sources are
halogen lamps, high-pressure discharge lamps and super continuum lasers. They have
disadvantages in spectra-stability, size, energy consumption and cost [9]. Many efforts have
been devoted to realizing innovative broadband NIR light sources, such as light-emitting
diodes based on unique phosphors [2,10] and PbS quantum dots in layered perovskite [11].
Considering the potential of monolithic optical-electronic integrated circuits on Si substrates
to realize entire ‘systems on a chip’ [12], Si-based broadband NIR light sources and detectors
are of great interest. In general, normal Si cannot emit or absorb light of wavelength longer
than ~1.1 μm due to the limitation associated with the bandgap energy of ~1.12 eV. There
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have been several attempts to overcome this fundamental limitation. A hybrid structure of
metal nanoantenna/Si has been proposed for the NIR detector by taking advantage of the
direct light-harvesting and the energetic or “hot” electron generation during the plasma
decay of nanoantenna [13]. The deep levels in Si formed via an ion implantation have been
exploited to fabricate a waveguide-integrated infrared avalanche photodiode [14]. Dual
Inversion Layers and Fowler−Nordheim Tunneling in a p-i-n junction (p-Si/AlOx/n-ZnO
nanowire) have been employed to realize broadband photodetection [15]. Tensile-strained
Si nanomembrane has been applied in photodetectors with an absorption limit of up to
1550 nm [16]. For longer wavelengths in mid-infrared range, GeSn alloy films on silicon
substrates have also been studied due to the possible smaller direct bandgap [17]. More
frequently, given the small bandgap of ~0.66 eV and the compatibility with the Si integration
technology of Ge, GexSi1−x (0 ≤ x ≤ 1) alloy promises to extend the operation wavelength
in the NIR region [18–23]. Particularly, a stack of GeSi alloy quantum-wells (QWs) has been
exploited to realize broadband NIR photodetectors in terms of the miniband formation
due to the coupling of neighboring QWs or the composition of different energy transitions
in QWs with different thicknesses and/or Ge contents [23]. Whereas the large lattice
mismatch between Si and Ge restricts the number, the thickness and the Ge content of
QWs to avoid strain-induced defects [24], their design and growth are quite complicated.
In addition, charge tunneling to the smaller bandgap QWs can take place and, in turn,
prevents equally efficient emission from all QWs. There is a well-known tradeoff between
the wide spectral bandwidth and the degradation of performance of NIR optoelectronic
devices based on GeSi alloys with higher Ge contents. So far, the broadband GeSi NIR light
source or detector is still a significant challenge.

In this report, GexSi1−x alloys with a graded increase of Ge content (x = 0.1, 0.15, 0.2,
0.25, 0.3) are grown on micro-hole patterned Si(001) substrates. The growth characteristics
are disclosed. A strong and extensively broad photoluminescence (PL) spectrum is ob-
served in the NIR wavelength range from 1200 nm to 2200 nm. This exhibits the broadest
emissions from GexSi1−x alloys and covers the widest NIR spectrum for practical applica-
tions. Detailed analyses of power- and temperature-dependent PL spectra, as well as the
three-dimensional finite-difference time-domain (FDTD) simulations, provide an insight
into the broad and strong PL spectrum. Our results demonstrate an innovative strategy
of alloy growth on micro-hole patterned substrates to realize extraordinary broadband
emissions. Given the rather broad and strong NIR emission and the compatibility with the
Si integration technology, the graded GexSi1−x alloys on micro-hole patterned Si substrates
promise to be the superior candidate for a broadband NIR light source, particularly to
realize entire systems on a Si chip.

2. Materials and Methods

The samples are grown on micro-hole patterned Si(001) substrates by solid source
molecular beam epitaxy(MBE) in a Riber Eva-32 system. The ordered micro-holes in a
hexagonal lattice on Si(001) (p-type, Boron doping) substrates are fabricated by a nanosphere
lithograph [25]. The templates are cleaned by the RCA method with a subsequent HF dip
to obtain a hydrogen-terminated surface. After a thermal desorption, a Si buffer layer of
100 nm with Boron (B) doping of ~3 × 1018 cm−3 is grown at a rate of 1Å s−1 at 500 ◦C.
Then an intrinsic Si layer of 1μm is grown. Subsequently, a stack of five GexSi1−x (x = 0.1,
0.15, 0.2, 0.25 and 0.3) alloy films is deposited at 480 ◦C. The thickness of each alloy film
is 80 nm. The nominal compositions and the thicknesses of alloy films are determined by
the growth rates of Ge and Si. The graded increase of Ge content with the largest value
of 0.3 can effectively reduce misfit-induced defects. In addition, a Ge0.3Si0.7 alloy layer of
100 nm with phosphorus (P) doping of ~6 × 1018 cm−3 is grown at 430 ◦C. Finally, a Si
capping layer of 40 nm with P-doping of ~1.3 × 1019 cm−3 is grown at 430 ◦C. The overall
layer structure is schematically shown in Figure 1a. The same layer structure is also grown
on a flat Si(001) substrate as a reference sample. Figure 1b schematically illustrates the
corresponding energy band diagram of the reference sample. The B doping and the P
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doping naturally create a built-in electric field related to the p-i-n structure, which tilts the
band alignment. This band alignment facilitates the accumulation of electrons and holes in
regions E (around the interface between the n-GeSi and the n-Si) and H (intrinsic Ge0.3Si0.7
alloy layer), respectively, as shown in Figure 1b. The p-i-n structure also facilitates the
realization of optoelectronic devices.

Figure 1. Schematic layer structure and energy band diagram. (a) The layer structure grown on the
micro-hole patterned and the flat Si(001) substrates, (b) the energy band diagram of the sample.

The surface morphology of the sample is characterized by scanning electron mi-
croscopy (SEM) (Zeiss Sigma) and atomic force microscopy (AFM) (Veeco DI Multimode V
SPM) in tapping mode. The structure and composition of the sample are also investigated
from a cross-sectional view using a field emission transmission electron microscope (TEM)
(Thermo Scientific Talos F200i) operating at 200 kV. The electron-transparent TEM foil
is prepared by focused ion beam (FIB) (Thermo Scientific Helios G4 CX). The Ge and
Si distributions in the sidewalls of micro-holes are analyzed by X-ray energy dispersive
spectroscopy (EDS) (Bruker Xflash 6T-30) attached to the microscope. PL measurements
are performed in a closed-cycle helium cryostat with a temperature range of 17 to 300 K.
The excitation source is a semiconductor laser (473 nm). The luminescence is analyzed
by a monochromator (Omni-λ500, Zolix Instruments Co.) and detected with an extended
InGaAs photodetector using the standard lock-in technique. The simulations of the emis-
sion spectra of GexSi1−x alloys grown on micro-hole patterned Si (001) substrates are also
carried out by the FDTD method. The boundary conditions of the perfectly matched layer
are imposed in the z axis (out of plane). Periodic boundary conditions are employed in the
x and y axes (in-plane). The emission intensity is obtained by integrating pointing vectors
at the input port (x-y plane at z = 4.5 μm) in the time domain.

3. Results and Discussion

3.1. Morphologies and Structure Properties

Figure 2a shows the typical top-view SEM image of ordered micro-holes on a Si(001)
substrate. The micro-holes are arranged in a hexagonal lattice. The period, the diameter and
the depth of micro-holes are about 1.0, 0.7 and 4.0 μm, respectively. These parameters can
be readily modulated in the nanosphere lithograph [25]. Figure 2b shows the corresponding
top-view SEM image of the micro-hole array after the growth of Si and graded GexSi1−x
alloys. The micro-holes remain with slightly reduced diameter of ~0.6 μm, which results
from partial growth at their sidewalls. Moreover, barn-like islands with a base radius of
~260 nm and height of ~180 nm appear at the center regions in between the neighboring
three micro-holes, as denoted by yellow dotted-circles in Figure 2a,b. This is consistent with
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the previous report on the low mismatch GexSi1−x alloy islands on Si(100) substrates [26].
This barn-like island, with facets {1, 1, 1}, {1, 1, 3}, {15, 3, 23} and {1, 0, 5}, originates from
the low surface tension and efficient strain relaxation of these facets [26]. The partial strain
relaxation at the edges of the micro-holes facilitates the location of the barn-like island at
the center region in-between the micro-holes, where misfit strain can be relaxed by the
island formation. These microstructures are well ordered in a large area, as demonstrated
in Figure 2c. Although some domain boundaries and point defects appear to degrade the
long-range ordering of micro-holes, they can be considerably reduced by optimizing the
nanosphere lithograph [25].

Figure 2. Top-view SEM images. (a) Ordered micro-holes on a Si(001) substrate, the micro-hole array
after the growth of Si and graded GexSi1−x alloy via MBE in (b) a small area, (c) a large area. The
yellow dotted circles in (a,b) denote the regions in-between three micro-holes.

Figure 3a shows the scanning transmission electron microscopy (STEM)-EDS mapping
of Ge and Si in the sidewalls of micro-holes. Obviously, most Ge appears on the top of the
sidewalls. Few Ge can be found at the bottom-half of the sidewalls. Figure 3b shows the
corresponding high-angle annular dark field (HAADF) STEM image across the nearest
neighboring micro-holes. Some branch-like nanostructures appear at the middle of the
sidewalls of the micro-holes, considerably away from the growth onset of GexSi1−x alloys
denoted by dotted lines in Figure 3a,b. By careful inspection of Figure 3a,b, three main
features can be seen. (i) The Si and GeSi alloys essentially grow on the upper-half of
the sidewalls of micro-holes. Given the general incident flux of Si and Ge atoms tilted
away from the axis direction of [001] of the micro-holes, the incident flux of Si and Ge
atoms can hardly attach to the bottom part of the deep micro-holes, particularly after the
formation of branch-like nanostructures at the sidewalls. (ii) The Ge-rich edge can be
distinguished near the top of the sidewall. This demonstrates the segregation of Ge to the
edge of the micro-holes during GeSi alloy growth. (iii) The branch-like nanostructures
initiate during the Si growth at the sidewalls, since their root is mainly Si. These are
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induced by dislocations in the Si sidewalls, as shown in the enlarged STEM-HAADF image
of Figure 3c. In the upper Si sidewalls with little dislocation, no branch-like nanostructure
appears. We argue that these dislocations originate from the defects introduced during the
long-time (over 20 min) plasma etching to obtain micro-holes with a depth of over 4 μm.
These dislocations are mainly stacking faults, as demonstrated by the atomic resolution
STEM-HAADF image (along the [110] zone axis) and the extra spots in the corresponding
Fourier transformation (FT) patterns in Figure 3d. To learn about the evolution of those
dislocations, further systematic studies are necessary. Considering the reduction of defects
by the shorter etching time and the growth of GeSi alloy all over the sidewalls of the micro-
holes, the depth of the micro-hole may be decreased. Figure 3e shows the AFM image
of the surface morphology of the reference sample after the growth of Si and GexSi1−x
alloys on a flat substrate. The surface is quite smooth without a cross-hatch pattern [24],
as it demonstrates few dislocations in the GeSi alloy layers. This result indicates that the
graded increase of Ge content in GeSi alloy layers can efficiently suppress the formation of
dislocations.

Figure 3. STEM and AFM images. (a) STEM-EDS mapping of Ge and Si in sidewalls, (b) STEM-
HAADF image across the nearest neighboring micro-holes, (c) enlarged STEM-HAADF image of
dash-boxed region in (b), (d) high resolution STEM image of dash-boxed region in (c), (e) AFM image
(5 × 5 μm2) of the reference sample after growth on a flat substrate. The dotted line in (a,b) denotes
the growth onset of GexSi1−x alloys. The insets (1, 2) in (d) are the FT patterns of STEM images in the
dot-boxes (1, 2).

3.2. Power Dependent PL Spectra

Figure 4 shows the PL spectra of graded GexSi1−x alloys grown on the micro-hole
patterned Si(001) substrate and the flat Si(001) substrate under the same growth conditions.
Obviously, the PL spectrum of graded GeSi alloys on the micro-hole patterned substrate is
substantially different from that of the reference sample on the flat substrate. Although
there are five GexSi1−x alloy layers with different Ge compositions (x = 0.1, 0.15, 0.2, 0.25,
0.3), the PL spectrum of the reference sample on the flat substrate is essentially composed
of two peaks in the wavelength range of 1300–1600 nm, whereas the spectrum of the
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GexSi1−x alloy on the micro-hole patterned substrate covers a rather broad wavelength
range of 1200–2200 nm. Moreover, it can be separated into three regions. (I) In the range of
1200–1500 nm, the spectrum is similar to that of the reference sample on the flat substrate.
(II) In the range of 1500–1850 nm, five satellite peaks can be distinguished. (III) In the
range of 1850–2200 nm, a peak shoulder appears in the spectrum. Considering the longer
wavelength and the unique peak features, the spectrum in regions (II) and (III) cannot be
obtained directly from the graded GexSi1−x alloys with x = 0.1–0.3.

Figure 4. PL spectra. PL of graded GexSi1−x alloys on the micro-hole patterned and the flat Si(001)
substrates, denoted by ‘μ-hole’ and ‘flat’, respectively, at 17 K with the excitation power of 800 mW.
(I), (II) and (III) denote three ranges of wavelength.

To clarify the origin of the extensive broadband spectrum, power-dependent PL spec-
tra of the graded GexSi1−x alloy layers on the flat and the micro-hole patterned substrate
are obtained, as shown in Figure 5a,b, respectively. The spectra of the reference sample can
be fitted by two Gaussian peaks around the wavelengths of 1408 nm and 1501 nm, as shown
in the inset of Figure 5a. These two peaks are both blue-shifted with the excitation power,
as shown in Figure 5c. This is the typical behavior of the type-II band alignment in GeSi/Si
heterostructure due to band-filling and/or band-bending effects [27], whereas their energy
difference of ~55 meV is nearly power-independent. These results demonstrate that these
two PL peaks of the reference sample can be assigned as the non-phonon(NP) emission and
its transverse-optical(TO) phonon replica of the GeSi alloy [27]. In addition, they mainly
originate from the recombination of electrons and holes in regions E (around the inter-
face between n-type Ge0.3Si0.7 and Si) and H (intrinsic Ge0.3Si0.7), as denoted in Figure 1b,
which are the energetically favorable positions for electrons and holes, respectively. This
means that the photon-generated carriers can efficiently drift to the energetically favorable
positions around the GexSi1−x alloy layer with the largest x value of 0.3 before their recom-
bination. Emissions of the shorter wavelength from GexSi1−x alloy layers with x < 0.3 can
hardly be observed. This is consistent with the narrow electroluminescence spectrum of a
quantum dot (QD) ensemble by charge tunneling to the smaller bandgap QDs [4]. This
also suppresses the broadband emission. For PL spectra of the graded GexSi1−x alloys on
the micro-hole patterned substrate; the spectra in regions (I) of 1200–1500 nm and (III) of
1850–2200 nm are also slightly blue-shifted with the excitation power. Accordingly, they
are dominated by the emissions of GexSi1−x alloys but with x value different from 0.3,
whereas, the positions of the satellite peaks in region (II) of 1500–1850 nm denoted by Pi
(i = 1–5) are power-independent, as demonstrated in Figure 5b. This is distinctly different
from the power-dependence of PL peaks of GeSi alloys [27]. Considering the ordered
micro-holes in a hexagonal lattice, these satellite peaks are attributed to the coupling
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between the emissions of the graded GexSi1−x alloys and the guided resonance modes
in the ordered micro-holes [25]. Such a coupling not only effectively broadens the PL
spectrum but also enhances the PL intensity. We can obtain the enhancement factor (EF)
from EF = Iμ-hole/Iflat, where Iμ-hole and Iflat are the integrated intensity of PL peaks of
graded GeSi alloys on the micro-hole patterned and the flat substrates, respectively. This is
larger than one and remarkably increased with the excitation power, as shown in Figure 5d.
The enhancement of PL spectra is generally attributed to the increased extraction efficiency
of PL from the micro-structured surface and/or the reduced lifetime of excitation for the
radiative recombination due to the coupling into the guided resonant modes of the ordered
micro-holes. The former is essentially determined by the microstructure on the sample
surface, which is power-independent. The present power-dependent EF demonstrates
that the latter play the dominant role in the enhancement of PL spectra of the sample on a
micro-hole patterned substrate. This result is consistent with the previous report on the
enhanced PL spectra of SiGe coaxial quantum wells on ordered Si nanopillars [28].

Figure 5. Power-dependent PL spectra. PL spectra of graded GexSi1−x alloys (a) on the flat, (b) on
the micro-hole patterned Si(001) substrate, (c) energies of peaks NP and TO in (a) as a function of
excitation power, (d) the enhancement factor vs. the excitation power. The inset in (b) shows the
fitting of the PL spectrum at 800 mW by two Gaussian peaks. The dashed green line in (a,b) is for
eye guidance.

3.3. FDTD Simulations

The origin of the peaks Pi (i = 1–5) in region (II) of 1500–1850nm can be confirmed
from the FDTD simulation of the emission spectrum of graded GexSi1−x (x = 0.1–0.3)
alloys grown on micro-hole patterned Si (001) substrates, as shown in Figure 6a. The
geometrical profiles employed in the simulation are schematically shown in Figure 6b.
Based on the SEM and the TEM images and the discussions above, the diameters at the
top, the middle and the bottom of micro-holes are simplified to be 600 nm, 730 nm and
550 nm, respectively, as schematically demonstrated in the bottom-panel of Figure 6b. The
barn-like morphologies at the regions in-between neighboring three micro-holes are also
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considered in the simulation. The simulated spectrum clearly demonstrates that there
are guided resonant modes with the wavelengths well-matched with the experimental
PL peaks Pi (i = 1–5) in region (II) of 1500–1850nm, whereas two additional peaks in the
simulated spectrum with the shorter wavelengths (<1500 nm) are not as distinguishable in
the experimental one. This may be attributed to the simple geometrical model used in the
FDTD simulation, particularly without the consideration of the roughness at the sidewalls
of the micro-holes.

Figure 6. FDTD simulations. (a) Simulated spectrum of guided resonant modes of ordered micro-
holes after graded GexSi1−x (x = 0.1–0.3) alloys growth, as well as the experimental PL spectrum,
(b) schematic illustration of the top view (up-panel) and the cross-sectional (along the black arrow
in the up-panel) side-view (down-panel) of ordered micro-holes. The green dashed lines in the
up-panel of (b) denotes the simulation cell of 1.02 μm × 1.77 μm × 11 μm. The mesh size in the
FDTD simulation is 10 nm × 8.6 nm × 5 nm. The depth H of micro-hole is 5.8 μm. The period P is
1.02 μm.

3.4. Temperature Dependent PL Spectra

Figure 7a,b show the temperature-dependent PL spectra of graded GexSi1−x alloy
layers on the flat and the micro-hole patterned substrate, respectively. In both cases, a red-
shift of PL peak with temperature is distinguished since the band gaps of both GeSi alloy
and Si decrease with temperature. Even the peaks related to the guided resonant modes of
the ordered micro-holes red-shift slightly with temperature. Such a red-shift is attributed
to the variation of the refractive index of material with temperature. Surprisingly, along
with the increase in temperature, a distinguished peak evolves from the former shoulder in
region (III) of 1850–2200 nm in the PL spectra of the sample on the micro-hole patterned
substrate, as demonstrated in Figure 7b. This is beyond the emission even of pure Ge. We
argue that this peak mainly originates from Ge-rich domains in the graded GexSi1−x alloys
on the micro-hole patterned substrate. It has been found that segregation and/or spinodal
decomposition are enhanced by strain during the step-flow growth of an alloy on a vicinal
surface [29,30]. In addition, nonuniform surface chemical potential originated from the
strain field and the vicinal surface energy biases the incorporations of the alloy components
in different regions around the patterned surface. The vicinal surface and the nonuniform
strain distribution naturally exist around the edge of the micro-hole. Accordingly, some
Ge-rich domains can self-assemble around the edge of the micro-hole during the growth of
graded GexSi1−x alloys, particularly for x = 0.3, due to the accumulation of strain energy
and the relative high Ge content [30]. This is confirmed by the TEM images in Figure 3. The
rest in turn is Ge0.3-δSi0.7+δ alloy with a small δ that denotes the percentage of Ge separated
into the Ge-rich domains. To obtain more details about the Ge-rich domain, further studies
are necessary. Such a strain-dependent decomposition is also consistent with the previous
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report on non-uniform composition in GeSi islands [31]. The emissions of these Ge-rich
domains dominate the spectrum in the long wavelength region (III) of 1850–2200 nm,
particularly at high temperatures, since the higher Ge content provides deeper potential
for holes. Similar emissions with smaller energy than the band gap of unstrained bulk Ge
has been observed from Ge hut clusters on Si substrates due to the type-II band alignment
and the misfit strain [32]. Given the limited number of Ge-rich domains, some photon-
generated carriers can also radiatively recombine around Ge0.3–δSi0.7+δ alloys to dominate
the spectra in the short wavelength region (I) of 1200–1500 nm. This scenario accounts for
the slight blue-shift of the spectrum in region (I) of 1200–1500 nm in comparison with the
PL peaks of the reference sample due to the small difference of Ge composition, as shown
in Figure 4.

Figure 7. Temperature-dependent PL spectra. PL spectra of graded GexSi1−x alloys (a) on the flat
Si(001) substrate, (b) on the micro-hole patterned Si(001) substrate, (c) the integrated PL intensity
vs. temperature, (d) the EF vs. temperature. For comparisons, the PL spectra at 25 K and 100 K in
(a,b) are reduced by multiplying 1/6 and 1/5, as is denoted by ‘x1/6’ and ‘x1/5’, respectively. ‘Exp.’,
‘Sim.’, ‘μ-hole’ and ‘flat’ in (c) denote experiment, simulation, micro-hole patterned substrate and flat
substrate, respectively. The dashed pink line is for eye-guide.

The formation of Ge-rich domains in the GexSi1−x alloy grown on the micro-hole
patterned substrate is also confirmed by the temperature-dependence of the integrated PL
intensity, as shown in Figure 7c. Similar to the GeSi QDs, the integrated PL intensities of
GeSi alloys as a function of temperature can be fitted by the following Equation (1) [33,34],

I(T) =
I(0)

1 + c1 exp(−E1/kT) + c2 exp(−E2/kT)
(1)
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where I(0) is approximated to be the integrated PL intensity at 17 K, c1 and c2 are the
fitting parameters, E1 is the activation energy for the carriers to escape from the potential
confinement of GeSi alloys, and E2 is the binding energy related to exciton dissociation. By
fitting the experimental data in Figure 7c, the energies (E1, E2) for the samples on the flat
and the micro–hole patterned substrates are (123 meV, 12.5 meV) and (132 meV, 19.8 meV),
respectively. As shown in Figure 7b, the emissions in the long wavelength region (III) of
1850–2200 nm become more pronounced with the increase of temperature. The larger
E1 demonstrates the deeper potential confinement, which corresponds to the larger Ge
content, i.e., the Ge-rich domain. The larger E2 indicates the relatively small size of the
Ge-rich domain [35]. Figure 7d shows the EF of PL intensity as a function of temperature.
The light field distributions of guided resonant modes around the ordered micro-holes
are not uniform and depend on the frequencies [25]. The strong coupling between the
exciton emissions and the cavity modes of ordered micro-holes occurs mainly for excitons
localizing at the light field maxima [36]. The variation of spatial distributions of excitons in
the GexSi1−x alloys on the micro-hole patterned substrate with the increase of temperature
may affect the coupling between the emissions of GexSi1−x alloys and the guided resonant
modes. Accordingly, the EF is not monotonically changed with temperature, as shown
in Figure 7d. The maximum EF is over 6 at 245 K. It is worth mentioning that the PL
intensity of GexSi1−x alloys on the micro-hole patterned substrate is reduced by defects in
the sidewalls of micro-holes. By optimizing plasma etching processes to suppress defect
formation in the Si sidewalls of micro-holes, the EF can be further increased. In addition, the
cutoff wavelength of emissions will be shifted by applying an external voltage in the p-i-n
structure due to a quantum confine Stark effect. However, such a shift is not so obvious for
the general bias voltages [37]. By optimizing the parameters of micro-holes and the growth
conditions (e.g., reducing Ge content), as well as taking into account the contributions of Si,
the emission band can be extended further into the shorter NIR wavelengths.

4. Conclusions

In conclusion, a p-i-n structure with graded GexSi1−x (x = 0.1, 0.15, 0.2, 0.25, 0.3) alloys
is grown on micro-hole patterned Si(001) substrates. To relax misfit strain, barn-like islands
self-assemble at the center regions in-between three neighboring micro-holes. Branch-like
nanostructures appears at the sidewalls with many dislocations, which originate from
the defects introduced during plasma etching. An extensive broadband PL spectrum is
observed in the NIR range of 1200–2200 nm. It is attributed to the coupling between the
emissions of GexSi1−x alloy and the guided resonant modes in the ordered micro-holes,
as well as the strain-enhanced decomposition of GexSi1−x alloys during their growth on
micro-hole patterned substrates. Moreover, the intensity of the PL spectra is remarkably
enhanced, which can be over six times of that from the reference sample on the flat substrate
at 245 K. Our results demonstrate an innovative strategy of growth of alloy on micro-hole
patterned substrate to realize strong broadband spectrum. Considering the strong and
rather broad wavelength range (1200–2200 nm) of emissions and the compatibility with
the Si integration technology, the graded GexSi1−x alloy layers on micro-hole patterned
Si substrates will have a great potential in the broadband NIR light source particularly to
realize entire systems on a Si chip.
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Abstract: Nanomaterials and nanostructures provide new opportunities to achieve high-performance
optical and optoelectronic devices. Three-dimensional (3D) surfaces commonly exist in those devices
(such as light-trapping structures or intrinsic grains), and here, we propose requests for nanoscale
control over nanostructures on 3D substrates. In this paper, a simple self-assembly strategy of
nanospheres for 3D substrates is demonstrated, featuring controllable density (from sparse to close-
packed) and controllable layer (from a monolayer to multi-layers). Taking the assembly of wavelength-
scale SiO2 nanospheres as an example, it has been found that textured 3D substrate promotes close-
packed SiO2 spheres compared to the planar substrate. Distribution density and layers of SiO2

coating can be well controlled by tuning the assembly time and repeating the assembly process. With
such a versatile strategy, the enhancement effects of SiO2 coating on textured silicon solar cells were
systematically examined by varying assembly conditions. It was found that the close-packed SiO2

monolayer yielded a maximum relative efficiency enhancement of 9.35%. Combining simulation
and macro/micro optical measurements, we attributed the enhancement to the nanosphere-induced
concentration and anti-reflection of incident light. The proposed self-assembly strategy provides a
facile and cost-effective approach for engineering nanomaterials at 3D interfaces.

Keywords: self-assembly; 3D substrate; solar cell

1. Introduction

The development of nanomaterials and nanostructures provides new opportunities
for performance boosting of optical and optoelectronic devices [1–5]. For example, di-
electric nanostructures are used to enhance the transmission and brightness of different
transparent windows or display screens [6–9], and plasmonic or dielectric nanocoatings
are widely proposed and applied to enhance the efficiency of photovoltaic devices or
sensitivity of photodetectors [1,10]. In many optoelectronic devices, there are complex
3D surfaces [11,12]. For example, micron and nanoscale heterogeneities exist in various
photovoltaic devices [13], such as the intrinsic grains in polycrystalline solar cells [14–16]
and textured surfaces in the commercial silicon solar cells for light-trapping [17].

In this context, there has been a drive for designing and fabricating nanostructures on
3D surfaces with desired control. On planar substrates or interfaces, both top-down and
bottom-up self-assembly strategies enable precise control over distribution density and
geometrical shapes [8,18–23]. Although substantial advances have been made, control over
nanofabrication on complex 3D surfaces is still very challenging [7]. Top-down strategies,
such as electron beam lithography and focused ion beam, show some difficulties in the

Nanomaterials 2021, 11, 2581. https://doi.org/10.3390/nano11102581 https://www.mdpi.com/journal/nanomaterials338
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fabrication on 3D substrates limited by the inherent process characteristics of photore-
sist coating or beam focus [24]. Self-assembly methods, using colloidal nanoparticles as
building blocks, show great potential in assembling nanostructures on 3D substrates [18].
Previous reports have demonstrated the self-assembly results on 3D fabrics and textured
wafers [25–27]. However, the nanostructures usually accumulate and form multi-layers at
the bottom of valleys [25,26], while precise control over the distribution density and layer
numbers on the 3D substrate has remained elusive.

We emphasize the importance of controllable nanosphere assembly for understand-
ing the mechanism of nanosphere-enhanced textured photovoltaics. For photovoltaic
devices application, wavelength scale dielectric nanospheres have attracted much attention.
Nanosphere array supports Whispering Gallery Modes (WGM), which can be coupled
with the guided modes in photovoltaic thin-film to improve the light absorption of the
devices [10,28]. Some studies have shown that dielectric microspheres can also enhance
planar bulk material cells [29,30], mainly due to the anti-reflection effect of close-packed
SiO2 spheres. Besides, SiO2 arrays enable colorful photovoltaic devices without sacrific-
ing device performance [31]. In 2020, Bek et al. proposed that in planar cells, coexisting
anti-reflection and light concentration effects are the reason for the nanosphere enhance-
ment [32]. The former contributes to an enhanced photocurrent, and the latter contributes
to an enhanced fill factor of the devices. When it comes to textured solar cells, it is highly
desirable to control nanosphere distribution density with specific layer numbers to explore
the optimized parameters and discern the underlying mechanism.

In this work, we propose a simple assembly strategy on 3D substrates featuring
controllable distribution density and coating layers. The influence of gravitational sedimen-
tation on assembly behavior was analyzed by comparing substrates with different surface
features (planar and textured) and under different orientations (upward and inverted) in
the SiO2 colloid. The effect of SiO2 microsphere coating on the device performance under
different assembly conditions was further explored. For the first time, the nanosphere
anti-reflection and light concentration mechanisms were analyzed on the textured solar
cells with numerical simulation, macro and micro-region optical characterization.

2. Materials and Methods

2.1. Materials

Tetraethyl orthosilicate (TEOS, 98%) and ammonium hydroxide solution (NH4OH,
28.0–30.0%) were bought from Sigma-Aldrich (Saint Louis, MO, USA). Absolute ethanol
(≥95%) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Ningbo, China).
Poly-L-lysine solution has a concentration of 0.1 mg/mL and degree of polymerization
from 144 to 335, purchased from Xiya Regent (Shanghai, China). Ultrapure water used in
the experiments has a resistivity larger than 18.2 MΩ·cm (Milli-Q). All chemicals were used
without any purification. Shanghai Shenzhou New Energy Co., Ltd. (Shanghai, China)
supplied six-inch polycrystalline silicon solar cells. The solar cells were cut into 4 cm2 ones.

2.2. Synthesis of SiO2 Nanosphere

The ~550 nm diameter SiO2 nanosphere was synthesized according to previous
work [33]. Briefly, 25 mL ultrapure water, 62 mL ethanol, and 9 mL NH4OH were mixed
and stirred at a moderate speed for 30 min. Then, 4.5 mL TEOS was added into the mixed
solution and reacted for 3 h at 30 ◦C. The resulting products were centrifuged three times
using absolute ethanol and dried in an oven at 200 ◦C for an hour to obtain SiO2 nanosphere
powders for future use. For the sake of a fast self-assembly process, SiO2 nanospheres were
redispersed in absolute ethanol with a concentration of 50 mg/mL, and we call it SiO2
assembly solution.

2.3. Self-Assembly Process of SiO2 Nanosphere

The four-step self-assembly processes are outlined schematically in Figure 1. We first
immersed the substrate into the poly-L-lysine solution (pH value about 6.2) for 4 min.
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The ionic form of the ε-amino group in poly-L-lysine solution depends primarily on the
pH [34,35]. In the acid environment, the ε-amino group is in a positive charge state (–NH3

+),
widely used in biology and chemistry [34,36]. In such a dip process, the absorption of
poly-L-lysine on the textured silicon substrate yields a positively charged surface. Then we
used ultra-pure water to remove the redundant poly-L-lysine. Following this, the substrates
were dip-coated onto the solution of SiO2 assembly solution for different time durations. It
has been reported that the solution synthesized SiO2 nanospheres with an isoelectric point
(IEP = 2.0) [37]. At a pH value higher than 2, the SiO2 nanospheres are abundant with OH−
and negatively charged. The negatively charged SiO2 surface will promote the electrostatic
attraction to the positive textured surface while resisting the absorption of multi-layer SiO2.
At last, the silicon solar cell was rinsed with ultra-pure water a second time to remove the
unabsorbed SiO2 particles, which are not adhesive to the devices. It should be noticed that
if the first two steps are not adopted, the SiO2 nanospheres could not be maintained on the
surface after washing with ultra-pure water.

Figure 1. Schematic illustration and self-assembly process. The four-step self-assembly procedure of SiO2 nanosphere onto
the textured 3D surface, and the inset figures show the electrostatic force-directed assembly mechanism.

When the assembly process is repeated, another layer of poly-L-lysine will be absorbed
upon the top surface of the SiO2 nanocoating assembled on the textured surface, forming a
positive surface and enabling a layer-by-layer assembly process.

2.4. Characterization of Textured Silicon Solar Cells

Brightfield reflection and darkfield scattering optical images are taken from a Nikon
(Ti-U) inverted microscope under the illumination of a halogen lamp. The grayscale
transformation and statical analysis of the optical micro-region images were conducted
using a MATLAB code. A long working distance 100×/0.80 NA objective lens (Nikon Plan
Fluor ELWD 100×) was used to collect bright and darkfield images. The reflection spectra
were taken from a fiber spectrometer (Nova, Ideaoptics Co., Ltd., Shanghai, China) coupled
with an integrating sphere (IS-30-6-R). Electrical properties of solar cells are measured with
a high-precision source-meter-unit (SMU, Keithley 2651) under the illumination of a 1000 W
xenon lamp equipped with an AM1.5 filter (Crowntech Inc., Indianapolis, IN, USA).
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2.5. Modeling of Silicon Solar Cell with SiO2 Nanospheres

The three-dimensional finite element method (COMSOL software) was used to sim-
ulate the light-concentrating performance of silica nanospheres, and the simulation pro-
cess is similar to previously reported work [32]. In our simulation model, a single silica
nanosphere or a vertically aligned dimmer is placed on the surface of the silicon substrate.
The simulation width of the device is 2000 nm, the size of the nanoparticle is 550 nm, and
the thickness of the air layer is 1500 nm. The linear-polarization plane wave is used as the
incident excitation, and its amplitude is 1 V/m. In addition, to eliminate the unwanted
reflection of the interface, the boundary of the device region was selected and was delimited
by the perfectly matched layer (PML). The optical constants of SiO2 and Si are obtained by
linear interpolation in the optical manual [38].

3. Results and Discussion

3.1. Self-Assembled SiO2 Nanocoating on Planar and Textured 3D Substrates

In order to fully demonstrate the assembly characteristics of the SiO2 nanosphere
coating on the 3D textured surfaces, we compared the assembly results on the flat surface
and the texturing Si wafer surface under the same assembly time. As shown in Figure 2a,
on the surface of the flat substrate, the assembly of SiO2 nanospheres has two characteristics.
Firstly, some of the SiO2 nanospheres become aggregated during the assembly process.
Similar aggregates, also found in previously reported gold or dielectric nanocoatings via
electrostatic assembly [39,40], can be attributed to the capillary force [41] (originating from
water bridges formed between particles when the substrate is taken out of the solution).
Secondly, the covered area of nanospheres is estimated at less than 35% according to SEM
analysis (using ImageJ software packages). This situation has also been widely studied
in previous electrostatic assemblies [39,42]. In the absence of external force, the assembly
process of spherical nanoparticles usually conforms to the random sequential adsorption
(RSA) model [43], where particles are supposed to be fixed on the substrate and cannot
be moved after adsorption. Under this model, the surface coverage of particles could
not exceed the jamming limit (54.7%) [39]. Furthermore, the repulsion between charged
particles will further reduce surface coverage. Therefore, in the self-assembly coating on a
planar substrate without external forces, the surface coverage of nanospheres usually does
not exceed 40% [39].

Under the same assembly time, we observed that the particle coverage of silica
nanospheres on the 3D substrate is significantly larger than that of a two-dimensional
substrate, as shown in Figure 2b. Except for the sharp features, a single layer of densely ar-
ranged SiO2 nanospheres is almost formed on the entire substrate. Note that this assembly
result is significantly different from the multi-layer accumulation only located at the bottom
of the valley obtained by spin-coating or dip-coating [25,26]. In addition, our dense arrange-
ment result is similar to the coating effect formed by the Langmuir-budget liquid-liquid
assembly with an external force and the following transfer method [31]. However, our as-
sembly method is simple and does not require the introduction of other external forces. We
infer that the dense nanosphere assembly originates due to gravitational sedimentation [44].
For ~550 nm particles, the gravitational potential energy of the particle is comparable to
the thermal energy accounting for thermal motion [45]. Therefore, the sedimentation of
nanospheres in micron-scale valleys may lead to dense assembly behavior. Previously,
the literature also proposed that even if there is repulsion between particles, nanoparticles
(100–1000 nm) will still undergo sedimentation in the solvent [45].

341



Nanomaterials 2021, 11, 2581

Figure 2. Schematic illustration and SEM graphs of self-assembled SiO2 nanocoating on the planar and textured substrates:
(a) Assembly on a planar substrate, schematic representation (top), and the SEM graphs (down). The yellow circles around
nanospheres were used to calculate the surface coverage of nanospheres with the ImageJ software; (b) Assembly on a
textured substrate, schematic representation (top), and the SEM graphs (down). The dipping time in SiO2 assembly solution
is the same (10 min) for the planar and textured substrate. The scale bar is 2 μm.

To verify the influence of gravitational sedimentation in the assembly process, the ex-
tured substrates were set at different orientations in the SiO2 colloid. As shown in Figure 3,
the assembly procedures with the substrate upward (Figure 3a) and inverted (Figure 3d)
were performed under the same assembly time. The resultant assembly characteristics
under the different orientations of substrate changed dramatically. A relatively dense
assembly is achieved by an upward substrate (shown in Figure 3b,c). However, when
the substrate was placed invertedly in the SiO2 colloid, the resultant surface coverage of
SiO2 nanospheres was obviously reduced (shown in Figure 3d,e). The assembly time was
increased to 30 min for further investigation of the assembly characteristics. As shown
in Figure S1, for substrates with different assembly orientations, the surface coverages
of SiO2 nanospheres were similar compared to that of 10 min assembly time. It can be
concluded that the gravitational sedimentation contributes to a dense-packed nanocoating
in the textured solar cell when the substrate is placed upward. Notably, gravitational
sedimentation is a natural phenomenon, and therefore the dense-packed assembly can be
achieved without other external forces such as electric field force or pressure [8,19,31].
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Figure 3. Self-assembly nanocoating under different substrate orientations in the SiO2 assembly
colloid: (a–c) Self-assembly with an upward substrate; (d–f) Self-assembly with an inverted substrate.
The assembly time was fixed to 10 min for all the assembly processes, and the inset figures in (a) and
(d) are the images of assembly in colloidal SiO2. The blue arrows indicate the location of the devices.
A vacuum suction ball was used to keep the substrate upside-down during the assembly process in
the inverted condition.

The assembly behavior of nanoparticles on 3D texturing substrates (textured Si solar
cells) under different timelines (10 s, 30 s, 10 min) and different assembly rounds was
further investigated. The samples for different assembly times were named sample 1 (S1),
sample 2 (S2), and sample 3 (S3) for 10 s, 30 s, 10 min, respectively. Figure 4a–i is one
round of self-assembly SEM images and schematic diagrams of different assembly times.
It can be found that, in the initial stage of assembly (10 s), the particles first deposit at
the valley bottom, which indicates that the gravity of the nanoparticles is greater than the
particle-substrate electrostatic attraction in this stage. As the assembly process proceeds,
the silica nanospheres gradually assemble along the sidewalls of the valley. Subsequently,
we repeated the assembling process twice, and the SEM images are shown in Figure 4j,k.
As the schematic diagram Figure 4l shows, multiple layers appeared on the surface of the
textured substrate, especially inside the valley. The sample for two round assembly was
named sample 4 (S4).
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Figure 4. Self-assembly nanocoating under different timelines and repeated assembly process. SEM graphs under different
magnification and the schematic diagram: (a–c) One round with an assembly time of 10 s; (d–f) One round with an assembly
time of 30 s; (g–i) One round with an assembly time of 10 min; (j–l) Two rounds with assembly times of 5 min + 5 min.

3.2. The Performance Analysis of Textured Si Solar Cells with SiO2 Nanosphere Coatings

We compared the effects of different nanosphere coatings (different distribution den-
sities and number of layers) on the electrical performance of the textured Si solar cells
to obtain optimized parameters, as shown in Table 1 and Figure 5. Figure 5a shows a
structural diagram of the textured Si solar cell with nanocoatings. The polycrystalline
silicon solar cell thickness is ~180 μm, and the junction depth is about 500 nm. The SiO2
nanosphere coating is assembled on the textured upper surface of the device. As shown
in Table 1, we tested the electrical properties of the devices under a solar simulator with
an irradiance of 1000 W/m2. In the case of a single-layer SiO2 coating, as the distribution
density increases, the relative enhancement of device efficiency gradually increases. When
the nanospheres are in close packing, the maximum efficiency enhancement reaches 9.35%.

Figure 5. Comparison of electrical parameters enhancement with different SiO2 nanocoatings. (a) Schematic illustration of
the textured Si solar cell with SiO2 nanosphere coating; (b) Relative enhancement of Jsc and power conversion efficiency of
the textured Si solar cells; (c) Relative enhancement of Voc and fill factor of the textured Si solar cells.
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Table 1. Relative enhancement of electrical properties of samples before and after SiO2 nanosphere assembly.

Description Voc (V) Jsc (mA/cm2) Fill Factor (%) Efficiency (%)

S1 0.537 ± 0.001 24.98 ± 0.32 50.2 ± 0.1 6.73 ± 0.10
S1–One round 10 s 0.538 ± 0.001 25.62 ± 0.29 50.3 ± 0.2 6.93 ± 0.12

Relative enhancement (%) 0.19 2.55 0.20 2.96

S2 0.546 ± 0.001 24.93 ± 0.13 61.4 ± 0.1 8.36 ± 0.04
S2–One round 30 s 0.550 ± 0.001 26.16 ± 0.17 62.5 ± 0.1 8.99 ± 0.07

Relative enhancement (%) 0.73 4.93 1.79 7.63

S3 0.567 ± 0.001 27.06 ± 0.24 61.3 ± 0.1 9.40 ± 0.10
S3–One round 10 min 0.569 ± 0.001 28.89 ± 0.19 62.5 ± 0.1 10.28 ± 0.09

Relative enhancement (%) 0.18 6.76 1.96 9.35

S4 0.550 ± 0.001 27.13 ± 0.26 64.8 ± 0.2 9.67 ± 0.07
S4–Two rounds 5 min + 5 min 0.553 ± 0.001 28.42 ± 0.26 65.1 ± 0.1 10.22 ± 0.10

Relative enhancement (%) 0.55 4.76 0.46 5.69

With a two-layer SiO2 coating (S4), the improvement is lower than that of the single-
layer close-packed situation. So, we achieve an optimized self-assembly distribution for
SiO2 coating on textured Si solar cells. Further optimizations in particle size or dielectric
constant of nanospheres may obtain a higher efficiency enhancement, as discussed in
planar devices [10].

Further, we hope to discuss the possible enhancement mechanism via analyzing the
changing trends of electrical properties for different nanocoating, as shown in Figure 5b,c.
We first noticed that the relative enhancement of short-circuit current density (Jsc) follows
the trend of enhancement of the solar cell efficiency, and the maximum relative enhance-
ment is achieved under the single-layer close-packed situation. More importantly, it is
noteworthy that efficiency enhancement is more significant than the Jsc enhancement.
The results are different from the previous results on thin-film solar cells, where the effi-
ciency enhancements were almost the same compared to Jsc enhancement [28]. Therefore,
we further compared the open-circuit voltage (Voc) and fill factor of the devices, shown
in Figure 5c. It is also found that the Voc has a slight increase after coating with SiO2
nanospheres due to the logarithmic relation between Voc and Jsc.

Next, we focused on the interesting changing trend of fill factor after adding nanosphere
coatings. When the density increased under single-layer conditions (S1, S2, and S3), the fill
factor of the device gradually increased, which is similar to the changing trend of the
current. However, although the Jsc enhancement of S4 (with two layers of SiO2 coating)
is very close to that of S2 (single-layer, non-close-packed), their fill factor enhancement is
significantly different (0.46% compared to 1.79%). This phenomenon indicates that multiple
mechanisms exist accounting for enhancing the Jsc and fill factor of the textured solar cells.
In the applications of dielectric nanospheres for enhanced photovoltaics, Jsc enhancement
relates to more light being coupled into the photovoltaic device, increasing the genera-
tion rate of the photo-generated carriers [28–30]. Moreover, the increase in the fill factor
was recently discovered and elucidated in planar solar cells [32]. It was attributed to
the nanosphere concentrating effects. Here, we also found direct evidence for fill factor
enhancement on textured solar cells, indicating the nanosphere’s light concentration could
also enhance the efficiency of textured solar cells. Our results suggest that the nanosphere’s
concentrating effect enables further efficiency enhancement, even under similar light ab-
sorption enhancement (with similar Jsc enhancement).

In order to clarify the light concentration effects for S2 and S4, we simplify the model
to a single nanostructure (a single SiO2 sphere or two vertically arranged SiO2 dimmers)
on a flat Si substrate. In the model, the transmission direction of incident light is along the
direction of −Z, and the polarization direction is along the x-axis. From Figure 6a, it can be
observed that a single SiO2 nanosphere focuses the incident electromagnetic energy into
the solar cell region. As the incident light is transmitted into the device, the electric field
gradually diverges, similar to the focusing phenomenon of a single macroscopic lens. As
shown in Figure 6b, when two vertically arranged nanospheres are located on the surface
of the device, they do not show apparent focusing and divergence effects. We further
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calculated the electric field distribution on different Z planes, as shown in Figure 6c,d. It
is found that the electric field distribution caused by a single nanosphere at a distance of
15 nm from the surface in a silicon cell is similar to that of the vertically arranged dimmer.
By contrast, a single nanosphere causes a more intensive electric field near the junction area.
Therefore, the single-layer ~550 nm SiO2 nanospheres will concentrate more light energy
into the junction region of the device where the extraction efficiency of photo-generated
carriers is largest, thereby effectively increasing the output power.

Figure 6. Electric field simulation of single-layer and double-layer nanospheres on Si solar cells: (a) Electric field distribution
of single SiO2 nanosphere atop Si solar cell; (b) Electric field distribution of vertically aligned SiO2 nanosphere dimmer
atop Si solar cell; (c) Electric field intensity distribution beneath the Si surface at Z = −15 nm; (d) Electric field intensity
distribution near the junction region of Si solar cell at Z = −500 nm.

3.3. The Influence of Poly-L-Lysine on the Performance of Solar Cells

Another question we want to discuss is the influence of poly-L-lysine on solar cells.
Both optical and electrical properties are discussed. The reflection spectra and the J-V
characteristics of the original S3, S3 treated by the poly-L-lysine, and S3 with 10 min
SiO2 nanosphere coating are shown in Figure 7a,b. Both the reflectance spectrum and J-V
characteristic cure of S3 are overlapped with those of S3 treated by poly-L-lysine. Besides,
S3 with 10 min SiO2 nanosphere coating shows a noticeable reduction in reflection and
increased current density compared to that of the original S3. That is to say, the influence
of the poly-L-lysine could be neglected on the performances of solar cells.

Figure 7. The reflection spectra and current density-voltage characteristics of the solar cells were
treated only with poly-L-lysine and after deposition of SiO2 nanospheres: (a) Reflection spectra and
(b) Current density-voltage characteristics of the original solar cell (S3, black): S3 after being treated
by poly-L-lysine (red), and S3 with 10 min self-assembly of SiO2 nanosphere (blue).
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3.4. Optical Analysis of Textured Si Solar Cells with SiO2 Nanosphere Coatings

In order to analyze the influence of the introduction of SiO2 nanocoating on the
optical properties of surface-textured Si solar cells, we systematically analyzed the optical
properties of the devices.

First, we test the macro-reflectance spectra of uncoated and coated solar cells. As
shown in Figure 8a, when there is only one single layer of SiO2 coating on the surface of
the device (one round with assembly time of 10 s, 30 s, 10 min), the reflectivity of the device
is reduced in a broad spectrum. Moreover, the larger the particle distribution density,
the more significant the decrease in reflectivity of the device. When the assembly time is
10 min, that is, when the close-packed condition is reached, the reflectance of the device is
the lowest. On the contrary, the reflection will increase (especially in the 700 nm to 850 nm
region) when two-layer multi-layer nanocoating is applied (also shown in Figure S2). The
change in reflection spectra is well-matched with the variation of photocurrent of the device.
We noticed no narrow-band peaks in the reflection spectrum (the feature of WGM) in all
textured devices. On the textured surfaces, the height of the nanospheres is different, so the
WGM effect caused by the planar close-packed photonic crystals no longer exists [28–30].
To further analyze the reflectance variation at different wavelengths, we normalized the
reflectance of the device with SiO2 nanosphere coating to that of the uncoated device. As
shown in Figure 8b, there are two dips in the normalized reflectance spectra. The first
dip is in the 550–600 nm band, and the second is in the 800 to 850 nm band. Moreover,
as the particle distribution density increases, both dips have a redshift. Macroscopically,
the equivalent refractive index can be used for analysis. When the particle density increases,
the equivalent refractive index of the nanosphere coating increases. Similar to the anti-
reflective coating in the device, the increase in refractive index causes a redshift of the
reflection spectrum [29].

Figure 8. The reflection spectra analysis: (a) Reflection spectra from the textured solar cells without or with SiO2 nanocoating.
The inset graph is the magnified reflection spectra over the wavelength range from 600 nm to 950 nm; (b) Normalized
reflection spectra of the textured solar cells with SiO2 nanocoating.

Then, brightfield and darkfield optical microscopy imaging techniques are used to
analyze the influence of nanocoating with different assembly times and rounds on the
optical reflection and scattering of the textured solar cells. A wide-spectrum halogen
tungsten lamp was used as the white light source. Besides, a scientific-grade color camera
is used to collect micro-region brightfield (Figure 9a–e) and dark-field graphs (Figure 9k–o).
The color graphs were transformed into grayscale images by a grayscale transformation
code (MATLAB), shown in Figure S3. The gray image divides the intensity into 256 levels.
We analyzed the number of pixels on different gray levels in the form of histograms, shown
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in Figure 9f–j, for brightfield images, and Figure 9p–t for darkfield images. In order to
analyze the intensity and contrast of the image, we further calculated the average and
standard deviation (std. in Table 2) of the intensity of the brightfield grayscale image and
the darkfield grayscale image, as shown in Table 2.

Figure 9. The optical micrographs of the solar cells with different deposition times of SiO2 nanosphere coatings: (a–e) The
brightfield images and (f–j) the corresponding grayscale image histograms; (k–o) Darkfield images and (p–t) the corre-
sponding grayscale image histograms. The scale bar is 10 μm.

Table 2. Statistical analysis of brightfield (BF) and darkfield (DF) grayscale images.

Description Reference
One Round

10 s
One Round

30 s
One Round

10 min
Two Rounds

5 min + 5 min

BF-average 57.76 45.61 46.09 43.59 45.43
DF-average 57.47 61.7 62 53.18 67.48

BF-std. 36.67 29.91 25.92 25.69 23.22
DF-std. 73.42 63.47 51.61 48.54 45.83

Brightfield images are usually used to reflect the specular reflectance of the devices [46,47].
By adding a single-layer SiO2 coating, the specular reflectance of the textured solar cell is
obviously reduced. When the assembly is carried out for two rounds, the average reflection
intensity is increased. Therefore, one-round assembly for 10 min yields the lowest average
reflection intensity value. Darkfield images reflect the large-angle scattering ability for the
textured solar cells [48]. It can be found that the textured surface of polycrystalline Si solar
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cell exhibits strong backward light scattering, especially in the sharp regions. By adding
SiO2 nanospheres, the backscattering of these sharp features can be weakened. At the
same time, the SiO2 nanospheres could also enhance the scattering of the original silicon
devices in areas with extremely weak scattering. Statistics data show that the average
backscattering on the device surface was the weakest when 10 min one-round assembly was
conducted. Fewer particles or multiple layers of particles will increase the backscattering.
The brightfield and darkfield analysis verify that the specular reflection and backscattering
of the textured solar cell can be simultaneously suppressed when coated with a single-layer
close-packed SiO2 nanocoating. In addition, the standard deviations of the brightfield
and darkfield scattering intensities are gradually reduced with increased SiO2 nanosphere
distribution density. The trend still holds after a five-round assembly (Figure S4). That is to
say, except for reduced reflection and scattering, SiO2 nanocoating also makes reflection
and scattering intensity more uniform from the textured Si surface.

4. Conclusions

In this work, a simple assembly scheme on a 3D substrate with controllable distribution
is demonstrated. By employing this strategy, for the first time, we realize the controllable
assembly of SiO2 nanospheres on the surface of textured silicon. The distribution density
can be varied from sparse to dense, and the number of layers can be varied from single-
layer to multi-layer. This assembly method allows us to study the effect of SiO2 nanosphere
arrangement on the performance parameters of textured Si solar cells. The optimized
enhancement was achieved by close-packed single-layer nanospheres. The efficiency
increased by 9.35%, the current increased by 6.76%, and the fill factor increased by 1.96%.

In comparison with the planar substrate, it is found that 3D substrate promotes
dense packing due to gravitational sedimentation effects. The quantitative mechanism
analysis still needs further study, including morphology of 3D substrate, the combined
effect of gravitational sedimentation, the attractive and repulsive force between particles,
and that of the substrate with particles. The quantitative mechanism analysis still needs
further study, including morphology of 3D substrate, the combined effect of gravity,
the attractive and repulsive force between particles, and that of the substrate with particles.
The resulted enhanced fill factor of textured Si solar cells is evidence of the nanosphere
concentration effect. Reduced surface reflection and backward scattering play a vital
role in photocurrent enhancement. Morphology engineering of the nanosphere may
further increase the concentration effects. This research provides heuristic guidelines for
nanofabrication and photon management on complex 3D surfaces at the nanoscale.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11102581/s1, Figure S1: Self-assembly nanocoating under different substrate orientations
in the SiO2 assembly colloid with an assembly time of 30 min. (a–c) Schematic illustration and SEM
graphs of the assembly with an upward substrate, (d–f) Schematic illustration and SEM graphs of
the assembly with an inverted substrate. Figure S2: Optical reflection measurement of the textured
silicon solar before (black line) and after (green line) five-round SiO2 repeated assembly process.
Figure S3: Grayscale image transformation of the micro-region optical images. Bright filed grayscale
image for (a) reference solar cell, (b) after one round 10 s assembly, (c) after one round 30 s assembly,
(d) after one round 10 min assembly, and (e) after two round 5 min + 5 min assembly. Dark filed
grayscale image for (f) reference solar cell, (g) after one round 10 s assembly, (h) after one round
30 s assembly, (i) after one round 10 min assembly, and (j) after two round 5 min + 5 min assembly.
Figure S4: Micro-region optical image analysis of solar cell after five-round SiO2 repeated assembly
process. (a) Original bright field image, (b) Bright field gray image after grayscale transformation,
(c) Intensity distribution histogram of bright field gray image, (d) Original dark field image, (e) Dark
field gray image after grayscale transformation, (f) Intensity distribution histogram of dark field
gray image.
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Abstract: As a heavy metal, Pb is one component in coal-fired flue gas and is widely considered
to have a strong negative effect on catalyst activity in the selective catalytic reduction of NOx by
NH3 (NH3-SCR). In this paper, we investigated the deactivation mechanism of the Mo-Ce/Zr-PILC
catalyst induced by Pb in detail. We found that NO conversion over the 3Mo4Ce/Zr-PILC catalyst
decreased greatly after the addition of Pb. The more severe deactivation induced by Pb was attributed
to low surface area, lower amounts of chemisorbed oxygen species and surface Ce3+, and lower
redox ability and surface acidity (especially a low number of Brønsted acid sites). Furthermore, the
addition of Pb inhibited the formation of highly active intermediate nitrate species generated on the
surface of the catalyst, hence decreasing the NH3-SCR activity.

Keywords: Pb poisoning; Mo-Ce/Zr-PILC catalyst; NH3-SCR; surface acidity

1. Introduction

Nitrogen oxides (NOx) are not only harmful to human health but are also important
precursors of secondary pollution (e.g., photochemical smog, fine particles, and acid
deposition) [1–3]. NH3-SCR is an efficient and economical technology that has recently
been used in the elimination of NOx from the exhausts of stationary and mobile sources.
In addition, the V2O5−WO3 (MoO3)/TiO2 catalysts are the most widely used catalyst
systems in stationary sources [4]. However, these systems still have some inevitable
practical defects, such as low N2 selectivity in the high-temperature range, high SO2 to SO3
conversion rates, and the strong biological toxicity of vanadium species [5]. Therefore, it is
urgent and necessary to develop a new SCR catalyst with low toxicity and high activity.
Among the possible substitutes, Ce-based oxides have attracted extensive attention due to
their excellent oxygen storage/release ability and redox performance [6,7]. It is reported
that Mo modification could significantly promote the adsorption and activation of NH3
species, which is beneficial for improvement in NH3-SCR activity [8]. Therefore, Mo-Ce
mixed-oxide catalysts have been extensively investigated. It was found that these materials
were the most promising SCR catalysts [9], among which the Mo-Ce/Zr-PILC catalysts
exhibited outstanding NH3-SCR activity.

Deactivation induced by the poisoning of K, Na, Ca, Pb, or As is the main reason for
the poor performance of the SCR catalysts. A number of experiments have been focused
on the poisoning effects of alkali or alkaline earth metals on the NH3-SCR catalyst [10,11].
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However, very few studies have been done regarding the effects of heavy metals on the
activity of SCR catalysts. Pb is a typical heavy metal contained in the flue gas derived from
coal-fired and municipal solid waste incineration power plants. Tokarz et al. [12] observed
a strong accumulation effect of Pb on the NH3-SCR catalyst, where the Pb concentration
reached 3350 ppm after 1908 h operation of a municipal waste incinerator. This finding
revealed that lead dust exhibited a strong accumulative poisoning effect on the NH3-
SCR catalyst. However, there have been few reports in the literature on the poisoning
mechanisms of heavy metals (e.g., Pb) on NH3-SCR catalysts. Hence, it is necessary to
investigate the effects of Pb compounds on the performance of NH3-SCR catalysts and the
involved deactivation mechanisms.

To elucidate the inhibitory effect of Pb on Mo-Ce/Zr-PILC in the NH3-SCR reaction,
we prepared 3Mo4Ce/Zr-PILC (Mo and Ce contents were 3 and 4 wt%, respectively) and
Pb-doped 3Mo4Ce/Zr-PILC catalysts. The physicochemical properties of these samples
were characterized using the BET, XRD, H2-TPR, XPS, NH3-TPD, and in situ DRIFTS
techniques. The main purpose of the present work is to clarify the effect of Pb doping on
the catalytic performance of Ce-based catalysts, and to elucidate the involved poisoning
mechanisms.

2. Experimental

2.1. Catalyst Preparation

The zirconium pillared clay was prepared using the pillaring method. An appropriate
amount of zirconium oxychloride solution was added dropwise to the montmorillonite
suspension, stirred for 12 h, aged at ambient room conditions for 24 h, dried at 100 ◦C for
12 h, and calcined at 400 ◦C for 2 h (named as Zr-PILC). The 3Mo/Zr-PILC catalyst with
a Mo loading of 3 wt% was prepared by impregnating Zr-PILC with a proper amount of
ammonium molybdate under stirring for 1 h, and then was put into a rotary evaporator
to dry and calcine in air at 400 ◦C for 2 h. The 3Mo4Ce/Zr-PILC (Ce content was 4 wt%)
catalyst was prepared by impregnating the 3Mo/Zr-PILC powders with a Ce(NO3)3 aque-
ous solution, and its preparation method followed the steps above. The catalysts poisoned
by Pb were prepared using the impregnating method, by mixing the 3Mo4Ce/Zr-PILC
catalyst with Pb(CH3COO)2·3H2O at different molar Pb/Ce ratios, and the subsequent
procedures were the same as the steps above.

2.2. Catalyst Characterization

The crystal structures of the catalysts were determined using a Bruker D8 advance
diffractometer (Bruker, Karlsruhe, Germany) equipped with a Cu Kα detector. N2 adsorption–
desorption isotherms were measured at −196 ◦C on a W-BK132F apparatus (JWGB, Beijing,
China). X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, Waltham,
MA, USA) with Al Kα radiation (1486.6 eV) was used to analyze the surface compositions,
metal oxidation states, and oxygen species of the catalysts. The sample powders were
vacuumed, heated, and glued to the tape, and then the test was carried out immediately.
The hydrogen temperature-programmed reduction (H2-TPR) and ammonia temperature-
programmed desorption (NH3-TPD) experiments were carried out in a quartz U-tube
reactor on a PCA-1200 analyzer (Beijing Builder Electronic Technology, Beijing, China)
equipped with a thermal conductivity detector (TCD). Before H2-TPR measurement, the
catalyst was pretreated in 5 vol% O2/N2 flow at 400 ◦C for 1 h and then cooled to room
temperature (RT). The H2-TPR profiles were recorded in a 5 vol% H2/N2 flow of 30 mL/min
from RT to 950 ◦C at a heating rate of 10 ◦C/min. Prior to NH3-TPD measurement, the
catalyst was pretreated in a He flow of 30 mL/min at 400 ◦C for 1 h, followed by NH3
adsorption at 100 ◦C. Subsequently, the catalyst was purged in a He flow of 30 mL/min
for 30 min to remove the physically adsorbed NH3. Finally, the NH3-TPD profiles were
recorded in a He flow of 30 mL/min from 30 to 850 ◦C at a heating rate of 10 ◦C/min.
The in situ diffuse reflectance Fourier transform infrared spectroscopy (in situ DRIFTS)
experiments were performed on a Bruker TENSOR II spectrometer (Bruker, Karlsruhe,
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Germany). The catalyst was pretreated at 400 ◦C for 1 h to remove any adsorbed moisture
and impurities. The background spectra were recorded by exposing the catalysts to a
N2 flow of 100 mL/min at 200 ◦C. The absorption spectra of NH3 and (NO + O2) were
recorded in a 100 mL/min flow of (1100 ppm NH3 + 1000 ppm NO + 4 vol% O2 + N2
(balance) and (1000 ppm NO + 4 vol% O2 + N2 (balance)), respectively.

2.3. NH3-SCR Activity Evaluation

The activity measurements were performed in a fixed-bed quartz reactor using 0.3 g
of the catalyst (40–60 mesh) mixed with 0.3 g of quartz sand (40–60 mesh). The simulated
exhaust gas was composed of 1100 ppm NH3 + 1000 ppm NO + 4 vol% O2 + 5 vol% H2O +
N2 (balance). The total flow rate of the feed gas was 500 mL/min, and the space velocity
(SV) was 100,000 mL/(g h). NO concentrations were measured using a MODEL1080
analyser (Beijing SDL Technology, Beijing, China). The NO conversion was calculated
according to the following equation:

NO conversion(%) =
[NO]in − [NO]out

[NO]in
× 100%

3. Results and Discussion

3.1. NH3-SCR Activity

In the present study, we investigated the poisoning effects that Pb had on the catalytic
performance of 3Mo4Ce/Zr-PILC. Figure 1 shows the NO conversion as a function of
temperature (150–450 ◦C) over the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC
catalysts. Obviously, 3Mo4Ce/Zr-PILC exhibited excellent catalytic activity, with a NO
conversion of 90% in the 300–450 ◦C range. However, with a rise in the doped Pb amount
of 3Mo4Ce/Zr-PILC, NO conversion decreased considerably. When the Pb/Ce molar ratio
was 0.2, catalytic efficiency in the whole temperature range was decreased by 5–25%. When
the Pb/Ce molar ratio rose to 1, the activity of the catalyst was less than 50% at 150–450 ◦C.
Obviously, the deNOx performance of the catalyst was greatly inhibited after Pb doping,
and this inhibitive effect was enhanced with increasing Pb/Ce molar ratio.

Figure 1. Catalytic activity for the NH3-SCR reaction over the 3Mo4Ce/Zr-PILC and Pb-poisoned
3Mo4Ce/Zr-PILC catalysts under the reaction conditions of (1000 ppm NO + 1100 ppm NH3 + 4 vol%
O2 + 5 vol% H2O + N2 (balance)) and SV = 100,000 mL/(g h).
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3.2. Crystal Phase and Textural Characteristics

The crystal phase compositions of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-
PILC catalysts were measured using XRD. Figure 2 shows their diffraction patterns. Ac-
cording to our previous research [13], the XRD pattern of the PILC sample displayed a
high-intensity basement (001) reflection peak at 2θ = 9.3◦, indicating that the montmoril-
lonite clay possessed a regular and ordered interlayer structure. The (001) reflection peak of
the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC catalysts was shifted to a lower
angle and its intensity decreased, indicating an increase in interlayer distance and a disorder
in the structure of the clay, which was caused by the effect of the strong delamination
when the metal oxide entered the interlayer of clay. For the 3Mo4Ce/Zr-PILC catalyst,
two-dimensional hk reflections were present at 2θ = 19.8◦ and 34.9◦, in which the former
was a summation of the hk indices of (02) and (11), while the latter was a summation of the
hk indices of (13) and (20) [14]. The peaks at 2θ = 26.6◦ and 28◦ were reflections of the quartz
and cristobalite impurities in the clay [15]. No diffraction peaks assignable to the crystalline
cubic CeO2 and MoO3 were detected, suggesting that the cerium and molybdenum species
were widely dispersed on the Zr-PILC surface, or were present in an amorphous state.
As shown in Figure 2, after Pb doping, some obvious diffraction signals assignable to the
PbMoO4 phase were recorded at 2θ = 27.5◦, 29.5◦, 32.9◦, 37.8◦, 44.9◦, 47.3◦, 50.9◦, 55.7◦, and
56.7◦, and the intensity of the diffraction peaks ascribable to the PbMoO4 phase increased
gradually with a rise in Pb doping, indicating partial accumulation of the PbMoO4 phase.
The accumulation of the PbMoO4 species would result in the partial deactivation of the
3Mo4Ce/Zr-PILC catalyst, which was consistent with its NH3-SCR activity.

Figure 2. XRD patterns of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC catalysts.

N2 adsorption–desorption isotherms of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/
Zr-PILC catalysts are shown in Figure 3. It can be seen that the isotherms of the catalysts
were obviously in accordance with type I in the low relative pressure range, according to the
IUPAC classification, which conformed to the characteristics of microporous materials [16].
The adsorbed volumes of the catalysts increased significantly in the p/p0 (<0.01) range,
which was due to the formation of a large number of micropores during the pillaring
process. Additionally, the hysteresis loops of all of the catalysts corresponded to type H3,
which appeared in the higher relative pressure range, indicating the presence of mesopores.

The textural parameters of the 3Mo4Ce/Zr-PILC and Pb-poisoned catalysts are listed
in Table 1. As seen in Table 1, 3Mo4Ce/Zr-PILC displayed a surface area and a pore volume
of 270 m2/g and 0.164 cm3/g, respectively. Additionally, it was noticeable that the doping
of Pb resulted in significant decreases in surface area and pore volume, which might be
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attributable to the partial blocking of the micropores in the catalysts, the agglomeration of
the particles, or both.

Figure 3. N2 adsorption-desorption isotherms of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-
PILC catalysts.

The SEM images of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC catalysts
are shown in Figure 4. It can be observed that the 3Mo4Ce/Zr-PILC catalyst displayed a
microporous structure, while particles appeared on the surface of the Pb-poisoned catalysts.
Moreover, for the Pb-poisoned 3Mo4Ce/Zr-PILC catalysts with higher quantities of doped
Pb, the number of particles increased but the pore size decreased, which was consistent
with the BET results.

 
Figure 4. SEM images of (A) 3Mo4Ce/Zr-PILC, (B) 0.2Pb-Mo4Ce/Zr-PILC, (C) 0.5Pb-Mo4Ce/Zr-
PILC, and (D) 1Pb-Mo4Ce/Zr-PILC.
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Table 1. BET surface areas and pore volumes of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-
PILC catalysts.

Catalyst BET Surface Area (m2/g) Pore Volume (cm3/g)

3Mo4Ce/Zr-PILC 270 0.164
0.2Pb 259 0.161
0.5Pb 256 0.154
1Pb 243 0.152

3.3. Redox Properties

The redox property of a catalyst is an important factor in NH3-SCR reactions. The
reducibility of Ce and Mo species in Pb-free and Pb-doped catalysts was investigated
using the H2-TPR technique, so that the effect of Pb doping on the catalytic activity of
3Mo4Ce/Zr-PILC could be clarified. Meanwhile, after quantitative analysis of the H2-
TPR peaks, the H2 consumption and reduction peak positions are summarized in Table 2.
H2-TPR profile of 3Mo4Ce/Zr-PILC displayed three main reduction peaks at 463, 527,
and 723 ◦C (Figure 5), which could be interpreted as the reduction of the surface Ce4+

to Ce3+ species, co-reduction of the octahedrally structured well-dispersed Mo and iron
species, and the co-reduction of the tetrahedrally structured Mo species and bulk CeO2
species [17–19], respectively. In profiles of the Pb-poisoned catalysts, the first peak due
to the reduction of the Ce species was shifted to a higher temperature, indicating that
doping of Pb stabilized the Ce species and made it less reducible. The temperature of
the low-temperature reduction peak increased in the order 3Mo4Ce/Zr-PILC (463 ◦C) >
0.2Pb-3Mo4Ce/Zr-PILC (470 ◦C) > 0.5Pb-3Mo4Ce/Zr-PILC (478 ◦C) > 1Pb-3Mo4Ce/Zr-
PILC (483 ◦C), which was in accordance with their changing trend in SCR performance. In
addition, two new reduction peaks at 575 and 790 ◦C appeared in the Pb-poisoned catalysts,
which might be attributable to the reduction of the surface or bulk oxygen coordinated
with the Pb atoms [20,21].

Figure 5. H2-TPR profiles of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC catalysts.
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Table 2. Reduction peak temperatures and H2 consumption of the 3Mo4Ce/Zr-PILC and Pb-poisoned
3Mo4Ce/Zr-PILC catalysts.

Catalyst
Reduction Peak Temperature (◦C) H2 Consumption

(mmol/g)Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

3Mo4Ce/Zr-PILC 463 527 - 723 - 0.79
0.2Pb 470 534 575 701 783 0.90
0.5Pb 478 531 580 711 776 1.01
1Pb 483 522 579 724 794 1.10

3.4. Surface Property

To gain better insights into the surface compositions and chemical states of the cat-
alysts, we conducted XPS characterization, and the results are shown in Figure 6 and
Table 3.

Figure 6. (A) Ce 3d and (B) O 1s spectra of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC
catalysts.
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Table 3. Surface element compositions of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC
catalysts.

Catalyst

Composition of Cerium Species
(at%)

Composition of Oxygen Species
(mol%)

Ce3+ Ce4+ Ce3+/Ce4+

Atomic Ratio
Oα Oβ Oγ

3Mo4Ce/Zr-PILC 30.3 69.7 0.43 13.4 39.4 47.2
0.2Pb 26.2 73.8 0.36 13.1 34.7 52.2
0.5Pb 24.3 75.7 0.32 13.1 31.4 55.5
1Pb 21.1 78.9 0.27 13.4 24.8 61.8

The Ce 3d XPS spectra of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC
catalysts are presented in Figure 6A. The peaks labeled as v and u corresponded to Ce
3d5/2 and Ce 3d3/2 spin-orbit peaks [22,23], respectively, which could be deconvoluted
into eight components: the uI and vI components were assigned to the surface Ce3+ species
corresponding to the 3d104f 1 initial electronic state, while the other components were
due to the surface Ce4+ species corresponding to the 3d104f 0 initial electronic state. The
Ce3+/Ce4+ atomic ratios were calculated according to the integral areas of the correspond-
ing peaks. With an increase in Pb doping, the Ce3+/Ce4+ atomic ratio decreased in the
order 3Mo4Ce/Zr-PILC (0.43) > 0.2Pb-3Mo4Ce/Zr-PILC (0.36) > 0.5Pb-3Mo4Ce/Zr-PILC
(0.32) > 1Pb-3Mo4Ce/Zr-PILC (0.27), which was the same trend seen in the catalytic activity.
The Ce3+ species exerted a positive effect on catalytic activity owing to its strong ability
to create charge imbalance and form oxygen vacancies and unsaturated chemical bonds
on the catalyst surface, which could increase the amount of surface chemisorbed oxygen
species [24]. Some oxygen vacancies were occupied due to Pb introduction, which inhibited
the transformation of Ce4+ to Ce3+. Therefore, the decrease in the amount of the surface
Ce3+ species on 1Pb-3Mo4Ce/Zr-PILC was an important parameter that gave rise to this
system’s worse catalytic activity.

O 1s XPS spectra of the catalysts are illustrated in Figure 6B, which could be decom-
posed into three components at BE = 532.61–532.70, 531.48–531.78, and 530.16–531.36 eV,
assignable to the surface lattice oxygen of the Si–O bond (Oγ), chemisorbed oxygen (Oβ),
and lattice oxygen (Oα) [25–27], respectively. Chemisorbed oxygen was mainly the oxygen
species adsorbed at the oxygen vacancies, as well as the defect oxides and hydroxyl-like
groups. Based on that curve-fitting approach, the Oβ concentrations on the surface of
the catalysts were calculated, and the results are listed in Table 3. A distinct decrease in
the amount of Oβ species was observed after the Pb doping. The Oβ/(Oα + Oβ + Oγ)
molar ratio decreased in the order 3Mo4Ce/Zr-PILC (0.394) > 0.2Pb-3Mo4Ce/Zr-PILC
(0.347) > 0.5Pb-3Mo4Ce/Zr-PILC (0.314) > 1Pb-3Mo4Ce/Zr-PILC (0.248). These results
were consistent with the order of NH3-SCR activity, indicating that the lower amounts
of Oβ species on the Pb-poisoned catalysts were also responsible for their lower catalytic
activities. It has been previously demonstrated that Oβ species are the most effective
oxygen species in the SCR reaction [27]. Moreover, the oxygen in the gas phase and the
oxygen adsorbed on the catalyst surface could be easily exchanged with the Oβ species,
and the active transportation of the Oβ species could also facilitate the SCR reaction [28].

3.5. Surface Acidity

The NH3 adsorption capacity has been widely reported to influence the SCR reaction,
and it has also been strongly associated with the surface acidity of a catalyst [29]. There-
fore, NH3-TPD experiments on the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC
catalysts were carried out to examine the influence of Pb doping on surface acidity, and the
results are illustrated in Figure 7.
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Figure 7. NH3-TPD profiles of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC catalysts.

There were three desorption peaks in the NH3-TPD profile of each sample (Figure 7).
The first peak was located at 163–173 ◦C, and signified the desorption of the physically
adsorbed NH3 species and some NH4

+ species at the weak Brønsted acid sites (i.e., weak
acid sites); the second peak at 214–223 ◦C was attributed to the NH4

+ species desorbed from
the strong Brønsted acid sites (i.e., medium acid sites); and the third peak at 301–311 ◦C
was assigned to the desorption of the coordinated NH3 bound to the Lewis acid sites (i.e.,
strong acid sites) [29,30]. Acid site numbers were quantitatively analyzed according to the
NH3-TPD profiles, as listed in Table 4. The amount of Brønsted acid sites was in the order:
3Mo4Ce/Zr-PILC (0.131 mmol/g) > 0.2Pb-3Mo4Ce/Zr-PILC (0.125 mmol/g) > 0.5Pb-
3Mo4Ce/Zr-PILC (0.103 mmol/g) > 1Pb-3Mo4Ce/Zr-PILC (0.096 mmol/g). The total acid
amount decreased in the sequence 3Mo4Ce/Zr-PILC (0.264 mmol/g) > 0.2Pb-3Mo4Ce/Zr-
PILC (0.247 mmol/g) > 0.5Pb-3Mo4Ce/Zr-PILC (0.213 mmol/g) > 1Pb-3Mo4Ce/Zr-PILC
(0.202 mmol/g). It is noteworthy that a substantial decrease in the desorbed ammonia
amount was observed when the amount of doped Pb increased. One reason for this
phenomenon was probably due to the agglomeration of Pb species on the catalyst surface,
partially blocking the micropores and covering some of the acid sites in the catalyst.
In addition, it can be seen from the above Ce 3d XPS results that the concentration of
the surface Ce3+ species on the sample decreased after Pb doping. According to the
literature [31], the decrease in Ce3+ atomic concentration leads to a decrease in amount of
oxide defects or hydroxyl-like groups, resulting in a decrease in the number of Brønsted
acid sites. Therefore, we can conclude that the reduced number of acid sites (especially
Brønsted acid sites) in the Pb-poisoned catalysts was one of the main reasons for the
decrease in catalytic activity.

Table 4. NH3-TPD temperatures and desorption amounts of the 3Mo4Ce/Zr-PILC and Pb-poisoned 3Mo4Ce/Zr-PILC
catalysts.

Catalyst

Temperature (◦C) Acidity (mmolNH3/g) Total Desorption
Amount (mmolNH3/g)

(mmol/g)
Weak
Peak

Medium
Peak

Strong
Peak

Weak
Peak

Medium
Peak

Strong
Peak

3Mo4Ce/Zr-PILC 171 220 311 0.046 0.131 0.087 0.264
0.2Pb 166 215 305 0.043 0.125 0.079 0.247
0.5Pb 173 223 310 0.040 0.103 0.070 0.213
1Pb 163 214 301 0.042 0.096 0.064 0.202
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3.6. Switching Feed Gas from NO + O2 + N2 + NH3 to NO + O2 + N2 on Various Catalysts

In order to investigate activity of the NOx species and their role in the NH3-SCR reac-
tion, transient experiments were performed over the 3Mo4Ce/Zr-PILC catalyst. Figure 8
shows the DRIFTS spectra at 200 ◦C recorded after switching from 1100 ppm NH3 +
1000 ppm NO + 4% O2 + N2 (balance) to a flow containing 1000 ppm NO + 4% O2 + N2
(balance) over the 3Mo4Ce/Zr-PILC catalyst.

Figure 8. In situ DRIFTS spectra of the 3Mo4Ce/Zr-PILC catalyst exposed to (1100 ppm NH3 + 1000 ppm NO + 4% O2 + N2

(balance)) for 1 h and then switched to (1000 ppm NO + 4% O2 + N2 (balance)) for 1 h at 200 ◦C.

From the transient experimental results of the 3Mo4Ce/Zr-PILC catalyst, it can be seen
that bands attributable to the nitrate species and NH3 species appeared on the surface of
3Mo4Ce/Zr-PILC after the flow containing NH3 + NO + O2 + N2 was introduced. Several
bands were observed at 1430, 1600, 1680, and 3200–3400 cm−1, in which the bands at 1430
and 1680 cm–1 were attributed to the symmetric bending vibrations of NH4

+ that was
chemisorbed at the Brønsted acid sites, and the band at 3200–3400 cm–1 was assigned to
the NH3 species adsorbed at the Lewis acid sites [32]. In addition, the band at 1600 cm–1

could be ascribed to the bridged nitrate, and the band attributable to the adsorbed nitrogen
oxide species was at 1680 cm–1 [31,33]. It is well known that the adsorbed NO2 species can
participate in the “fast NH3-SCR” reaction, which promotes the NH3-SCR performance [34].
When the feed gas was switched to NO + O2 + N2, the bands at 1430 and 3200–3400 cm–1

disappeared rapidly with respect to time, indicating that the NH3 adsorbed at the Lewis
and Brønsted acid sites reacted with the nitrate species, and the NH3 species were gradually
consumed during the reaction. Simultaneously, the intensity of the bands at 1331 and
1600 cm−1 was attributable to monodentate nitrate, and bridge nitrate also increased
rapidly, indicating that the monodentate nitrates and bridge nitrates were highly active
NOx species and played an important role in the NH3-SCR reaction.

Figure 9 shows the DRIFTS spectra of the 1Pb-3Mo4Ce/Zr-PILC catalyst. The band
intensity of the NH3 species at 1430 and 3200–3400 cm−1 was lower than that of the
3Mo4Ce/Zr-PILC catalyst after exposure to a flow of NH3 + NO + O2 + N2. The intensity
of the bands at 1365 and 1604 cm−1 was attributable to the monodentate nitrate, and bridge
nitrate also increased slightly after cutting off NH3 introduction. These results indicate that
the doping of Pb inhibited the adsorption of the NH3 species on the 1Pb-3Mo4Ce/Zr-PILC
catalyst, and less of the main active species monodentate nitrate and bridge nitrate were
generated, which would influence NH3-SCR activity of the catalyst.
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Figure 9. In situ DRIFTS spectra of the 1Pb-3Mo4Ce/Zr-PILC catalyst exposed to (1100 ppm NH3 + 1000 ppm NO + 4% O2

+ N2 (balance)) for 1 h and then switched to (1000 ppm NO + 4% O2 + N2 (balance)) for 1 h at 200 ◦C.

Therefore, it can be concluded that the monodentate nitrate, bridge nitrate, and
adsorbed NO2 species were the highly active intermediate species which could promote
the NH3-SCR reaction. Meanwhile, the doping of Pb inhibited the formation of intermediate
nitrate species on the surface of the catalyst, thereby inhibiting the NH3-SCR activity.

3.7. Pb Poisoning Mechanism

Pb is an ingredient found in coal-fired flue gas and inhibits SCR catalysts. The DeNOx
performance of the catalyst was greatly suppressed after the Pb doping, and this inhibition
effect was enhanced with increasing Pb/Ce molar ratio. XRD patterns (Figure 2) and
SEM images (Figure 4) demonstrate that there was obvious agglomeration of the metal
oxides after the Pb doping, and some PbMoO4 species were generated on the surface of
the catalysts. In combination with the Ce 3d XPS results (Figure 6A), this suggests that Pb
might occupy the oxygen vacancies in ceria, which could weaken the Ce3+ ↔ Ce4+ redox
cycle and suppress the surface Ce4+ → Ce3+ transformation. In addition, based on the
characterization results of NH3-TPD (Figure 7), the number of both Brønsted and Lewis
acid sites decreased significantly (especially the number of Brønsted acid sites) after the Pb
doping. Since NH3 was more readily adsorbed on the catalyst surface than NO in the SCR
reaction, the adsorbed ammonia species were critical in the SCR reaction [35]. Furthermore,
Pb inhibited the formation of the intermediate nitrate species (i.e., monodentate nitrates and
bridge nitrates) on the surface of catalysts in the SCR reaction. The decrease in ammonia
absorbance at the acid sites, the decrease of the highly active intermediate species, and the
vanishing of active ammonia species were the most important influencing factors in the
Pb-induced deactivation of the 3Mo4Ce/Zr-PILC catalyst.

4. Conclusions

Pb doping caused a serious deactivation of the 3Mo4Ce/Zr-PILC catalyst for the NH3-
SCR reaction in this study. NO conversion decreased from 98% to 49% over the 3Mo4Ce/Zr-
PILC catalyst at 450 ◦C when the Pb/Ce molar ratio was 1. The characterization results
revealed that as the amount of surface Ce3+ and chemisorbed oxygen species increased,
the interaction between PbO and 3Mo4Ce/Zr-PILC increased as well, with more PbMoO4
species formed on the catalyst surface, less intermediate nitrate species, and lower redox
ability and surface acidity.

362



Nanomaterials 2021, 11, 2641

Author Contributions: Conceptualization, C.L. and J.C.; Methodology, C.L. and J.C.; Formal analysis,
C.L.; Investigation, C.L. and J.C.; Software, F.M. and X.W.; Validation, Q.Y.; Writing—original draft,
C.L. and J.C.; Writing—review& editing, C.L., Q.Y. and H.D.; Supervision, Q.Y. and H.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by the National Natural Science Foundation of China
(Grant Nos. 21277008 and 20777005) and the National Key Research and Development Program of
China (Grant No. 2017YFC0209905).

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

References

1. Shan, W.; Yu, Y.; Zhang, Y.; He, G.; Peng, Y.; Li, J.; He, H. Theory and practice of metal oxide catalyst design for the selective
catalytic reduction of NO with NH3. Catal. Today 2021, 376, 292–301. [CrossRef]

2. Zhang, X.; Diao, Q.; Hu, X.; Wu, X.; Xiao, K.; Wang, J. Modification of V2O5-WO3/TiO2 catalyst by loading of MnOx for enhanced
low-temperature NH3-SCR performance. Nanomaterials 2020, 10, 1900. [CrossRef] [PubMed]

3. Xu, W.; Zhang, G.; Chen, H.; Zhang, G.; Han, Y.; Chang, Y.; Gong, P. Mn/beta and Mn/ZSM-5 for the low-temperature selective
catalytic reduction of NO with ammonia: Effect of manganese precursors. Chin. J. Catal. 2018, 39, 118–127. [CrossRef]

4. Zhang, N.; He, H.; Wang, D.; Li, Y. Challenges and opportunities for manganese oxides in low-temperature selective catalytic
reduction of NOx with NH3:H2O resistance ability. J. Solid State Chem. 2020, 289. [CrossRef]

5. Chen, L.; Li, J.; Ge, M. Promotional effect of Ce-doped V2O5-WO3/TiO2 with low vanadium loadings for selective catalytic
reduction of NOx by NH3. J. Phys. Chem. C 2009, 113, 21177–21184. [CrossRef]

6. Hao, Z.; Jiao, Y.; Shi, Q.; Zhang, H.; Zhan, S. Improvement of NH3-SCR performance and SO2 resistance over Sn modified
CeMoOx electrospun fibers at low temperature. Catal. Today 2019, 327, 37–46. [CrossRef]

7. Xiong, Y.; Tang, C.; Yao, X.; Zhang, L.; Li, L.; Wang, X.; Deng, Y.; Gao, F.; Dong, L. Effect of metal ions doping (M = Ti4+, Sn4+) on
the catalytic performance of MnOx/CeO2 catalyst for low temperature selective catalytic reduction of NO with NH3. Appl. Catal.
A Gen. 2015, 495, 206–216. [CrossRef]

8. Zhan, S.; Shi, Q.; Zhang, Y.; Li, Y.; Tian, Y. Preparation of novel CeMox hollow microspheres for low-temperature SCR removal of
NOx with NH3. RSC Adv. 2016, 6, 59185–59194. [CrossRef]

9. Tang, X.; Shi, Y.; Gao, F.; Zhao, S.; Yi, H.; Xie, Z. Promotional role of Mo on Ce0.3FeOx catalyst towards enhanced NH3-SCR
catalytic performance and SO2 resistance. Chem. Eng. J. 2020, 398. [CrossRef]

10. Li, L.; Chen, L.; Kong, M.; Liu, Q.; Ren, S. New insights into the deactivation mechanism of V2O5-WO3/TiO2 catalyst during
selective catalytic reduction of NO with NH3: Synergies between arsenic and potassium species. RSC Adv. 2019, 9, 37724–37732.
[CrossRef]

11. Wang, H.; Chen, X.; Gao, S.; Wu, Z.; Liu, Y.; Weng, X. Deactivation mechanism of Ce/TiO2 selective catalytic reduction catalysts
by the loading of sodium and calcium salts. Catal. Sci. Technol. 2013, 3, 715–722. [CrossRef]

12. Tokarz, M.; Jarars, S.; Persson, B. Poisoning of De-NOx SCR catalyst by flue gases from a waste incineration plant. In Catalyst
Deactivation 1991, Proceedings of the 5th International Symposium, Studies in Surface Science & Catalysis; Elsevier: Amsterdam, The
Netherlands, 1991; Volume 68, pp. 523–530.

13. Cheng, J.; Ye, Q.; Li, C.; Cheng, S.; Kang, T.; Dai, H. Ceria-modified Al-Mn-pillared clay catalysts for the selective catalytic
reduction of NO with NH3 at low temperatures. Asia Pac. J. Chem. Eng. 2019, 15.

14. Yang, S.; Fu, Y.; Liao, Y.; Xiong, S.; Qu, Z.; Yan, N.; Li, J. Competition of selective catalytic reduction and non-selective catalytic
reduction over MnOx/TiO2 for NO removal: The relationship between gaseous NO concentration and N2O selectivity. Catal. Sci.
Technol. 2014, 4, 224–232. [CrossRef]

15. Zang, S.; Zhang, G.; Qiu, W.; Song, L.; Zhang, R.; He, H. Resistance to SO2 poisoning of V2O5/TiO2-PILC catalyst for the selective
catalytic reduction of NO by NH3. Chin. J. Catal. 2016, 37, 888–897. [CrossRef]

16. Li, C.; Cheng, J.; Ye, Q.; Meng, F.; Wang, X.; Dai, H. Poisoning effects of alkali and alkaline earth metal doping on selective
catalytic reduction of NO with NH3 over the Nb-Ce/Zr-PILC catalysts. Catalysts 2021, 11, 329. [CrossRef]

17. Gao, G.; Shi, J.-W.; Liu, C.; Gao, C.; Fan, Z.; Niu, C. Mn/CeO2 catalysts for SCR of NOx with NH3: Comparative study on the
effect of supports on low-temperature catalytic activity. Appl. Surf. Sci. 2017, 411, 338–346. [CrossRef]

18. Ding, S.; Liu, F.; Shi, X.; Liu, K.; Lian, Z.; Xie, L.; He, H. Significant promotion effect of Mo additive on a novel Ce-Zr mixed oxide
catalyst for the selective catalytic reduction of NOx with NH3. ACS Appl. Mater. Interfaces 2015, 7, 9497–9506. [CrossRef]

19. Rajkumar, T.; Sapi, A.; Abel, M.; Kiss, J.; Szenti, I.; Baan, K.; Gomez-Perez, J.F.; Kukovecz, A.; Konya, Z. Surface engineering of
CeO2 catalysts: Differences between solid solution based and interfacially designed Ce1−xMxO2 and MO/CeO2 (M = Zn, Mn) in
CO2 hydrogenation reaction. Catal. Lett. 2021. [CrossRef]

363



Nanomaterials 2021, 11, 2641

20. Zhou, L.; Li, C.; Zhao, L.; Zeng, G.; Gao, L.; Wang, Y.; Yu, M. The poisoning effect of PbO on Mn-Ce/TiO2 catalyst for selective
catalytic reduction of NO with NH3 at low temperature. Appl. Surf. Sci. 2016, 389, 532–539. [CrossRef]

21. Gao, X.; Du, X.; Fu, Y.; Mao, J.; Luo, Z.; Ni, M.; Cen, K. Theoretical and experimental study on the deactivation of V2O5 based
catalyst by lead for selective catalytic reduction of nitric oxides. Catal. Today 2011, 175, 625–630. [CrossRef]

22. Wang, P.; Chen, S.; Gao, S.; Zhang, J.; Wang, H.; Wu, Z. Niobium oxide confined by ceria nanotubes as a novel SCR catalyst with
excellent resistance to potassium, phosphorus, and lead. Appl. Catal. B Environ. 2018, 231, 299–309. [CrossRef]

23. Fan, J.; Ning, P.; Song, Z.; Liu, X.; Wang, L.; Wang, J.; Wang, H.; Long, K.; Zhang, Q. Mechanistic aspects of NH3-SCR reaction
over CeO2/TiO2−ZrO2−SO4

2− catalyst: In situ DRIFTS investigation. Chem. Eng. J. 2018, 334, 855–863. [CrossRef]
24. Guo, R.; Lu, C.; Pan, W.; Zhen, W.; Wang, Q.; Chen, Q.; Ding, H.; Yang, N. A comparative study of the poisoning effect of Zn and

Pb on Ce/TiO2 catalyst for low temperature selective catalytic reduction of NO with NH3. Catal. Commun. 2015, 59, 136–139.
[CrossRef]

25. Lei, Z.; Hao, S.; Yang, J.; Zhang, L.; Fang, B.; Wei, K.; Qi, L.; Jin, S.; Wei, C. Study on denitration and sulfur removal performance
of Mn-Ce supported fly ash catalyst. Chemosphere 2021, 270, 128646. [CrossRef]

26. Kim, M.; Park, G.; Shin, M.; Kim, H.-D.; Cho, D.-S.; Lee, H. Electron redistribution and acid site of tungsten-doped CeTiOx with
oxygen vacancies. Adv. Appl. Ceram. 2021, 120, 187–191. [CrossRef]

27. Wang, J.; Dong, X.; Wang, Y.; Li, Y. Effect of the calcination temperature on the performance of a CeMoOx catalyst in the selective
catalytic reduction of NOx with ammonia. Catal. Today 2015, 245, 10–15. [CrossRef]

28. Liu, J.; Shi, X.; Shan, Y.; Yan, Z.; Shan, W.; Yu, Y.; He, H. Hydrothermal stability of CeO2-WO3-ZrO2 mixed oxides for selective
catalytic reduction of NOx by NH3. Environ. Sci. Technol. 2018, 52, 11769–11777. [PubMed]

29. Xu, H.; Wang, Y.; Cao, Y.; Fang, Z.; Lin, T.; Gong, M.; Chen, Y. Catalytic performance of acidic zirconium-based composite oxides
monolithic catalyst on selective catalytic reduction of NOx with NH3. Chem. Eng. J. 2014, 240, 62–73. [CrossRef]

30. Yang, N.; Guo, R.; Pan, W.; Chen, Q.; Wang, Q.; Lu, C.; Wang, S. The deactivation mechanism of Cl on Ce/TiO2 catalyst for
selective catalytic reduction of NO with NH3. Appl. Surf. Sci. 2016, 378, 513–518. [CrossRef]

31. Li, L.; Tan, W.; Wei, X.; Fan, Z.; Liu, A.; Guo, K.; Ma, K.; Yu, S.; Ge, C.; Tang, C.; et al. Mo doping as an effective strategy to boost
low temperature NH3-SCR performance of CeO2/TiO2 catalysts. Catal. Commun. 2018, 114, 10–14. [CrossRef]

32. Li, X.; Li, Y. Molybdenum modified CeAlOx catalyst for the selective catalytic reduction of NO with NH3. J. Mol. Catal. A Chem.
2014, 386, 69–77. [CrossRef]

33. Jiang, Y.; Yang, L.; Liang, G.; Liu, S.; Gao, W.; Yang, Z.; Wang, X.; Lin, R.; Zhu, X. The poisoning effect of PbO on CeO2-MoO3/TiO2
catalyst for selective catalytic reduction of NO with NH3. Mol. Catal. 2020, 486. [CrossRef]

34. Yan, Z.; Shi, X.; Yu, Y.; He, H. Alkali resistance promotion of Ce-doped vanadium-titanic-based NH3-SCR catalysts. J. Environ. Sci.
2018, 73, 155–161. [CrossRef] [PubMed]

35. Liu, Z.; Zhang, S.; Li, J.; Ma, L. Promoting effect of MoO3 on the NOx reduction by NH3 over CeO2/TiO2 catalyst studied with in
situ DRIFTS. Appl. Catal. B Environ. 2014, 144, 90–95. [CrossRef]

364



nanomaterials

Article

Mesoporous Zn/MgO Hexagonal Nano-Plates as a Catalyst for
Camelina Oil Biodiesel Synthesis

Lai-Fan Man 1, Tsz-Lung Kwong 2, Wing-Tak Wong 3,* and Ka-Fu Yung 3,*

Citation: Man, L.-F.; Kwong, T.-L.;

Wong, W.-T.; Yung, K.-F. Mesoporous

Zn/MgO Hexagonal Nano-Plates as a

Catalyst for Camelina Oil Biodiesel

Synthesis. Nanomaterials 2021, 11,

2690. https://doi.org/10.3390/

nano11102690

Academic Editors: Jihoon Lee and

Ming-Yu Li

Received: 23 September 2021

Accepted: 11 October 2021

Published: 13 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, China;
h0992119@hku.hk

2 Institute of Textiles and Clothing, The Hong Kong Polytechnic University, Hung Hom, Kowloon,
Hong Kong, China; tlsamuel.kwong@polyu.edu.hk

3 Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong, China

* Correspondence: w.t.wong@polyu.edu.hk (W.-T.W.); bckfyung@polyu.edu.hk (K.-F.Y.)

Abstract: A novel mesoporous Zn/MgO hexagonal-nano-plate catalyst was synthesized by a simple
template-free hydrothermal method and applied in the base-catalyzed transesterification of Camelina
oil for biodiesel synthesis. The Zn/MgO catalyst calcinated at 873 K exhibited the highest catalytic
activity with a yield of 88.7%. This catalytic reaction was performed using 3% w/w of the catalyst
with a methanol-to-oil molar ratio of 24:1 at 393 K in 8 h. The excellent catalytic performance is
possibly attributed to its favorable textural features with relatively high surface area (69.1 m2 g−1) and
appropriate size of the mesopores (10.4 nm). In addition, the as-synthesized catalyst demonstrated a
greater basic sites density than single mesoporous MgO, which might have been promoted by the
addition of Zn, leading to a synergetic interaction that enhanced its catalytic activity. This catalytic
system demonstrated high stability for five catalytic runs and catalytic activity with over 84% yield.

Keywords: Zn/MgO; nano-plates; mesoporous; heterogeneous base catalyst; biodiesel; transesterification;
Camelina oil

1. Introduction

Biomass was one of the major sources of energy and fuel supply in the late 1800s;
however, lower diesel fuel production costs have retarded its development. The recent
concerns about the finite reserves and environmental impact of diesel fuel have driven
scientists to explore a cheap and energy-efficient way to produce fuel from biomass, the only
natural and renewable carbon resource abundant enough to substitute fossil fuel. Several
reports have indicated that the combination of biodiesel with various catalysts improves
the combustion behavior of diesel engines and produces great environmental benefits
because of the closed carbon cycle and lower exhaust emissions of unburnt hydrocarbons,
particulate matter, sulfur oxides, carbon monoxide, etc. [1–6]. Moreover, biodiesel possesses
similar combustion properties as commercial diesel fuel and thus can be adapted to regular
diesel engines without modification of the latter [7–9].

Vegetable oils, animal fat, low-valued non-edible oil, and waste lipid can be used
as renewable feedstock sources. However, they cannot be used directly as fuel because
of their high viscosity and low volatility that cause poor atomization and deposition in
the injector in the diesel engine. Camelina oil was selected as a potential feedstock for
biodiesel synthesis in this study. Camelina sativa is an underexploited and low-input crop
species of tremendous economic potential. Its seed contains 30 to 40% of oil that is rich in
Omega-3 fatty acids [10]. Cold-pressed filtered Camelina seed oil produces a maximum
power output of 43.35 kW, while that of mineral fuel is only 38.50 kW [11]. It exhibits
a positive energy balance, with a net energy ratio of 1.47 in biodiesel production [12].
Moreover, its substantially lower production cost makes it an attractive candidate over
other oil crops such as soybean, rapeseed, corn, etc.
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Transesterification is a typical organic reaction employed for biodiesel synthesis, in
which triglycerides are transformed into mono-alkyl esters through the interchange of the
alkoxy moiety with the alcohol molecule in the presence of a catalyst [13]. Alkyl ester
products exhibit reduced viscosity and high volatility and can readily be combusted as a
fuel. Conventionally, homogeneous acids and bases such as concentrated sulphuric acid
(H2SO4) and sodium hydroxide (NaOH) are employed for biodiesel synthesis. However,
feedstock containing high levels of free fatty acids cause saponification and emulsification
of biodiesel products.

These problems can be eliminated by switching to the use of heterogeneous cata-
lysts. Calcium oxide (CaO) and magnesium oxide (MgO) were reported in many pioneer-
ing works as heterogeneous base catalysts for the transesterification of vegetable oil for
biodiesel synthesis [14,15]. However, few studies have been performed because of the
relatively low catalytic activity of alkaline earth metal oxides owing to their weak basic
strength and high solubility in methanol [16,17]. The modification of MgO chemistry by
adding other catalyst species such as metallic ions and oxides to obtain a binary metal oxide
system and enhance the catalyst activity and stability has been widely reported [18–20].
Extensive studies have revealed that metal-doped MgO demonstrated excellent catalytic
activity in various base-catalyzed organic reactions such as propane oxidation [21] and
aldol condensation [22]. Metal-doped MgO has also been employed in transesterification
for biodiesel synthesis. Dahlquist et al. [23] have successfully synthesized a Li-doped MgO
catalyst that gave a high biodiesel yield of 93.9% at 333 K in 2 h. However, significant metal
leaching of active species was found, causing catalyst deactivation. Cobalt-doped MgO
supplied a high biodiesel yield of 90% in reaction conditions including a methanol-to-oil
molar ratio of 9:1, using 5.00 wt.% catalyst at 423 K for 2 h. However, this catalyst demon-
strated low catalytic stability, and the biodiesel yield dropped by 50%. It was reported
that catalyst deactivation is attributed to catalyst poisoning by organic molecules in the
reactant mixture and catalyst leaching of the active species [24]. Solid MgO–ZnO mixed
metal oxides were also employed in biodiesel synthesis. It was found that the bi-functional
system of Mg and Zn exhibited a synergetic interaction that is effective for enhancing both
catalytic activity and stability towards transesterification. Different synthetic methods such
as the sol–gel method [25], pulsed-laser deposition [26], and thermal decomposition [27]
have been employed for the synthesis of MgO–ZnO mixed metal oxides. However, they
usually involve complicated synthetic procedures, comparatively high temperature, and
expensive equipment.

In order to extend the lifetime of the MgO catalyst, modification of the chemistry
of the MgO catalytic system is needed to decrease its solubility in alcohols and increase
its surface basicity. Reinoso and co-workers reported the application of zinc oleate as a
catalyst for biodiesel synthesis. A biodiesel yield of 95% was obtained [28]. Our previous
studies also reported the development of zinc oxide (ZnO) nano-stars and zinc glycerolates
(ZnGly) nano-plates as effective catalysts in simultaneous esterification and transesteri-
fication, with excellent biodiesel yield over 95% [29,30]. These results indicate that zinc
is a promising active transition metal for catalyzing oil transesterification with different
alcohols. Therefore, we considered a bi-functional concept consisting in incorporating Zn2+

dopant into the crystal lattice of MgO without changing its original size and morphology.
The synergistic effect of a bi-functional system would enhance its catalytic activity and the
reusability towards transesterification.

Moreover, solid catalysts encounter mass-transfer limitations to the transesterification
system, and their low active sites available for catalytic reaction have limited their applica-
tion. The development of nano-catalysts with mesoporous structures has improved the
situation by increasing the ratio between surface area and volume. Mesoporous structures
also increase the bulk particle size, allowing a more effective separation by filtration than
nano-sized catalysts.

In the present study, a simple template-free hydrothermal synthesis of a mesoporous
Zn/MgO hexagonal nano-plates catalytic system was developed. This catalytic system
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exhibited a hierarchical combination of interconnected channels, thus minimized the
diffusional limitations of the reactants and products. The as-synthesized Zn/MgO catalyst
was found highly stable and active towards transesterification with methanol for biodiesel
synthesis from Camelina oil.

2. Materials and Methods

2.1. Synthesis of the Catalysts

Mesoporous Zn/MgO was synthesized through an alkali hydrothermal approach, as
shown in Scheme 1. A precursor solution containing Mg(NO3)2·6H2O (513 mg, 2 mmol)
and Zn(NO3)2·6H2O (595 mg, 2 mmol) was mixed in an alkaline medium of NaOH(aq)
(20 mL, 10 M) and ethanol (20 mL) in a 100 mL Teflon cup inside a stainless steel auto-
clave. The reaction mixture was heated at 423 K for 24 h under static conditions. The
as-synthesized catalyst was filtered out, washed, and then dried in an oven at 383 K for 12 h.
The catalyst was then calcinated in the air at designated temperatures of 773 K, 873 K, 973 K,
and 1073 K for 3 h. Single mesoporous MgO was also prepared through the same synthetic
protocol with the addition of the Mg(NO3)2·6H2O precursor only. No agglomeration was
observed during the synthesis of the mesoporous MgO and Zn/MgO catalysts.

 
Scheme 1. Scheme diagram showing the hydrothermal synthesis of mesoporous Zn/MgO nano-
plates catalyst.

2.2. Characterization of the Catalysts

The crystal phases of the as-synthesized catalysts were identified by powder X-ray
diffraction (XRD) using a Rigaku SmartLab with a CuKα (λ= 1.541862Å) radiation, operated
at 45 kV and 200 mA, with a scan rate of 2-theta, ranging from 20◦ to 80◦. The morphology
of the as-synthesized catalysts was characterized by a scanning electron microscope (SEM)
(Hitachi S4800 FEG SEM system), equipped with energy-dispersive X-ray spectroscopy
(EDS) (Horiba EMAX EDS) detectors for elemental analysis, and a transmission electron
microscope (TEM) (Philips Tecnai G2 20 S-TWIN TEM system) in conjunction with INCAx-
sight EDS detectors for elemental analysis.

Nitrogen adsorption–desorption isotherms of the catalysts were measured on a Mi-
cromeritics ASAP 2020 instrument. The catalysts were pre-treated by outgassing under a
high vacuum at 350 ◦C for 6 h before the measurement. The specific surface areas were
calculated by the Brunauer–Emmett–Teller (BET) method, while pore size distribution
(average pore diameter and pore volume) was calculated according to the Barrett–Joyner–
Halenda (BJH) method.

The basic strengths of the samples were determined by the Hammett indicator method.
The solid catalyst sample (20 mg) was suspended in a methanol solution of Hammett
indicator (1 mL, 0.02 mol/L) and left for 2 h to achieve equilibration. A change from
acidic color to basic color was observed if the catalyst possessed higher basic strength than
the indicator.
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Hammett indicators–benzoic acid titration is a common method for determining the
basic strength and the amount of basic sites of a catalyst. Basicity (basic site distribution) of
these catalysts was evaluated by the Hammett indicator–benzene carboxylic acid titration
method. The catalyst (20 mg) was suspended in methanolic Hammett indicator solution
(1 mL, 0.02 mol/L) and left for 2 h. The above mixture was then transferred to a 50 mL
Erlenmeyer flask containing methanol (10 mL), followed by titration with benzoic acid in
methanol (0.01 M). The end point was noted as the point at which the basic color of the
indicator disappeared. Triplicated measurements were done to minimize the end-point
color determination error. The basicity is expressed as mmol g−1 calculated from the
benzoic acid in methanol titrant (0.01 M) needed for the specific amount of catalyst used.

The Hammett indicators employed to study basic strength and basicity were as follows:
neutral red (H_ = 6.8), bromothymol blue (H_ = 7.2), phenolphthalein (H_ = 9.3), Nile blue
(H_ = 10.1), Tropaeolin O (H_ = 11), and 2,4-dinitroaniline (H_ = 15).

X-ray photoelectron spectroscopy (XPS) studies were also performed using a Kratos
Axis Ultra XPS system equipped with monochromatic Al−Kα radiation of 1486.6 eV and
with an electron take-off angle of 90◦. The pressure of the sample chamber was kept at
10−8 Torr during the measurements. The spectrum was recorded in the binding energy
(B.E.) range of 0.00 to 1400.00 eV with a step size of 1.00 eV. Energy calibration was
performed with the C 1s peak of carbon at 285.0 eV.

2.3. Catalytic Reactions and Biodiesel Determination

Catalytic transesterification experiments were carried out in a stirred batch reactor
containing the catalyst (66 mg, 3% w/w, with respect to the weight of oil), oil (2.4 mL),
and methanol (2.4 mL, 24:1 MeOH-to-oil molar ratio), and the reaction was heated at the
temperature of 393 K for 8 h with a stirring rate of 1000 rpm. After the reaction, the liquid
product was isolated from the solid catalyst. The upper layer containing the biodiesel
was extracted from glycerol with n-hexane. Residue methanol and n-hexane were then
removed under vacuum. The biodiesel product was re-dissolved in CDCl3 for 1H NMR
analysis with an AV400 Bruker FT-NMR spectrometer. The biodiesel yield was calculated
using the signal integral of H of the methoxy group (–OCH3) of FAME and that of the
α-methylene group (α-CH2) of both FAME and oil with the equation below [31].

Biodiesel Yield (%) =
2 × integral of H of -OCH3
3 × integral of H of α-CH2

×100% (1)

Reusability studies were carried out with solid catalysts recovered by centrifugation,
followed by washing with n-hexane and then methanol. The catalyst was dried at 393 K
for 5 h and evaluated under the same reaction conditions.

3. Results and Discussions

3.1. Characterization of the Catalysts

The powder X-ray diffraction (XRD) patterns of mesoporous Zn/MgO calcinated at
different temperatures are shown in Figure 1. The XRD patterns of the Zn/MgO catalyst
calcinated at 773 K, 873 K, 973 K, and 1073 K showed characteristic diffraction peaks of
the single cubic periclase phases (JCPDS 01-076-6597) as the single mesoporous MgO. The
absence of characteristic diffraction peaks of ZnO revealed that Zn2+ had in art replaced
Mg2+ in the host lattice, giving a homogeneous solid solution. The close ionic radii of Zn2+

(0.74 Å, coordination number CN = 6) and Mg2+ (0.72 Å, coordination number CN = 6)
favor the easy incorporation of Zn2+ into the MgO crystal lattice [32–35].

368



Nanomaterials 2021, 11, 2690

Figure 1. XRD patterns of (a) mesoporous MgO calcinated at 873 K and mesoporous Zn/MgO
calcinated at (b) 773 K, (c) 873 K, (d) 973 K, and (e) 1073 K.

The surface morphology of mesoporous Zn/MgO calcinated at various temperatures
was examined by SEM, and the micrographs are displayed in Figure 2. No agglomera-
tion was observed during the synthesis of the mesoporous MgO and Zn/MgO catalysts.
Zn/MgO-773 K (Figure 2b) comprised layers of hexagonal plates with lateral length be-
tween 100 to 500 nm and thickness in the range of 50 to 200 nm, with uniform mesopores
evenly distributed on the plate surfaces. The formation of such mesoporous Zn/MgO
nano-plate is the result of the solvothermal annealing process. The phenomenon was
reported for single mesoporous MgO. The hexagonal Mg(OH)2 prisms change into 3D
wormhole-like mesoporous prisms with the preservation of the hexagonal morphology
of Mg(OH)2 due to the thermal decomposition process. The solvothermal process leads
to the formation of octahedron Mg(OH)2, with Mg ions layers separated by two adjacent
hydroxyl ions layers. The subsequent calcination process leads to the partial dissociation
of the hydrogens bonds associated with the two adjacent hydroxyl ions layers, releasing
water molecules and generating the mesopores [36]. The morphology of Zn/MgO was
retained when the calcination temperature was raised. However, it could be observed
that the pore size increased as the calcination temperature of the samples increased. The
pores of Zn/MgO-1073 K (Figure 2e) appeared to be the largest in size when comparing all
catalysts, the number of pores was lower, and the pore distribution appeared less orderly
on the plate surface. Interestingly, single mesoporous MgO (Figure 2a) also exhibited a
similar hexagonal morphology with similar mesoporosity. Therefore, it is likely that Zn ions
were incorporated into the MgO crystal lattice without changing the original morphology
of MgO.

Representative TEM micrographs and the corresponding SAED pattern of Zn/MgO-
873 K are displayed in Figure 3. It was observed that the catalyst comprised layers of
hexagonal plates with uniform mesopores evenly distributed on the plate surfaces. The
SAED pattern (Figure 3c) confirmed the existence of the cubic periclase phase. High-
resolution transmission electron microscopy (HR-TEM) and the corresponding fast Fourier
transform (FFT) image (Figure 3e) identified the surface termination as exposing polar (111)
facets as the main surface on the hexagonal side (Figure 3f), with the generation of low
coordination defect sites, which are reported to be highly basic, leading to high catalytic
activity [35,37,38].

The average atomic percentage of Zn in Zn/MgO was found to be 7.8% by EDX
analysis, which agreed well with the results obtained by inductively coupled plasma mass
spectrometry (ICP–MS), with 8.4% of Zn. Furthermore, ICP–MS confirmed the absence of
sodium (Na) in the catalysts.
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Figure 2. SEM micrographs of mesoporous (a) single mesoporous MgO-873 K, (b) Zn/MgO-773 K, (c) Zn/MgO-873 K,
(d) Zn/MgO-973 K, and (e) Zn/MgO-1073 K.
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Figure 3. (a) Overall TEM micrograph of Zn/MgO-873 K, (b) TEM micrograph of the front side of the hexagonal nano-
plate and (c) corresponding SAED pattern, (d) TEM micrograph of the lateral side of the hexagonal nano-plate and
(e) corresponding HR-TEM image (insert: FFT image), and (f) schematic diagram showing the different facets of the
Zn/MgO-873 K nano-plate.

The physical properties, such as crystallite size, BET surface area, total pore volume,
and pore diameter of all Zn/MgO nano-plates calcinated at different temperatures are
summarized in Table 1. The crystallite sizes of Zn/MgO were calculated from the XRD
pattern using Scherrer’s equation, and it was found that the crystallite size increased with
the increase of the calcination temperature because of the sintering effect [39]. The results
were aligned to the results of the BET analysis. The surface areas decreased with the
increase in crystallite size. The nitrogen adsorption–desorption isotherms and the pore
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size distribution of all Zn/MgO catalysts calcinated at a temperature varying from 773 K
to 1073 K are displayed in Figure 4a,b respectively. Zn/MgO calcinated at 773 K, 873 K,
and 973 K exhibited a type IV isotherm, which is a characteristic of material possessing
mesoporosity. Dual hysteresis loops were observed in the samples with an H1 hysteresis
loop and an H3 hysteresis loop, which indicated the presence of both mesopores (2 to
50 nm) and macropores (>50 nm) in the samples [40,41]. The hysteresis loop type H1 in the
P/P0 range between 0.5 and 0.9 indicated the presence of approximately even and uniform
mesopores in a reasonably regular array, accompanied by a narrow distribution of pore size.
On the other hand, the H3 hysteresis loop in a P/P0 range from 0.9 to 1.0 did not clearly
show any adsorption isotherm plateau in the P/P0 range close to unity, indicating the
presence of slit-shaped pores with the Barrett–Joyner–Halenda (BJH) pore size distribution
extending to the macropore range. It likely resulted from the aggregation of plate-like
particles [40]. Zn/MgO-1073 K showed a type IV isotherm that is a characteristic of material
with nonporous or potential macroporous structure and with high energy of adsorption.
In addition, Zn/MgO calcinated at 773 K, 873 K, and 973 K possessed a relatively narrow
distribution of pore size (Figure 4b), with average pore diameters of 5.4 nm, 10.4 nm, and
18.8 nm, respectively (Table 1). However, the Zn/MgO-1073 K catalyst exhibited a broader
pore size distribution with an average pore diameter of 22.7 nm. Interestingly, Zn/MgO-
873 K possessed comparable textural properties to those of mesoporous MgO-873 K, as
shown in Table 1.

Table 1. Physical properties of mesoporous MgO and Zn/MgO nano-plates calcinated at differ-
ent temperatures.

Catalyst
Crystallite Size 1

(nm)
SBET

2

(m2 g−1)
V 3

(cm3 g−1)
Daver

4

(nm)

Meso. MgO-873 K 12.6 73.1 0.267 12.0
Zn/MgO-773 K 9.7 151.1 0.269 5.4
Zn/MgO-873 K 12.7 69.1 0.233 10.4
Zn/MgO-973 K 17.8 45.3 0.263 18.8

Zn/MgO-1073 K 24.1 22.6 0.140 22.7
1 Calculated from XRD patterns by employing Scherrer’s equation; 2 BET surface area; 3 Total pore volume;
4 Average pore width.

(a)

Figure 4. Cont.
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(b)
Figure 4. (a) N2 adsorption–desorption isotherms and (b) BJH pore size distribution of mesoporous
MgO and Zn/MgO nano-plates calcinated at different temperatures.

The results of the comparison of basic strength, basic site distribution, and total basicity
between all Zn/MgO catalysts and single mesoporous MgO are summarized in Table 2. All
Zn/MgO catalysts possessed a basic strength of 9.3 < H_ < 10.1 and superior total basicity
as compared to single mesoporous MgO. Among all Zn/MgO catalysts, Zn/MgO-873 K
revealed the greatest total basicity (1.52 mmol g−1), with 0.90 mmol g−1, 0.15 mmol g−1,
and 0.47 mmol g−1 basic sites of 6.8 < H_, 6.8 < H_ < 7.2 and 7.2 < H_ < 9.3, respectively. It
suggests that at least three types of basic sites exist on the catalyst surface. The remarkably
larger number of basic sites in 7.2 < H_ < 9.3 of all Zn/MgO catalysts indicates a higher
density of stronger basic sites in comparison with single mesoporous MgO. These findings
are well complemented by Olutoye’s studies which have found that the basicity of a catalyst
was enhanced by the synergetic interaction between Mg and Zn.

Table 2. Surface basicity of mesoporous MgO and Zn/MgO nano-plates catalysts calcinated at
different temperatures.

Catalyst
Basic Strength
by Hammett

Indicator

Basicity by Benzoic Titration (mmol g−1)

6.8 < H_ 6.8 < H_ < 7.2 7.2 < H_ < 9.3 Total Basicity

MgO-873 K 9.3 < H_ < 10.1 0.79 0.25 0.01 1.05
Zn/MgO-773 K 9.3 < H_ < 10.1 0.60 0.15 0.32 1.07
Zn/MgO-873 K 9.3 < H_ < 10.1 0.90 0.15 0.47 1.52
Zn/MgO-973 K 9.3 < H_ < 10.1 0.67 0.30 0.45 1.42
Zn/MgO-1073 K 9.3 < H_ < 10.1 0.59 0.34 0.54 1.47

The XPS survey data of Mg, Zn, and O elements for Zn/MgO-873 K catalyst compared
to those of single MgO and ZnO are depicted in Table 3. The binding energy of 49.3 eV,
1021.1 eV, 529.6 eV, and 531.6 eV corresponds to Mg 2p, Zn2p3/2, Olat, and Ohyd, respectively.
The slight shift in the Auger parameter of Zn was attributed to the incorporation of Zn2+

into the MgO crystal lattice as Zn–O–Mg [42]. The asymmetric O 1s peak of MgO, ZnO,
and Zn/MgO was further resolved into the lattice oxygen (Olat) and the surface hydroxyl
group (Ohyd) [43]. The peak at lower binding energy was ascribed to lattice oxygen, while
the one at higher binding energy was attributed to the hydroxyl group. A lower O 1s
binding energy indicates a higher electron pair donation ability and, therefore, a stronger
basic strength [44]. Zn/MgO exhibited a slightly higher Olat binding energy than MgO,

373



Nanomaterials 2021, 11, 2690

which might be attributed to the incorporation of Zn2+ into the MgO crystal lattice [42].
Lattice oxygen on the catalyst surface serves as a Lewis basic site for transesterification [45].
Figure 5 shows the respective resolved O 1s peaks of mesoporous MgO and Zn/MgO;
the surface percentage of lattice oxygen was calculated as summarized in Table 4. It is
noted that the Zn/MgO catalyst contained a higher percentage of surface lattice oxygen
than MgO. A higher percentage of surface lattice O2− indicates a higher number of active
Lewis basic sites. The increase in the percentage of surface lattice O2- contrasts with the
insignificant increase in the binding energy of Olat (decrease in basic strength). The XPS
results aligned well with the data of basicity determination. Therefore, Zn/MgO possesses
a comparable basic strength but a substantially higher amount of active surface basic sites
than single mesoporous MgO. Based on the results of benzoic titration and XPS analysis, it
is interesting to note that there is a direct correlation between the catalytic transesterification
activities and the surface Olat concentration of the catalyst.

Table 3. Binding energy of Mg2+, Zn2+, Olat, and Ohyd of mesoporous MgO, ZnO, and Zn/MgO
calcinated at 873 K.

Catalyst
Binding Energy (eV)

Mg 2p Zn 2p1/2 Zn 2p3/2 Zn LMM Auger Parameter 1 Olat Ohyd

MgO 49.3 - - - - 529.5 531.2
ZnO - 1045.2 1022.1 498.9 2009.8 531.0 532.5

Zn/MgO 49.3 1044.2 1021.1 497.7 2010.0 529.6 531.6
1 Auger parameter = K.E. (Zn KLMM) + B.E. (Zn 2p3/2).

Table 4. Surface percentage of Olat of single mesoporous MgO and Zn/MgO calcinated at 873 K.

Catalyst Surface Percentage of Olat (at.%)

Mesoporous MgO 23.5
Zn/MgO 32.8

(a) 
Figure 5. Cont.
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(b) 
Figure 5. O1s XPS peaks of (a) mesoporous MgO and (b) Zn/MgO nano-plate catalyst calcinated at
873 K.

3.2. Catalytic Study

Catalytic activity and reusability of Zn/MgO nano-plates catalyst were investigated
and compared with those of mesoporous MgO, commercial MgO, and ZnO, as depicted
in Figure 6. Among all catalysts, Zn/MgO demonstrated the highest catalytic activity
and stability, with high biodiesel yields of 88.7% and 86.7% for the first and second run,
respectively. Commercial ZnO gave a 78.0% biodiesel yield in the first run, but its catalytic
activity decreased drastically to 59.3% in the second reaction cycle. Catalyst deactivation
might be due to the leaching of the active species into the reaction medium. Therefore, the
high biodiesel yield of ZnO in the first cycle is likely to be due to a homogeneous pathway.
Commercial and mesoporous MgO are quite stable in transesterification. Commercial
MgO possessed a low BET surface area of 9.0 m2 g−1, with a relatively low number of
active sites available for the catalytic reaction. Mesoporous MgO showed a higher BET
surface area (73.1 m2 g−1) and possesses a mesoporous nature that may favor mass transfer
and hence the catalytic transesterification process, leading to a higher biodiesel yield
than commercial MgO. Zn/MgO was found to possess a comparable basic strength but a
substantially higher number of active surface basic sites than single mesoporous MgO, as
indicated by its higher total basicity determined from benzoic titration and an increased
percentage of lattice O2-, as shown in the XPS analysis. The enhanced catalytic activity of
Zn/MgO compared to single mesoporous MgO is attributed to the substitution of Zn2+

into the MgO crystal lattice, causing lattice distortion with defects that might occur at
corners, edges, and steps, which creates additional sites with ion pairs of low coordination
numbers and provides a large active surface for substrates to bind. In addition, threefold-
Mg2+–threefold-O2- (Mg2+

3c–O2−
3c) was reported to be the most reactive, as it is the most

coordinatively unsaturated [38]. In addition, such defects could trap electrons on the
surface of crystallites [46]. These might enhance the basicity and activity of the Zn/MgO
catalyst. As discussed previously, the surface termination on the lateral side of hexagonal
plates of Zn/MgO predominately exposes (111) and (200) facets, with the generation of
low coordination defect sites [35,37,38]. The high surface energy polar (111) crystal plane
comprises alternating monolayers of cations and anions, which leads to the creation of
a strong electrostatic field perpendicular to the polar plane [29] and might enhance the
interaction between reactant molecules with the surface. It is concluded that the results
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demonstrated a high biodiesel yield compared to single mesoporous MgO and commercial
MgO and ZnO, proving that the successful incorporation of Zn2+ dopant into MgO crystal
lattice creates a synergistic effect, attributed to the high catalytic activity of the Zn/MgO
catalytic system.

Figure 6. A comparison of catalytic activity and reusability of Zn/MgO with mesoporous MgO,
commercial MgO, and ZnO (all calcinated at 873 K). Reaction conditions: catalyst (3% w/w), MeOH-
to-oil molar ratio (24:1), reaction temperature (393 K), and reaction time (8 h).

The effect of the calcination temperature on biodiesel conversion by Zn/MgO was
studied, and the results are depicted in Figure 7. Zn/MgO-773 K gave the lowest biodiesel
yield of 79.3%. Though the catalyst exhibited the largest BET surface area of 151.1 m2 g−1

as compared to those annealed at higher calcination temperature, its comparatively low
average pore diameter (5.4 nm) restricted the accommodation of the bulky triglyceride
moiety that possesses a diameter of approximately 5.8 nm [47]. Zn/MgO-873 K possessed a
BET surface area with a value smaller than half of Zn/MgO-773 K; however, its larger pore
diameter (10.4 nm) favored the accessibility of the triglyceride substrate to the active sites,
resulting in an increased biodiesel yield from 79.3% to 88.7%. We observed a slight drop in
biodiesel yield with a further increase in the calcination temperature because the decrease
in BET surface area counteracted the effect of the increase in pore size. Apart from the
textural properties, the surface basicity of the catalysts also significantly contributed to the
catalytic activity. All the Zn/MgO catalysts calcinated at various temperatures exhibited
an equal surface basic strength of 9.3 < H_ < 10.1; however, the total basicity was different,
with the values of 1.07, 1.52, 1.42, and 1.47 mmol g−1 for Zn/MgO calcinated at 773 K,
873 K, 973 K, and 1073 K, respectively. These results align quite well with the trend of the
respective catalytic performances in transesterification.

Catalyst reusability is one of the essential features determining the economic viability
for the commercialization of an industrial process. Zn/MgO-873 K, which possessed
the highest catalytic activity, was therefore subjected to reusability studies. It was found
that the catalytic system had high stability in transesterification, with the biodiesel yield
remaining over 84.0% in five catalytic runs, as shown in Figure 8. This high catalytic
stability is attributed to the defects induced by the incorporation of Zn2+ into the MgO
crystal lattice [47]. The reusability of the as-synthesized catalyst makes it advantageous
over the homogenous counterpart, as it could lower the overall production cost. To the best
of our knowledge, several studies reported the use of MgO–ZnO catalysts for biodiesel
synthesis; however, harsh reaction conditions were applied. Olutoye et al. [47] employed
Mg1−xZn1+xO2 in the transesterification of used vegetable cooking oil, with the highest
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FAME yield of 78% achieved at a high reaction temperature of 461 K. Lee et al. [48] studied
the activity of a series of Mg–Zn mixed metal oxides in the transesterification of Jatropha oil.
The highest biodiesel yield of 83% was achieved for MgO–ZnO at a Mg/Zn atomic ratio of
8 (MZ8), with 3% catalyst dosage and a 24:1 methanol-to-oil molar ratio at 393 K for 3 h.
MZ8 exhibited a consistent decrease in activity from 83% to 63% in five consecutive runs of
reaction, with an activity retention of 76%. In comparison, our catalysts demonstrated a
higher catalytic activity and stability towards transesterification, with the biodiesel yield
decreased slightly from 89.7% to 84.0% for Zn/MgO-873 K. An activity retention of 94%
was obtained after five successive catalytic runs for Zn/MgO-873 K.

Figure 7. Biodiesel yield of Zn/MgO as a function of the calcination temperature. Reaction conditions:
catalyst (3% w/w), MeOH-to-oil molar ratio (24: 1), reaction temperature (393 K), and reaction time
(8 h).

Figure 8. Reusability of Zn/MgO-600 ◦C. Reaction conditions: catalyst (3% w/w), MeOH-to-oil
molar ratio (24:1), reaction temperature (393 K), and reaction time (8 h).
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A study of the reaction extent for the as-synthesized Zn/MgO-873 K revealed a slow
transesterification with low biodiesel yield at the beginning, which is proposed to be due
to the low mass transfer limit within the three phases system. The transesterification
proceeded much faster afterwards, reaching a maximum yield at 6 to 8 h. However, the
biodiesel yield remained almost the same by extending the reaction time. Due to the excess
of methanol used in this transesterification, the overall reaction most likely followed a
pseudo-first-order reaction kinetics model, comparable to that of a similar catalytic system
we reported [49].

Further development and investigation of this as-synthesized catalytic system during
oil transesterification, including massive production of catalyst and large-scale biodiesel
synthesis or even pilot-scale continuous flow reactions toward biodiesel synthesis, will be
the subject of our future investigations. For large-scale biodiesel production, optimization
and kinetic studies are important to analyze the role of each parameter (methanol-to-oil
molar ratio, reaction temperature, catalyst loading, and reaction time) and pinpoint the
most prominent parameter. This information will help design and adapt our synthesized
catalytic system for large-scale biodiesel production. Moreover, the fuel properties of the
final biodiesel product produced using the as-synthesized catalytic system in combustion
engines are also important to understand whether the biodiesel fuel is associated with a
lower emission of toxic gases. These experiments are now ongoing and will be discussed
and published in the future.

4. Conclusions

A novel mesoporous Zn/MgO hexagonal-nano-plate catalyst was synthesized and
demonstrated transesterification of Camelina oil, with biodiesel yield of 88.7%. This was
achieved at 393 K in 8 h using 3% w/w of the catalyst with a MeOH-to-oil ratio of 24:1. Its
excellent catalytic performance was mainly associated with a relatively high surface area
(69.1 m2 g−1), a pore size of 10.4 nm, and a high total basicity of 1.52 mmol g−1, all these
values being better than those measured for single MgO. The incorporation of Zn2+ into
the MgO crystal lattice induced defects that exhibited high catalytic activity and stability
for at least five catalytic cycles, with biodiesel yield above 84.0%.
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Abstract: A top emitting organic light-emitting diode (OLED) device with pure aluminum (Al) anode
for high-resolution microdisplays was proposed and fabricated. The low work function of the Al
anode, even with a native oxide formed on the Al anode surface, increases the energy barrier of
the interface between the anode and hole injection layer, and has poor hole-injection properties,
which causes the low efficiency of the device. To enhance the hole-injection characteristics of the
Al anode, we applied hexaazatriphenylene hexacarbonitrile (HATCN) as the hole-injection layer
material. The proposed OLED device with a pure Al anode and native oxide on the anode surface
improved efficiency by up to 35 cd/A at 1000 nit, which is 78% of the level of normal OLEDs with
indium tin oxide (ITO) anode.

Keywords: OLED; top emitting; hole injection; Al anode; ITO anode; HATCN; efficiency; native
oxide; microdisplay; Si substrate

1. Introduction

Organic light-emitting diodes (OLEDs) are currently applied to display panels for
smart phones, tablets, and TVs. The characteristics of OLEDs, such as their being self-
emitting, and having a thin form factor, vivid color, and fast response time, attract attention
for use in display panels and various other applications. However, OLEDs have a limited
resolution caused by the fabrication method of pixel-patterning using a fine metal mask
(FMM), which is a shadow mask with tiny holes for patterning pixels from evaporated
organic materials. The resolution of an OLED display panel using FMM is approximately
800 ppi at present [1]. For a microdisplay, which has high resolution of over 2000 ppi,
applied to Virtual Reality (VR) devices and Augmented Reality (AR) devices, the FMM
fabrication method is unavailable because the hole size of FMM is smaller than 10 um.
Another approach was used to fabricate OLED microdisplays, involving a separated
backplane and OLED panel [2,3]. The backplane driving each pixel is made of a single
crystal silicon wafer substrate with a complementary metal-oxide-semiconductor (CMOS)
process at the semiconductor foundry. OLEDs are fabricated on the wafer backplane
using the evaporation process. Instead of separated RGB pixels, white OLED-stacked
RGB organic layers, and RGB color filters corresponding to each pixel, are used for color
patterning OLED microdisplays [3].

Since the wafer backplane is not transparent, as opposed to the glass substrate nor-
mally used in the display device process, a top emitting OLED structure has to be applied
to OLED microdisplays [4]. In top emitting OLEDs, the anode materials should be highly
reflective in the visible range to achieve a high luminance efficiency, and should have a
high work function for the efficient injection of holes. Many previous studies have been
carried out on the anode for top emitting OLEDs. Silver (Ag) has a high reflectivity of 94%
at wavelengths of 520 nm and a low electrical resistivity of 1.47 μΩ cm at a temperature
of 298 K [5]. An Ag/indium tin oxide (ITO) composite bi-layer structure combined the
advantages of both the high reflectivity of Ag and the high work function of ITO [6,7].
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Other materials have been studied for use as the anode in top emitting OLEDs such as alu-
minum (Al)/ITO [8], Ag/Al [9], gold (Au) [10], molybdenum (Mo) [11], platinum (Pt) [12],
and vanadium (V) [13]. However, despite their good electrical and optical characteristics,
the materials mentioned above are not supported by the current general CMOS foundry.
Al, titanium (Ti), and Tungsten (W) are available as the anode for top emitting OLEDs at the
general CMOS foundry. Some approaches have been studied that use available materials
as the anode of top emitting OLEDs, supported by a general CMOS foundry, such as TiN,
Al/TiN bi-layer [14–16]. However, top emitting OLEDs with Ti and TiN anodes have
limited efficiency due to the low reflectivity of the anode. Other approaches have been
studied, applying Al as the anode of top emitting OLEDs using oxide buffer materials [17]
or inverted OLED structures [18,19]. Al has a high reflectance that leads to highly efficient
top emitting OLEDs. However, Al has a low work function of 4.2 eV compared to ITO,
with a work function of 4.7 eV, which is normally used as the OLEDs anode. The energy
barrier between the low-work-function anode and hole-injection layer (HIL) in OLEDs is
higher, so poor hole-injection characteristics decrease the efficiency of OLED devices. In
addition, the native oxide (Al2O3) formed on the Al anode surface, decreases efficiency.

In this study, we proposed a top emitting OLED device structure with an Al anode. To
enhance the hole-injection characteristics of the Al anode, we applied hexaazatriphenylene
hexacarbonitrile (HATCN) as the HIL material. The fabricated top emitting OLED devices,
with enhanced hole-injection characteristics, improved the efficiency of normal OLEDs
with an ITO anode by 78%.

2. Materials and Methods

Figure 1 presents the schematic structure of the device. In the OLED microdisplay, the
backplane fabrication process and OLED fabrication process are separated. Therefore, the
backplane was fabricated at the general CMOS foundry until the Al anode layer formed.
The OLED was fabricated at a different site, with the Al anode formed backplane, from HIL
to capping layer (CPL) using the thermal evaporation method. During the transport from
the foundry to OLED evaporation site, the Al anode had to be exposed to air, causing native
oxide on the surface of Al anode. We used 8-inch (200 mm) silicon wafers as substrate
at DB HiTek (Bucheon, Korea). Al of 150 nm thickness was deposited on the substrate
using the sputter method for a reflective anode. We stored the Al-deposited substrate
in a clean room for one day to purposefully form native oxide, assuming an extreme
case. We then deposited a HIL, hole-transport layer (HTL), green emission layer (EML),
electron-transport layer (ETL), cathode, and CPL in sequence using the thermal vacuum
evaporation method. We used hexaazatriphenylene hexacarbonitrile (HATCN) of 30 nm
thickness as the HIL, N′-bis(phenyl)benzidine (NPB) of 20 nm thickness as the HTL. GGH1
(Gracel, Korea) of 16 nm thickness was used as green EML and hydroxyquinolatolithium
(Liq) of 20 nm of thickness was used as ETL. Mg:Ag of 13 nm thickness was used as the
semi-transparent cathode. Most materials used in the devices were provided by Sigma-
Aldrich (St. Louis, MO, USA) as commercial-grade powder sources, except GGH1, from
Cracel (Seoul, Korea). The total thickness of the OLED device between the reflective anode
and semi-transparent cathode was decided as 86 nm as in (1) to improve the efficiency
using a micro-cavity effect [20]. The thickness of the layers of the devices was determined
in situ by the crystal monitor in the vacuum chamber. We also fabricated an ITO anode
OLED device for reference to compare the characteristics of OLEDs between Al anode and
ITO anode

Icav(λ) =
(1 − R2)

[
1 + R1 + 2(R1)

0.5 cos
(

4πd
λ

)]

1 + R1R2 − 2(R1R2)
0.5 cos

(
4πL
λ

) × Inc(λ) (1)

where Icav is the spectrum intensity, R1 and R2 are the reflectivities of the anode and cathode
mirrors, respectively, d is the effective distance of the emitting layer from the anode, L
is the total optical thickness of the cavity, and Inc is the free space electroluminescence
intensity at wavelength λ.

382



Nanomaterials 2021, 11, 2869

Figure 1. Schematic diagram of proposed structure of green top emitting OLED device.

Measurements of OLED properties were performed by recording current–voltage
characteristics as well as electro-luminescence (EL) spectra. The current–voltage was
acquired using a Keithley 236 voltage source unit, while the EL intensity, luminance and
spectral characteristics of the devices were measured with a calibrated silicon photodiode
(Hamamatsu Photonics, Hamamatsu, Japan, S5227-1010BQ), a photomultiplier tube, and a
spectroradiometer (Minolta, Osaka, Japan, CS-1000).

3. Results and Discussion

The characteristics of the OLED device with an Al anode are presented in Table 1.
The current efficiency of the OLED device is 35 cd/A at 1000 nit, which is 78% of the
conventional OLED device with an ITO anode. Usually, the efficiency of OLEDs with an Al
anode is below 50% of OLEDs with an ITO anode [21]. The proposed OLED device with
an Al anode has high efficiency, even though native oxide was formed on the Al anode.
This means that hole injection characteristics of the proposed OLED device are enhanced
by Al anode and HATCN HIL, even though an energy barrier exists between the Al anode
and HATCN HIL.

Table 1. Measured characteristics of green top emitting OLED devices with Al anode and ITO anode.

Parameters Device with Al Anode Device with ITO Anode Notes

Current efficiency
(cd/A) 35 45 @1000 nit

Driving voltage (V) 4.2 3.8 @1000 nit

Peak wavelength (nm) 525 525

CIE color coordination (0.22, 0.71) (0.23, 0.71)

Figure 2 shows the optical and electrical characteristics of the OLED devices with an
Al anode. In the spectrum of OLED devices, the main peak in the spectrum, at 525 nm,
was not changed by the anode materials. The electroluminescence spectrum of the OLED
devices is determined by the thickness of the OLED device. Therefore, the spectrum is
not related to the hole-injection characteristics of the OLED device. The driving voltage of
the OLED device with an Al anode was 4.2 V, an increase of 0.4 V compared to the OLED
device with an ITO anode at 10 mA/cm2. The increase in voltage is caused by native oxide
in the Al anode, which increases the resistance of the interface between the anode and HIL.
The power consumption of the OLED device with an Al anode can be increased slightly,
but this does not matter when operating an OLED microdisplay panel with an Al anode.
The current efficiency of the OLED device with an Al anode was 35 cd/A at 1000 nit, which
is 78% of the current efficiency of the OLED device with an ITO anode at 44 cd/A.
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Figure 2. Characteristics of OLED devices with Al anode and HATCN HIL: (a) Electroluminescence spectrum of the OLED
devices; (b) Characteristics of luminance for different voltages; (c) Characteristics of current density for different voltages;
and (d) Characteristics of current efficiency for difference luminance.

Figure 3 shows the energy band diagram of each of the layers comprising the proposed
OLED device. As shown in Figure 3, there is a high energy barrier between the Al anode and
HIL, so it is hard to inject holes from the Al anode, with a low work function of 4.2 eV, to the
HATCN HIL at 9.5 eV, which is the highest occupied molecular orbital (HOMO). However,
the proposed OLED device shows high efficiency with the low-work-function Al anode,
even with native oxide on the surface of the Al anode. This can be explained by the charge
generation at the HATCN/NPB interface and the high electron-withdrawing properties of
HATCN to the anode [22–24]. HATCN has good electron-transport characteristics. At the
interface of HATCN and NPB, the energy level difference between the lowest occupied
molecular orbital (LUMO) of HATCN and HOMO of NPB is small enough for electrons in
the HOMO of NPB to move to the LUMO of HATCN. Moreover, while the electron-holed
pairs are generated at the interface of HATCN and NPB, HATCN constantly transports
electrons to the Al anode. Since the electrons are effectively transported from HATCN
to the Al anode, the hole-injection property is enhanced. Therefore, HATCN improved
hole-injection characteristics from the Al anode to HIL in the proposed OLED structure.
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Figure 3. Energy band diagram of the proposed OLED device with Al anode and HATCN HIL.

4. Conclusions

We investigated the characteristics of OLED devices with a reflective Al anode and
fabricated a high-efficiency, green top emitting OLED device with an Al anode by improv-
ing the hole-injection characteristics. We obtained an efficiency of 35 cd/A at 1000 nit from
the OLED with an Al anode, which is 78% of a normal OLED with an ITO anode. Using
HATCN as the HIL improved the hole-injection characteristics of the low-work-function
Al anode, even though native oxide had formed on the Al anode surface, which increased
the energy barrier of the interface between the Al anode and HIL. This result indicates that
a high-efficiency OLED microdisplay using an Al anode for high-resolution patterning can
be fabricated using the enhanced hole-injection structure of an OLED device. Thus, we
believe that this study can provide a simple, practical, and low-cost method for improving
the performance of OLED microdisplay products in the current foundry infrastructure.
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Abstract: A simple, efficient, and cost-effective extended graphite as a supporting platform further
supported the MnO2 growth for the construction of hierarchical flower-like MnO2/extended graphite.
MnO2/extended graphite exhibited an increase in sp2 carbon bonds in comparison with that of
extended graphite. It can be expected to display better electrical conductivity and further promote
electron/ion transport kinetics for boosting the electrochemical performance in supercapacitors and
glucose sensing. In supercapacitors, MnO2/extended graphite delivered an areal capacitance value
of 20.4 mF cm−2 at 0.25 mA cm−2 current densities and great cycling stability (capacitance retention
of 83% after 1000 cycles). In glucose sensing, MnO2/extended graphite exhibited a good linear
relationship in glucose concentration up to about 5 mM, sensitivity of 43 μA mM−1cm−2, and the
limit of detection of 0.081 mM. It is further concluded that MnO2/extended graphite could be a good
candidate for the future design of synergistic multifunctional materials in electrochemical techniques.

Keywords: MnO2/extended graphite; supercapacitors; glucose sensing

1. Introduction

Over the years, fossil fuel consumption and public health problems have posed
serious issues, including global warming and substantial human diseases, that have caused
significant negative economic and human health impacts. The relationship expressed
above indicated that key technological changes and suitable implementation strategies
might be necessary for promoting opportunities to reduce fossil fuel dependency, and,
simultaneously, implement health promotion/disease prevention. Supercapacitors serve
as intermediate energy storage systems between traditional capacitors and batteries, due
to their simple construction, short charging time, safety, high power density, and excellent
lifetime, which could replace fossil fuel use to meet energy requirements for reducing the
fossil fuel energy consumption and further relaxing environmental pollution.

World-class public health is another globally important issue and challenge. The
International Diabetes Federation (IDF) estimated that the number of people worldwide
with diabetes (aged 20–79 years) would increase to 700 million in 2045 [1]. In Taiwan,
diabetes is the fifth leading cause of death (data obtained from Ministry of Health and
Welfare in Taiwan) [2]. Clearly, a fast, simple, efficient, and cost-effective approach needs
to be developed in order to monitor blood glucose, allowing for improving glycemic
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control. Previous studies demonstrated that electrochemical techniques with moderate
cost, instrumental simplicity, high portability, and suitable performance showed promise
in a diverse range of applications such as solar cells, batteries, sensors, and supercapacitors,
and hence provided more realistic solutions to address both the energy and public health
challenges.

The choice of suitable electrode materials, which will be used to build novel high-
performance electrodes in future electrochemical applications, is critical in the modeling
and optimization of electrochemical devices. MnO2 nanostructures with well-controlled
morphology and crystal phase are expected to exhibit improved electrochemical perfor-
mance when being used in supercapacitors and electrochemical sensing. More advantages
for the use of MnO2 as the electrode material were explained in previous reports. Yang et al.
reported that MnO2 had great advantages in terms of high theoretical specific capacity (up
to 1370 F g−1), low cost, natural abundance, and multiple crystallographic phases to be one
of the most promising candidates for supercapacitors and glucose sensing. The structural
transformation of multiple MnO2 polymorphic forms composed of MnO6 octahedrons by
edge and/or corner sharing made differences in the intrinsic channel dimensions of MnO2
to possess different electrochemical activities. MnO2 based composites for supercapaci-
tor applications with enhanced capacitive behaviors were attributed to electrochemically
induced polymorphic phase and structural transformations of MnO2, thus affecting the
surface area and interfacial resistance [3]. Ponnusamy et al. also reported that MnO2 based
materials as a result of electrocatalytic effect of Mn3+/Mn4+ redox couples had excellent
electrocatalytic oxidation ability for glucose in the alkaline environment. The result im-
plied that the MnO2 based materials could be used as electrochemical electrodes, and they
exhibited great excellent performance in electrochemical glucose sensing [4].

However, MnO2 based materials possessed inherently low conductivity, which might
restrict their practical use in electrochemical techniques [5]. The conductive carbon ma-
terials (such as graphite, carbon nanotubes, and graphene, etc.) serving as a conductive
component could possibly form the conducting interconnection of carbon materials/MnO2
nanocomposites, allowing fast ions and electrons transporting inside interior space of
MnO2 pore/channel structure, thus dramatically enhancing the electrocatalytic activ-
ity [6,7]. Many efforts described that carbon materials served mainly as a conductive
component that provided a platform to integrate MnO2 pore/channel structure in con-
structing hierarchical carbon materials/MnO2 nanocomposites with three-dimensional
(3D) interconnections. It could be expected that MnO2 integrated within carbon materials
generated a synergistic effect, which would improve electrocatalytic activity for electro-
chemical multifunctional applications. Several groups of researchers reported that the
synthesis of carbon materials/MnO2 nanocomposite with enhanced electrochemical activ-
ity showed effective characterization in electrochemical applications (supercapacitors and
sensors). The improvement in electrochemical performance could be mainly attributed to
the synergistic effect between carbon materials and MnO2 that tightly connected to obtain
dense hierarchical interconnected architectures in shortening the ions diffusion path and
facilitating the charge transport [8–10].

Among carbon materials, simple, efficient, cost effective, and ecofriendly graphite
made it an ideal substrate to grow MnO2 for generating carbon materials/MnO2 intercon-
nected architectures, and had its own advantages to increase a wide range of industrial-scale
production in electrochemical applications. Despite these advantages, pristine graphite
had a lower specific surface area, thus causing a lower electrochemical performance. The
surface modifications of activated graphite could be obtained by various activation tech-
niques to provide larger specific surface areas at the optimum activation parameters for
future enhancement of electrochemical performance. Kabir et al. also reported an electro-
chemically induced activation in aqueous electrolyte to exfoliate graphite to make surface
functionalization. Activation could facilitate the formation of activated regions to im-
prove the specific surface area that ensured excellent surface functional group coverage on
graphite surfaces [11]. Chang et al. reported that graphite was efficiently activated by CO2
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treatment to change the surface area and surface functional groups, leading to low internal
resistance and improved charge collection ability, suggesting the enhanced electrochemical
behavior of graphite electrodes [12]. Some previous studies also demonstrated that surface
modifications of carbon materials led to an increase in polarity of the surface layer, which
facilitated the strong interactions to form the strong covalent interfacial bonding with
selected substances for the formation of carbon materials/metal nanocomposites, and
further highlight its capability to induce the application of a novel electrochemical-based
techniques [13–16].

In this work, the formation of extended graphite through electrochemically activated
treatment of graphite as a supporting platform further supports the formation of MnO2 for
the construction of hierarchical flower-like MnO2/extended graphite through spontaneous
redox reaction in the KMnO4 solution. MnO2/extended graphite are anticipated to serve
as bifunctional materials for supercapacitors and glucose sensing. This work extends the
understanding of electrocatalytic reaction mechanisms between the synergistic effect of
MnO2 and extended graphite for further electrochemical multifunctional applications in
supercapacitors and glucose sensing.

2. Materials and Methods

2.1. Reagents

Potassium permanganate (KMnO4), sodium hydroxide (NaOH), sodium sulfate
(Na2SO4), glucose, carbon black graphite powder, and terpineol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All aqueous solutions were prepared using deionized
water (DI water) through a Milli-Q water purification system (Millipore, Burlington, MA,
USA). All chemicals were used without further purification.

2.2. Preparation of MnO2/Extended Graphite Nanocomposite

To obtain a series of extended graphite with different activation degrees, the graphite
paste electrodes (3 mm diameter) were immersed in 0.2 M HNO3 solution, and potential
scanning was obtained at a scan rate of 50 mV s−1 within the applied voltage range of
1.0 to 2.0 V vs. Ag/AgCl for different numbers of electrochemical activation cycles (5, 10,
and 20 cycles). The extended graphite with different activation degrees were conducted by
using cyclic voltammetry (CV) cycling processes, which can be expected to induce extended
defect on the surface of graphite, in this text referred to as extended graphite, providing a
new set of growth platforms to form hierarchical flower-like MnO2. The obtained extended
graphite with three different degree activations (low, medium, and high degree activation)
were denoted as gra-L, gra-M, and gra-H, respectively. The obtained extended graphite was
then washed with DI water to remove the remaining reagents and collected for subsequent
MnO2 synthesis. MnO2 was deposited on the extended graphite by a spontaneous redox
reaction between transition metal ions and carbon materials, which involve simultaneous
oxidation of the extended graphite and reduction of KMnO4. The increased structure
defects of the carbon materials may optimally tune the oxidation potential of carbon
materials and thus more easily promote KMnO4 reduction to MnO2 [17]. The synthesis
procedures in detail were as follows: gra-L, gra-M, and gra-H were immersed in 50 mL
aqueous solutions of 0.001 M KMnO4 with stirring at 80 ◦C. Subsequently, these obtained
products (MnO2/extended graphite) were rinsed three times by DI water and dried at
60 ◦C for 3 h (denoted as MnO2/gra-L, MnO2/gra-M, and MnO2/gra-H, respectively).
The resulted products were then collected for the following characterization.

2.3. Apparatus

The morphology was characterized by using field emission scanning electron mi-
croscopy (FESEM, JSM-7410F, JEOL, Akishima, Japan) and field emission transmission
electron microscopy (FETEM, JEM-2100F, JEOL, Akishima, Japan). The chemical structure
and composition were determined by X-ray photoelectron spectroscopy (XPS, PHI-5000
Versaprobe, ULVAC-PHI, Tokyo, Japan). Synchrotron X-ray absorption spectroscopy (XAS)
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at C K-, O K- and Mn L-edges were performed at BL20A of the National Synchrotron Radi-
ation Research Center (NSRRC), Hsinchu, Taiwan. Electrochemical measurements were
performed using a three-electrode system comprised of as-prepared sample-graphite paste
electrode as current collector (mixing graphite powder and carbon black in 4:1 weight ratio
dispersed terpineol) by casting on plastic substrate with an active material mass loading of
0.4 mg cm−2, a platinum wire counter electrode; and an Ag/AgCl (3 M KCl) reference elec-
trode by an electrochemical analyzer (Autolab, model PGSTAT30, Eco Chemie, Utrecht, The
Netherlands). The electrochemical testing in supercapacitors and electrochemical glucose
sensing was performed in the two different aqueous electrolyte solutions as supporting
electrolyte (using 1 M Na2SO4 for supercapacitors and 0.1 M NaOH for electrochemical
glucose sensing). In the supercapacitor, the capacitive performance was evaluated thor-
ough cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) in 1 M Na2SO4
within the applied voltage range of 0.0 to 1.0 V vs. Ag/AgCl. In electrochemical glucose
sensing, the sensing performance of electrochemical sensor was evaluated using CV and
amperometry in the 0.1 M NaOH in the absence and presence of glucose. LCMS/MS
analysis was conducted using a Q-TOF mass spectrometer (LCMS-9030, Shimadzu Corp.,
Kyoto, Japan) and a triple quadrupole mass spectrometer (LCMS-8045, Shimadzu Corp.,
Kyoto, Japan). A Unison UK-Amino column (UKA24U, Imtakt USA, Portland, OR, USA)
was utilized for the chromatographic separation.

3. Results

The morphologies of extended graphite and MnO2/extended graphite are character-
ized by FETEM and FESEM. FETEM images in Figure 1a display the general morphologies
and detailed microstructures of extended graphite. It clearly indicates that the surfaces
of extended graphite are rough. This result implies that the defect densities in graphite
can be fine-tuned through electrochemically activated treatment of graphite in the HNO3
solution that effectively expose more edge and basal plane defect sites in the 2D structure
graphite layers. This work presents a facile synthesis strategy to synthesize extended defect
structures in graphite layers and further introduces functional groups at defect sites along
the extended graphite. Extended graphite attached to these defect sites offers an ideal
platform for the growth of MnO2 in the KMnO4 solution by spontaneous redox reaction.
Figure 1b,c shows that MnO2/extended graphite has a 3D hierarchical flower-like MnO2
construction consisting of many assembled ultrathin 2D nanosheets, and it develops an
interconnected network within extended graphite, confirming the successful synthesis of
the MnO2/extended graphite. The detailed structural morphologies of 3D hierarchical
flower-like MnO2 over the extended graphite with the three different degrees of electro-
chemically activated treatment (MnO2/extended graphite) are represented by EFSEM.
Figure 2 displays the EFSEM images of extended graphite with different activation degrees
(gra-L, gra-M, and gra-H) and MnO2/extended graphite (MnO2/gra-L, MnO2/gra-M,
and MnO2/gra-H). It can be clearly seen in Figure 2a–c that the surface morphologies
of extended graphite show no obvious differences when the activation degrees are con-
trolled by electrochemically treatment. With extended graphite as an ideal platform for the
growth of MnO2, the 3D hierarchical flower-like MnO2 is grown at the defect structures
of extended graphene through in situ nucleation and growth processes (see Figure 2d–f).
The extended graphite via electrochemically treatment exposes numerous edge and basal
plane defect sites that promote the subsequent nucleation and growth of 3D hierarchical
flower-like MnO2, especially in view of MnO2/gra-H. The FESEM image of MnO2/gra-H
in Figure 2f shows the conductive gra-H interconnected with the 3D hierarchical flower-like
MnO2 owing to clear and distinct crumpled layer structure consisting of many assembled
ultrathin 2D nanosheets, which is consistent with the TEM images in the Figure 1b. The
3D hierarchical structure of MnO2/gra-H constructed by the formation of the intercon-
nected conducting networks between defect sites of extended graphite and ultrathin MnO2
nanosheets ensures good electrical contact and also provides a large electrochemically
active surface area, which further not only contributes to a continuous electron pathway,
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but also facilitates ion transport by shortening diffusion pathways. The above results
clearly reveal that the 3D hierarchical MnO2/extended graphite could serve as functional
materials in electrochemical techniques.

Figure 1. FETEM of (a) extended graphite and (b) MnO2/extended graphite. (c) FESEM of
MnO2/extended graphite.

 

Figure 2. FESEM of (a) gra-L, (b) gra-M, (c) gra-H, (d) MnO2/gra-L, (e) MnO2/gra-M, and
(f) MnO2/gra-H.

The surface chemical and electronic states of extended graphite and MnO2/extended
graphite are characterized by XPS and XAS. Figure 3a presents the XPS full survey spectrum
of extended graphite and MnO2/extended graphite. The results indicate the coexistence of
C and O elements in the extended graphite with different activation degrees (gra-L, gra-M,
and gra-H). After further growth of 3D hierarchical flower-like MnO2 within extended
graphite, the full survey spectrum shows signals from C, O, and Mn elements, suggesting
the obtained MnO2/extended graphite was successfully synthesized. The high-resolution C
1s XPS spectrum of gra-L, gra-M, and gra-H is shown in Figure 3b. The high-resolution C 1s
spectrum of gra-L, gra-M, and gra-H (Figure 3b) shows four different peaks located at 284.5,
285.0, 286.4, and 288.9 eV, which correspond to C–C (sp2), C–C (sp3), C-OH (hydroxyl),
and O-C-O/O-C=O (epoxy and carboxyl) functional groups, respectively [18]. The XPS
quantitative analysis results are summarized in Table 1, Table 2, Table 3. From Table 1, it is
clear that the content of sp3 carbon bonds, hydroxyl, epoxy, and carboxyl functional groups
within extended graphite are increased due to the destruction of the sp2 carbon bonds
and the formation of defective sites with increasing activation degree, which proves that
extended graphite exists from an electrochemically activated transformation and reflects
the relative sp3/sp2 carbon bonds ratio [19,20]. It is well known that the functional groups
are mainly located at the basal and edges planes of graphite, which not only facilitates the
exfoliation process of graphite sheets, but also modifies surface hydrophilicity of exfoliate
graphite [21–24]. The extended graphite by electrochemically activated treatment leads to
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the formation of sp3 carbon bonds and creates defect sites, providing numerous nucleation
sites that facilitate the uniform nucleation and growth of the selected substances [25,26].

Figure 3. (a) Full scan (b,c) C 1s, (d) O 1s, and (e) Mn 2p XPS spectra of extended graphite and MnO2/extended graphite.

Table 1. Fitted results of C 1s XPS spectra.

Samples
Fitted Results of C 1s XPS Spectra

C-C sp2 (%) C-C sp3 (%) C-OH (%) O-C-O/O-C=O (%)

gra-L 28.3 37.0 32.5 2.2
gra-M 12.6 42.4 41.4 3.6
gra-H 10.1 43.9 42.3 3.7

MnO2/gra-L 53.5 23.5 19.3 3.7
MnO2/gra-M 42.9 35.3 17.0 4.8
MnO2/gra-H 22.5 52.3 18.8 6.4

Table 2. Fitted results of O 1s XPS spectra.

Samples
Fitted Results of O 1s XPS Spectra

Mn-O-Mn (%) Mn-OH (%) H-O-H (%) C=O (%)

MnO2/gra-L 51.1 26.0 13.5 9.4
MnO2/gra-M 59.5 22.9 9.5 8.1
MnO2/gra-H 61.5 22.2 8.5 7.8
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Table 3. Fitted results of Mn 2p XPS spectra.

Samples
Fitted Results of Mn 2p XPS Spectra

Mn3+ 2p3/2 (%) Mn3+ 2p1/2 (%) Mn4+ 2p3/2 (%) Mn4+ 2p1/2 (%) Sat. 2p3/2 (%) Sat. 2p1/2 (%) Mn3+/Mn4+

Ratio

MnO2/gra-L 47.1 20.2 17.2 10.3 3.1 2.1 2.4
MnO2/gra-M 41.9 18.2 20.3 14.2 3.2 2.0 1.7
MnO2/gra-H 39.4 16.2 22.7 16.4 3.1 2.2 1.4

Figure 3c–e show the high-resolution C 1s, O 1s, and Mn 2p XPS spectrum of MnO2/ext
ended graphite. The high-resolution O 1s XPS spectrum of the MnO2/extended graphite
can be deconvoluted into four peaks corresponding to Mn-O-Mn, Mn-O-H, H-O-H, and
C=O located at 529.8, 531.4, 532.5, and 533.8 eV. The Mn 2p XPS spectrum of the MnO2-
coated different carbon materials in Figure 3f consist of two doublet peaks of Mn 2p3/2
and 2p1/2 located at 642 and 653 eV, with a typical spin energy separation (~11.7 eV) of
the Mn 2p doublet peaks. Furthermore, the overlapped Mn 2p3/2 (2p1/2) spectra can
be fitted into three peaks at 641.9 (653.3), 643.4 (654.5), and 645.3 (657.5) eV, which are
characteristics of Mn3+, Mn4+, and shake-up satellite (denoted as Sat.), respectively, further
confirming the presence of mixed-valance manganese oxide with oxidation state Mn3+ and
Mn4+ [27,28]. A deeper analysis into the XPS quantitative analysis in the MnO2/extended
graphite (Table 3) shows that the Mn3+/Mn4+ in the MnO2/extended graphite decreases
with MnO2 growth on the extended graphite by gradual increase of activation degrees.
This suggests that higher content of Mn4+ is more pronounced for MnO2/gra-H. Second,
MnO2/extended graphite exhibits an increase in sp2 carbon bonds and the decrease in
hydroxyl in comparison with that of electrochemically activated extended graphite (see
Figure 3c and Tables 1 and 2), which indicates that the introduction of MnO2 within
electrochemically activated extended graphite can greatly increase the relative content of
sp2 carbon bonds, further improving the microcrystalline structure and graphitization
degree. It can be expected to display better electrical conductivity and further promote a
rapid and efficient charge transfer at the active electrode material/electrolyte interfaces,
thus leading to a significantly enhanced electrochemical performance. Third, the decrease
in the sp2 carbon bonds causes the gradual increase in Mn-O-Mn with the MnO2 growth
over the three different activation degrees of the extended graphite, especially when MnO2
grows on the gra-H due to the more severe activation degree, which exposes abundant
defective sites and favors the nucleation and growth of MnO2 [29–31].

Figure 4 presents the C K-edge, O K-edge, and Mn L3,2-edge XAS of extended graphite
and MnO2/extended graphite. XAS is known to be a powerful tool sensitive to understand-
ing the information on local atomic and electronic structure details caused by electronic
transition from a core level to various unoccupied states. Figure 4a shows the C K-edge
XAS of extended graphite and MnO2/extended graphite. Features A4, B4, and C4 are
associated with the electronic transition from C 1s to the unoccupied C–C π* (ring) orbitals,
the chemically functionalized carbon atoms and/or defects, and unoccupied C–C σ* (ring)
orbitals, respectively. With MnO2 growth on the extended graphite, the pronounced C−C
π* (A4) resulting from significant charge-transfer interactions between extended graphite
and Mn atoms reveals that MnO2/extended graphite has the perfect graphitic crystalline
structure of graphite sheets and demonstrates excellent electrical conductivity. Additionally,
these charge-transfer interactions between MnO2 and electrochemically activated extended
graphite induce dramatic changes in Feature B4, which pertains to the construction of
new Mn−O−C bonds. It is reasonable to believe that the oxygen functional groups on
extended graphite can act as anchoring or nucleation sites for the growth of MnO2. The
results support the fact that the electrochemically activated extended graphite provides
an interconnected conducting network, suggesting that these ultrathin MnO2 nanosheets
are tightly anchored within extended graphite. The features (denoted as *) at 298.6 and
301.0 eV are associated with the K L3- and L2-edge that can be explained by the presence
of potassium ions and water molecules generally intercalated within the interlayer space
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of MnO2 structure via spontaneous redox reaction in the KMnO4 solution [32], especially
in view of MnO2/gra-H.

Figure 4. (a) C K-edge, (b) O K-edge, and (c) Mn L3, 2-edge XAS spectra of extended graphite and
MnO2/extended graphite. Inset in (c) is the region of Mn L3-edge XAS spectra. The features (denoted
as *) at 298.6 and 301.0 eV are potassium ions and water molecules within the interlayer space of
MnO2 structure via spontaneous redox reaction in the KMnO4 solution.

Figure 4b,c show the O K-edge and Mn L3,2-edge XAS of MnO2/extended graphite.
These O K-edge XAS spectra present similar features (labeled as D4, E4, and F4) from
the MnO2/extended graphite (MnO2/gra-L, MnO2/gra-M, and MnO2/gra-H). Feature
F4 can be assigned to electronic transition from O 1s to Mn 4sp transition. Features D4
and E4 are related to the electronic transition from hybridization of O 2p and metal Mn
3d t2g and 3d eg orbitals. Variation in the three features represents that electrochemically
activated extended graphite can possess the Mn-O bonding and the surface configuration,
favoring the electronic interactions between MnO2 and electrochemically activated ex-
tended graphite. The ratio of the intensity of Features D4 and E4 increases with the MnO2
growth within more severe activation degree of extended graphite, which suggests that
the surface modification (structural defects and chemical functionalization) of extended
graphite affects the nucleation process. It is believed that the surface sufficient functional
groups within extended graphite can provide reactive sites for the nucleation and growth
of MnO2. The Mn L3,2-edge XAS of MnO2/extended graphite display doublet features
(labeled as G4 and H4) that arise from the Mn 2p3/2 and 2p1/2 core level states to the
unoccupied Mn 3d states electronic transition, which can be correlated with the valence
state of Mn atoms in the MnO2 [33]. Notably, Feature G4 can be split into two peaks (G4a
and G4b) (inset in Figure 4c), and the mixed valence states of Mn3+ and Mn4+ and their
ratios within MnO2/extended graphite can be estimated from the ratio of G4a/G4b. A
decrease in the G4a/G4b ratio with the MnO2 growth within more severe activation degrees
of extended graphite may give evidence that the MnO2/gra-H contains Mn in a higher
oxidation state [34,35]. These XAS results are consistent with the XPS results in Figure 3.

Hence, the overall analysis of the XPS and XAS results demonstrate that extended
graphite by electrochemically activated treatment can create defect sites and provide
abundant nucleation sites for the growth of MnO2; in the meantime, MnO2/extended
graphite favorably attain the sp2 carbon bonds character in graphite sheet, resulting in
better electrical conductivity. It is concluded that MnO2/extended graphite could be a good
candidate for the future design of synergistic multifunctional materials in electrochemical
techniques. In this study, MnO2/extended graphite are synthesized by spontaneous redox
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reaction and used as bifunctional electrode materials for supercapacitors and glucose
sensing.

For the potential use of MnO2/extended graphite in supercapacitors, Figure 5 shows
the electrochemical capacitive performance of extended graphite and MnO2/extended
graphite thorough cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) in
1 M Na2SO4. In comparison to the CV results of extended graphite and MnO2/extended
graphite in Figure 5a,b, these results clearly reveal that extended graphite (gra-L, gra-M,
and gra-H) have greater electrical double-layer capacitive behavior with more severe ac-
tivation degree, which might be attributed to the functionalized and defective extended
graphite owing to these strong interfacial interactions. Thus, it could be expected that
increasing the interfacial area and interfacial interactions within extended graphite helps
build an intimate interface to facilitate interactions between extended graphite and KMnO4
interfaces for MnO2 growth by spontaneous redox reaction. Figure 5b shows that the
CV curve of MnO2/extended graphite gives a quasi-rectangular shape with two pairs of
well-defined redox peaks corresponding to both the functionalized extended graphite and
the Mn3+/Mn4+ redox reaction. Figure 4a reveals that controlled growth of 3D hierarchical
flower-like MnO2 within extended graphite results in more perfect crystalline structure of
the graphitic carbon. MnO2/extended graphite, because of its perfect graphitic crystalline
structure, should possess good conductivity to effectively ensure electron transport, and
hence the redox reaction can proceed more effectively and reversibly; there most likely
exists two distinct pseudocapacitance charge-storage mechanisms. It demonstrates that
the synergistic effect of extended graphite and MnO2 results in the coexistence of both
the electrical double-layer capacitance of extended graphite and pseudocapacitance of
extended graphite and MnO2. Hence, the CV result in Figure 5b indicates that MnO2/gra-
H displays better capacitive performance compared to MnO2/gra-M and MnO2/gra-L.
Thanks to the excellent surface modification of gra-H, there is a perfect graphitic crystalline
structure present in MnO2/gra-H, which provides a continuous conductive network to
optimize electron/ion transport kinetics for boosting the electrochemical performance.
Figure 5c displays the CV curves of MnO2/gra-H measured at different scan rates of 10, 20,
50, and 100 mV s−1. The CV curves maintain their shape and reversibility even at relatively
high scan rates, suggesting excellent capacitive performance of MnO2/gra-H. The GCD
measurements are used for further discussing the enhanced capacitive performance of
MnO2/gra-H (Figure 5d). MnO2/gra-H displays quasi-triangular symmetrical shape by
GCD measurements at different current densities of 0.25, 0.5, 1, 2, and 4 mA cm−2, and
indicates the coexistence of both electrical double-layer capacitance and pseudocapacitance,
which are consistent with the CV curves. The areal capacitance values of MnO2/gra-H
can be calculated according to the following equation: C = (I Δt)/(ΔV A), where C is areal
capacitance (mF cm−2), I is the charge/discharge current (mA), Δt is the discharge time
(s), ΔV is the voltage change during discharge (V), and A is the area of the electrode (cm2).
The areal capacitance (gravimetric capacitance) values at 0.25, 0.5, 1, 2, and 4 mA cm−2

current density are calculated to be 20.4, 16.8, 16.0, 15.8, and 15,7 mF cm−2 (51, 42.0, 40.0,
39.5, and 39.3 F g−1), respectively. The capacitive performance of MnO2/gra-H is com-
parable to other previously reported results in transition metal-based electrode materials
(Table 4) [36–40]. In order to further research the long-term cycling stability of the
MnO2/gra-H, MnO2/gra-H is performed over 1000 consecutive galvanostatic charge–
discharge cycles at a constant current density of 4 mA cm−2 (Figure 5e). After 1000 cycles,
the capacitance is equivalent to 83% of initial value, demonstrating a good cycling perfor-
mance. These results once again demonstrated that the MnO2/extended graphite consisting
of the interconnected conducting networks between 3D hierarchical flower-like MnO2 and
extended graphite provide tight contact and stable interface, which facilitates an enhanced
capacitive performance for supercapacitors.
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Figure 5. CV curves of (a) gra-L, gra-M, and gra-H, and (b) MnO2/gra-L, MnO2/gra-M, and
MnO2/gra-H in 1 M Na2SO4 at a scan rate of 20 mV s−1. (c) CV curves of MnO2/gra-H in 1 M
Na2SO4 at different scan rates. (d) Galvanostatic charge/discharge curves of MnO2/gra-H in 1 M
Na2SO4 at different current densities. (e) Cyclic stability of MnO2/gra-H in 1 M Na2SO4 is recorded
every 100 cycles during cycling (denoted by green star).

Table 4. Comparison of the capacitive performance with transition metal-based electrode materials.

Electrode Materials Electrolyte Current Density Areal Capacitance (mF cm−2) Reference

Mn3N2 Na2SO4 1.00 mA cm−2 74.0 [36]

MnOx Na2SO4 0.25 mA cm−2 19.3 [37]

TiO2 Na2SO4 2.00 mV s−1 23.2 [38]

NiCo2O4 KOH 0.25 mA cm−2 28.0 [39]

ZnCo2O4 KOH 0.01 mA cm−2 16.1 [40]

MnO2/gra-H Na2SO4 0.25 mA cm−2 20.4 This work

It is anticipated that the findings of this work could open another opportunity to
explore its possible applications in non-enzymatic glucose sensing. Figure 6 displays the
electrochemical sensing performance of gra-H and MnO2/gra-H using cyclic voltammetry
(CV) and amperometry towards glucose electrooxidation in alkaline solution. In Figure 6a,
gra-H and MnO2/gra-H are examined using CV under the scan rate of 50 mV s−1 in
0.1 M NaOH in the absence and presence of 10 mM glucose. The successive addition of
glucose results in an increase in the anodic (oxidation) current at 0.4~0.8 V. Specifically,
the anodic (oxidation) peak current of glucose remarkably increases at MnO2/gra-H. This
result reveals that the MnO2/gra-H has great potential to electrocatalyze glucose oxidation
reactions effectively involving the redox-active Mn mediated electrocatalytic reaction
mechanisms [41]. The mechanisms can be illustrated as follows.

Mn3+ + OH− ↔ Mn4+ + H2O + e− (1)
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Mn4+ + glucose + e− → Mn3+ + gluconolactone (2)

Figure 6. (a) CV curves of gra-H and MnO2/gra-H in 0.1 M NaOH in the absence (dashed lines) and
presence (solid lines) of 10 mM glucose at a scan rate of 50 mV s−1. (b) CV curves of MnO2/gra-H
in 0.1 M NaOH with successive addition of various glucose concentrations. (c) Amperometry of
MnO2/gra-H in 0.1 M NaOH with successive addition of various glucose concentrations at applying
voltage +0.45 V. In inset of (c) is the corresponding calibration plot of the response current versus
glucose concentration. (d) Interference tests and (e) long-term stability of MnO2/gra-H in 0.1 M
NaOH at applying voltage +0.45 V (denoted by green star).

When increasing the glucose concentration in the range from 0 to 50 mM, MnO2/gra-H
exhibits a gradual increase anodic (oxidation) peak current, demonstrating that MnO2/gra-
H provides cooperative effects in promoting the electrocatalytic activity toward glucose
electrooxidation. Furthermore, there is continuously a progressive positive shift in an-
odic (oxidation) peak potential at a voltage region of 0.4∼0.8 V, which is caused by a
kinetic limitation in the glucose electrooxidation between redox sites within MnO2/gra-
H (Figure 6b) [42]. Figure 6c shows the amperometry of MnO2/gra-H towards glucose
electrooxidation in 0.1 M NaOH at 0.45 V, with the gradual additions of glucose concen-
trations up to 10 mM. The inset of Figure 6c shows the corresponding calibration plot of
the response current (I) versus glucose concentration (Conc.glu) (error bars represent the
standard deviations for the 3-times repeated measurements). Response current increases
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linearly with increasing glucose concentration up to about 5 mM. The corresponding
calibration equation is I (mA) = 0.003 Conc.glu (mM) + 0.017, having the resulting correla-
tion coefficient value (R2) 0.994, sensitivity 43 μA mM−1cm−2, and the limit of detection
0.081 mM based on a signal-to-noise ratio of 3 (S/N = 3), indicating the significantly im-
proved electrocatalytic activity of MnO2/gra-H for glucose electrooxidation. The present
MnO2/gra-H exhibits better or comparable performance with some previously reported
results with similar electrode materials [43–46]. The comparison results are summarized
in Table 5. The interference test is conducted by amperometry in 0.1 M NaOH at 0.45 V
with the gradual additions of 4.83 mM glucose, 0.05 mM ascorbic acid (AA), 0.5 mM uric
acid (UA), 5 mM urea, and 4.83 mM glucose, which does not cause any observable interfer-
ence signal to glucose detection (Figure 6d). This means that the proposed MnO2/gra-H
possesses excellent selectivity. It is well known that the long-term stability is also an
important index to evaluate the sensing performance. Hence, the long-term stability of
the proposed MnO2/gra-H is evaluated by measuring its amperometric current response
to 1 mM glucose every day for 2 weeks. Figure 6e reveals that the amperometric current
response stabilizes to approximately 80~90% of its initial value, implying an excellent
stability during long-term storage.

Table 5. Comparison of the non-enzymatic glucose sensing performance.

Electrode
Materials

Applied Potential
(V vs. Ag/AgCl)

Linear Range
(mM)

Sensitivity (μA
mM−1cm−2)

Detection Limit
(mM)

Reference

MnCo–carbon
nanofibers/Nafion 0.60 0.5–7.0 36 0.050 [43]

PtAu–MnO2 0.00 0.1–30.0 59 0.020 [44]

MnCu/MWCNT/GO −0.05 1.0–32.0 59 0.001 [45]

PDDA-
RGO/MnO2/AuNPs 0.60 0.02–0.85 84 0.002 [46]

MnO2/gra-H 0.45 Up to 5.0 43 0.080 This work

To further demonstrate the potential of the proposed MnO2/gra-H in practical ap-
plications, the recovery tests of glucose are carried out by adding a known concentration
(1 mM) to samples, which is then evaluated by analyzing the amperometric response to
glucose by 3-time repeated measurements. The results of the recovery tests obtained by the
proposed amperometric method are in good agreement with the results obtained by the
reference method (mass spectrometry), and the comparison results are given in Table 6. The
recovery test demonstrates that the proposed MnO2/gra-H makes satisfactory recovery of
the added glucose concentrations.

Table 6. The results of the recovery tests obtained by the electrochemical sensing and the mass spectrometric methods for
glucose.

Added (mM)

Found by
Electrochemical

Sensing
(mM)

Recovery (%) RSD (%)
Found by Mass
Spectrometry

(mM)
Recovery (%) RSD (%)

1 1.02 102 5.2 0.94 94 0.9

4. Conclusions

In this study, MnO2/extended graphite displayed high bifunctional electro-activity
performances in electrochemical multifunctional applications (including supercapacitors
and glucose sensing). Thanks to the excellent surface modification of gra-H through
electrochemically activated treatment of graphite inducing extended defects on the surface
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of graphite, providing a new set of growth platforms to form hierarchical flower-like
MnO2, and thus a perfect graphitic crystalline structure present in MnO2/gra-H, which
provide a continuous conductive network to optimize electron/ion transport kinetics for
boosting the electrochemical performances of supercapacitors (areal capacitance value of
20.4 mF cm−2 at 0.25 mA cm−2 and capacitance retention of 83% after 1000 cycles) and
glucose sensing (linear range up to about 5 mM, sensitivity of 43 μA mM−1cm−2, and
the limit of detection of 0.081 mM). Because of its electrochemical synergistic effects,
MnO2/extended graphite is a promising candidate for the development of electrochemical
multifunctional applications.
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Abstract: Vertically aligned Fe, S, and Fe-S doped anatase TiO2 nanotube arrays are prepared by
an electrochemical anodization process using an organic electrolyte in which lactic acid is added
as an additive. In the electrolyte, highly ordered TiO2 nanotube layers with greater thickness of
12 μm, inner diameter of approx. 90 nm and outer diameter of approx. 170 nm are successfully
obtained. Doping of Fe, S, and Fe-S via simple wet impregnation method substituted Ti and O sites
with Fe and S, which leads to enhance the rate performance at high discharge C-rates. Discharge
capacities of TiO2 tubes increased from 0.13 mAh cm−2(bare) to 0.28 mAh cm−2 for Fe-S doped TiO2

at 0.5 C after 100 cycles with exceptional capacity retention of 85 % after 100 cycles. Owing to the
enhancement of thermodynamic and kinetic properties by doping of Fe-S, Li-diffusion increased
resulting in remarkable discharge capacities of 0.27 mAh cm−2 and 0.16 mAh cm−2 at 10 C, and
30 C, respectively.

Keywords: Li-ion batteries; binder-free electrodes; TiO2 nanotube arrays; electrochemical anodization;
elemental doping

1. Introduction

Titanium based oxides have drawn great attention in the lithium ion battery (LIB)
world because of their superior thermal stability compared with the conventional graphite
anode. Moreover, this class of active material shows other interesting features such as low
cost, non-toxicity, and small volume change process (2–3%) during the lithium insertion
and extraction, along with an excellent cycling life [1]. In general, bulk TiO2 shows
a low theoretical capacity of 175–360 mAh g−1 and a low electrical conductivity. The
electrochemical performance and the reversible capacity of titanium-based oxides mainly
depend on their microscopic structure, morphology, and particle size [2]. Interestingly, the
nanostructured titanium oxide leads to a superior capacity, longer cycling life, and higher
rate capacity than bulk TiO2 [2,3].

TiO2 shows excellent safety and stability characteristics at the operation potential
of 1.5 V vs. Li/Li+. Moreover, TiO2 has high electro-activity, strong oxidation capability,
good chemical stability, high abundance, and structural diversity [4–6]. Where TiO2 based
materials possess boosting the performance of battery, still they have limitations such as
poor electrical conductivity and low Li-ion diffusivity, which result in poor electrochemical
performance, thus hindering their practical application [4–7]. So far, many attempts have
been made to compensate for this problem by means of using low-dimension (1 D, 2 D)
TiO2 nanostructures composites [8,9].

Nanomaterials 2021, 11, 2924. https://doi.org/10.3390/nano11112924 https://www.mdpi.com/journal/nanomaterials402
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The reduction of Ti4+→Ti3+ is accompanied by Li ion insertion/extraction into the
oxide structure. Electrochemical fading in the crystal structure due to pulverizing of
electrodes during volume expansion and reduction. In the advantage of taking forward
TiO2 nanotubes (TNTs) as anodes, (i) the well-ordered electrode geometry reduces the ion
diffusion path (ii) mechanical strain arising during Li ion insertion/extraction cycling can
be accommodated, and (iii) therefore, the structural stability is maintained [10].

On the other hand, introducing the heteroatoms such as C, Nb, N, B, W, Sn, and Fe
into TiO2 nanostructures is a promising way to stabilize these structures and improve the
electron flow to accelerate the kinetics during electrochemical processes [11–15]. This will
enhance the rate performance, cycling behavior, and specific capacity of TNTs in Li-ion
battery application. However, the single substitutional doping in TiO2 mostly has a low
thermodynamic solubility [16–19]. Therefore, a concept of co-doping idea is attempted
in various studies as noted (including carbon, nitrogen; fluorine, nitrogen; chromium,
nitrogen; and sulfur, nitrogen) in TiO2 nanoparticles as an anode material for Li-ion
batteries [2,8,9,12,15,17–19]. In the previous studies, it has been demonstrated that the Fe-S
co-dopant pairs can substantially narrow band gap and effectively modify the electronic
structure of TiO2 [9,19]. However, so far only limited studies on doping of metal atoms in
TNTs as anode for LIB are available [1,18–20].

In this study, vertically aligned self-organized TiO2 nanotubes are prepared by an
electrochemical anodizing technique [21–24]. In conventional LIBs, up to 10% of “dead
weights” loss occur when the additives such as polymeric binder and carbon conductor
are used. However, these anodic TiO2 nanotube arrays directly formed on Ti can be used
as an anode in LIB, so-called binder-free electrode. Furthermore, in order to enhance
the electrochemical performance of TNTs, Fe-S co-doping was done by a wet immersion
technique for boosting the electronic pathways and lithium ion diffusion coefficient, which
closure with the result of greater storage performance.

2. Materials and Methods

2.1. Preparation of TNTs

Pre-cleaned Ti-foils (0.1 mm thick, 99.99% purity, Nilaco) were anodized in an elec-
trolyte composed of 1.5 M lactic acid, 0.1 M ammonium fluoride and 5 wt. % deionized
water in ethylene glycol [25]. The anodization was carried out in a two-electrode cell
configuration: a Pt mesh was used as the counter electrode and the Ti foils were used as the
working electrode. The anodization was conducted by using a high-voltage potentiostat
(OPS-22101, ODA, Incheon, Korea) at a DC voltage of 120 V for 300 s, 600 s, and 800 s
with the electrolyte temperature at 60 ◦C as shown in Figure 1. The obtained samples were
rinsed in ethanol and dried in an oven at room temperature.

Figure 1. A schematic illustration of the preparation steps for Fe, S, and Fe-S doped TNTs.
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2.2. Preparation of Fe-S co-doped TNTs

Fe, S, and Fe-S co-doped samples were prepared by using simple wet impregnation
method as mentioned in a previous report [20]. For the solution preparation, 0.48 g of
FeCl3·6H2O, 0.274 g of thiourea, mixture of 0.48 g of FeCl3·6H2O and 0.274 g of thiourea
were dissolved in 20 mL of absolute ethanol under vigorous stirring until the mixture
turned into clear. Subsequently, the prepared TNT samples were soaked in the solutions for
1 hr and then kept for drying at room temperature. In order to obtain the anatase crystalline
TNTs, the dried samples were annealed at 500 ◦C for 3 h. using a tube furnace (XY-1400S,
Hantech, Ulsan, Korea).

2.3. Materials Characterization

The morphological study of the synthesized materials was performed using a field-
emission microscope (Hitachi FE-SEM S4800, Chiyoda City, Tokyo, Japan) equipped with
energy dispersive spectroscopy as well. The structure and crystalline phase of the samples
were characterized by X-ray powder diffraction (XRD, Philips, X-pert PRO MPD, Amster-
dam, Netherlands) with Cu Kα (λ= 0.15406 nm). The electronic states of elements were
characterized by X-ray photoelectron spectroscopy (XPS, K-Alpha + XPS System, Thermo
Scientific, Loughborough, UK). XPS was conducted with a monochromatic Al Kα source
(hV= 1486.6 eV) with a spot size of 400 μm.

2.4. Electrochemical Characterization

The vertically aligned TNTs arrays doped with Fe, S, and Fe-S grown on Ti foils was
cut into disk (diameter of 14 mm) and used as the anode for the electrochemical tests. The
weight of the Ti substrate and the active material (bare, Fe, S, and Fe-S doped TNT layers)
are shown in Table S2. A coin half-cell with a polypropylene membrane separator (Celgard
2325, Celgard Inc., Charlotte, NC, USA) and a Li-metal foil (thickness = 500 μm, purity
99.9%) as the counter-electrode was used to evaluate the electrochemical performance. The
fabricated TNT disks were directly used as a working electrode in the electrochemical
cell without adding any conductive carbon or binder. The electrolyte was 1 M LiPF6
dissolved in 1:1:1, v/v/v mixture of ethylene carbonate, dimethyl carbonate, and ethyl
methyl carbonate (EC: DMC: EMC) with 5% fluoroethylene carbonate (FEC). The amount
of the used electrolyte was approximately 15 mL (g) and the ratios of electrolyte/active
material are provided in Table S2. The assembled cells were galvanostatically cycled at
different C-rates ranging from 0.2 C to 30 C in a potential range of 0.5–3 V using a multi-
channel battery tester (MACCOR). Cyclic voltammetry (CV) was performed by using an
electrochemical workstation (VMP3, Bio-Logic, Claix, France) with the same coin cell in
the scan range of 0.5–3.0 V at a scan rate of either 1 mV s−1 or 0.5 mV s−1. Electrochemical
impedance spectroscopy (EIS) test was performed by using an electrochemical workstation
(VSP-300, Bio-Logic, Claix, France) in the frequency range of 10−2–10+5 Hz.

3. Results and Discussion

3.1. Morphology and Crystal Structure

Self-organized vertically aligned TiO2 nanotube layers were prepared via electro-
chemical anodization of Ti foils in the lactic acid added F− ion containing electrolyte with
120 V at 60 ◦C for 300 s, 600 s, and 800 s to obtain layer thickness of 12 μm, 36 μm, and
60 μm, respectively. The length of the nanotubes mainly depends on the anodizing time,
applied voltage, electrolyte temperature, etc [26]. Lactic acid added electrolyte was used to
obtain a high layer thickness (i.e., a long length) in a relatively short time. This additive
stabilized the TNTs formation and allowed the application of the high working voltage of
120 V and also the high temperature of 60 ◦C in the anodization process [25]. Figure 2a–c
shows the FE-SEM results for the prepared TNTs with different anodizing time. The inset
Figure 2a(1) shows the top view image which represents highly ordered TNT array having
a uniform porosity, while Figure 2a(2) shows a cross-sectional view image which indicates
the vertically aligned TNT array, and Figure 2a(3) shows the bottom view image of the
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hexagonally close packed TNT structure [27]. Figure 2d shows the SEM image of EDS
mapping and elemental distribution result of Fe-S doped TNTs, where Fe, Ti, O peaks
clearly shows the even distribution of elements.

Figure 2. (a–c) shows FE-SEM images of as prepared TNTs. 12 μm, 35 μm, and 60 μm thick TNTs
were prepared by anodization process at 120 V–60 ◦C for 300, 600, and 800 s, respectively. a(1), a(2),
and a(3) shows the top, cross-section, and bottom view of 12 μm thick TNTs. (d) EDS results with
elemental mapping of Fe-S doped TNTs. The inset SEM image shows the measured site.

Figure 3a shows the XRD patterns for bare, S, Fe, and Fe-S doped TNTs. It reveals the
existence of the anatase TiO2 for all the doped samples after annealing at 500 ◦C for 3 hrs
with characteristic peaks at 24.025◦ (ICSD# 98-000-9852). A high peak intensity of the (004)
orientation can be observed in all of the TNTs, which indicates a high percentage of (101)
orientation in the growth direction of the TNTs (Figure S1a). Moreover, doping of different
atoms did not affect the orientation except the intensity difference in (101) peak [25]. In
Figure 3c, the diffraction peaks (101) of Fe and Fe-S doped TNTs shift to both lower angle
and higher angle (Figure S6) are analyzed and the lattice parameters d011 are increased
slightly from 0.450 nm for bare to 0.454 nm and 0.455 nm for Fe and Fe-S doped TNTs,
respectively. This occurs due to the incorporation of Fe3+ (0.650 Å) having larger radius
than Ti4+ (0.606 Å), suggesting that the Fe atoms have been successfully incorporated into
the crystal structure of TiO2 [12,25]. However, in case of S doped TNTs, the peak shift is
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towards a higher angle. This phenomenon can be attributed towards the larger radius of
Ti4+ (0.606 Å) than S4+ (0.370 Å) and S6+ (0.290 Å) [28]. However, the doping amount of S
is kept very small in both Fe-S, S doped TNTs due to its high reactivity. Hence the effect is
minimal in the lattice parameter change (Table S1). Similarly, the effect of the doping on
crystallite size can also be observed. The crystallite size decreases significantly as a result
of S, Fe-S doping, while in case of Fe doping the decrease in the crystallite size is not as
drastic as the former ones. The average crystallite size, calculated from Scherrer equation
of Fe-S, Fe, S doped, and bare TNTs are approximately 32.38 nm, 39.64 nm, 30.31 nm, and
45.93 nm, respectively (Table S1).

Figure 3. (a) XRD results for bare, Fe, S, and Fe-S doped TNTs. (b) Ti 2p XPS results for bare, Fe, S, and Fe-S doped TNTs
showing a peak shift towards lower energies due to the presence of doped elements in the TNTs framework. (c) A zoomed
in view of (101) XRD peak showing clear peaks shift for Fe, S, and Fe-S doped TNTs. (d) Fe 2p XPS results for Fe, Fe-S doped
TNTs showing the incorporation of Fe in the TiO2 framework.

The electronic states of the dopants and the parent atoms in TNTs were analyzed
by (XPS). As illustrated in Figure 3b, the most intense peaks at 458.70 eV and 464.46 eV
correspond to Ti 2p3/2 and Ti 2p1/2 spin–orbit splitting peaks, respectively [29,30]. In the
case of Fe, S, and Fe-S doped TNTs, the peaks shift towards lower energy. This confirms
the presence of dopants which have replaced Ti and O atoms due to the difference in the
ionization energy decreases [31,32]. In case of Fe-S doped TNTs, not only S+2 and S+6

replaced Ti but there is a small peak observed at 163.01 eV (Figure S1c) which shows that
there is also S−2 replacing O−2 as well [33].

Figure 3d shows the XPS spectrum of Fe 2p, where the binding energies at 710.53 eV,
723.83 eV, and 710.49 eV, 723.50 eV corresponding to Fe 2p3/2 and Fe 2p1/2 can be easily
observed in Fe doped and Fe-S doped samples. This indicates that the doped Fe is mainly
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in 3+ oxidation state. Due to the similarities of the radius between Fe3+ (0.650 Å) and Ti4+

(0.606 Å), Fe3+ can be incorporated into the lattice of TiO2 to form Ti–O–Fe bonds [12]. In
the case of S, Fe-S doped TNTs, the doping amounts for S are extremely small as discussed
previously and accordingly S2p spectra is not observed in case of S however, in case of Fe-S
doped TNTs S peaks were observed. In Figure S1b, the O 1s XPS spectra of Fe-S doped
TNTs are split as two peaks. The energy of the peak located at 529.56 eV is equal to the
O 1s electron binding energy for TiO2. The other peak at 531.13 eV is ascribed to S–O–S
bond, which confirms that the sulfur atoms replace a part of Ti sites [34] and in Figure
S1c peak located at 163.01 eV [33]. This shows that sulfur is present in the form of S2− by
replacing O2− which contradicts the previous report using thio-urea as a dopant precursor
for sulfur [35]. This remarkable structural stability is expected to be conducive to reversible
lithium storage with excellent cycle performances.

3.2. Electrochemical Performance

In order to investigate the effect of different dopants in TNTs on the electrochemical
performances, cyclic voltammetry experiments for bare, Fe, S, and Fe-S doped TNTs
electrodes were conducted at 0.5 mV s−1 as shown in Figure 4a. Moreover, CV for TNTs
with different thickness were also done 1 mV s−1 to investigate the effect of higher thickness
on lithiation/delithiation of TNTs (Figure 4b). In principle, the reaction equation can be
used to express the lithium insertion and extraction in anatase TNTs electrode:

TiO2 + nLi+ + ne− ↔ LinTiO2 (1)

Figure 4. (a) Cyclic voltammograms of bare, Fe, S, and Fe-S doped TNTs with respect to Li metal at a scan rate of 0.5 mV s−1.
(b) Cyclic voltammograms of TNTs with the different thickness of 12 μm, 36 μm, and 60 μm. (c) 1st charge-discharge profiles
of bare, Fe, S, and Fe-S doped 12 μm thick TNTs at 0.5 C. (d) Diffusion coefficient values calculated from Randles–Sevcik
equation for bare, Fe, S, and Fe-S doped TNTs.
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All the sample electrodes (Figure 4a) exhibit peak couples at 2.14/1.63 V (bare TNTs),
2.17/1.67 V (S doped TNTs), 2.19/1.64 V (Fe doped TNTs), and 2.20/1.66 V (Fe-S doped
TNTs) corresponding to the transition of Li poor α-LixTiO2 (0.01 < x ≤ 0.21) with anatase
structure to the orthorhombic β LixTiO2(x~0.55) phase, their positions are in good agree-
ment with those reported in the literature [36]. In case Fe-doped TiO2 in reduction peaks,
there is an additional reaction happens due to the over potential of phase transformation
from TiO2 to LixTiO2. In order to reduce the polarization effect happens between the elec-
trode and electrolyte interface, the Fe-doping in TiO2 will reduce this effect and enhance
the electronic conductivity, which results that further enhancement in electrochemical
storage [37]. Moreover, there is a small peak pair visible at 1.62 V (lithiation) and 1.4 V
(delithiation), which corresponds to a second phase change to fully lithiated LiTiO2 [36].
This feature is more prominent in the case of higher-length tubes as shown in Figure 4b.
Moreover, it can be seen that upon delithiation peak broadening is observed which is a
characteristic for self-oriented TNTs. In contrast to bare, Fe, S, and Fe-S TNTs show a
prominent second phase transition upon delithiation.

The diffusion coefficient of lithium ion during the Li+ intercalation/de-intercalation
processes can be calculated according to Randles–Sevcik equation [38]. Figures 4d and S4b
shows the calculated diffusion coefficient values for doped TNTs and elongated TNTs.
The Li+ diffusion increases by doping of Fe, S, Fe-S. In case of doping Li+ ion diffusion
increased from 0.75 × 10−11 cm2 s−1(bare TNTs) to 0.13 × 10−10 cm2 s−1 (Fe-S doped TNTs)
for de-intercalation and 0.2 × 10−11 cm2 s−1 (bare TNTs) to 0.12 × 10−10 cm2 s−1 (Fe-S
doped TNTs) for intercalation. It should be noted that Li+ diffusion is greatly improved by
co-doping with both Fe and S in anodic TNT’s framework.

Moreover, preferentially oriented tubes are derived by anodization process and even
directly use of these TNTs in LIB increases the charge/discharge capacities [39]. However,
these performances are considerably enhanced by co-doping with Fe-S in the TNT struc-
tures. In addition, the CV curves at a scan rate of 0.5 mV s−1 as shown in Figure S2 are
stable with almost overlaps from the second cycle, which indicate well posited dopant in
the structures and excellent stability for Fe, S, and Fe-S doped TNT electrodes.

Galvanostatic charging/discharging was carried out at C-rate of 0.5 C in the range
of 0.5–3.0 V vs. Li+/Li−, Initial discharge capacities for bare, S, Fe, and Fe-S doped TNTs
anodes came out to be around 0.6 mAh cm−2, 0.45 mAh cm−2, 0.75 mAh cm−2, and
0.84 mAh cm−2 (Figure 4c). It can be seen that the discharge capacities for S doped TNTs
are lower when compared to others. This is because of the reaction of sulfur with Li to
form LixS which in result decreases the discharge capacity [40].

However, further in this study it will be shown that this does not affect the cycling
behavior of TNTs but increase cyclability of S doped TNTs. It can also be observed that
the charge (1.9 V) and discharge (1.65 V) plateaus for Fe-S doped TNTs show lowest
and highest among the other electrodes, respectively. This indicates the lowest electro-
chemical polarization and the best charge/discharge energy density of Fe, S doped TNTs
anode. Moreover, the specific capacity is proportional to time interval (i.e., scan rate) of
charge/discharge [11,40]. The sloping region for the Fe-S doped TNTs electrode below the
plateau corresponds to the pseudo-capacitive lithium storage in the surface area [41].

C = i/(dV/dT) (2)

Hence the sloping region will indicate the pseudo-capacitive lithium storage in the
structures of TNTs. This shows that the shallowest slope (dV/dc) observed with the Fe-S
doped TNTs electrode represents the highest capacitance values as compared to the steep
slopes from the other three kinds of electrodes. The calculated capacitance values of bare,
Fe, S, Fe-S doped TNTs are 46.5%, 52%, 50%, and 54%. The corresponding values shows the
Fe-S doped TNTs have the high pseudo-capacitance behavior [42], which leads to increase
in the capacity of TNTs from 0.6 mAh cm−2 for bare TNTs to 0.81 mAh cm−2 for Fe-S doped
TNTs. It is noted that the capacity values are reported with areal unit (mAh cm−2) due
to the reason that the mass loading in anodized TiO2 nanotubes (as an active materials)
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directly grown on Ti substrates (as a current collector) cannot be precisely measurable
with gravimetric unit measurement since the electrode itself together with the TiO2 active
materials and the Ti current collector is one solid body and, moreover, with the areal
capacity we can further discuss with our previous study of anodic TiO2 in LIBs [43–47].
However, in Figure S3, we provide both areal and “estimated” gravimetric capacities for
bare and Fe-S doped TNTs. It is clear that Fe-S doped TNTs show a prominent cycling as
compared to bare TNTs. In Figure S5, we show the high rate of gravimetric capacity for
different C-rates.

Moreover, in case of Fe, S, and Fe-S after 60 cycles (Figure 5a), they show higher
discharge capacities of 0.24 mAh cm−2, 0.19 mAh cm−2, and 0.28 mAh cm−2 as compared
to 0.13 mAh cm−2 of bare TNTs. Fe-S doped and bare TNTs were further cycled to 100.
In the cycling results, it was found that Fe-S retained 85% discharge capacity (taken after
3rd cycle) as compared to bare TNTs with 65% (i.e., doping of Fe, S together increases the
capacity retention and increased capacitive properties). Moreover, columbic efficiency in
the 1st cycle is 76% for Fe-S doped TNTs and 60% for bare TNTs. These high irreversible
capacities can be because of the higher length of the tubes and side reactions with sulfur
and absorbed moisture due to high specific surface area [48]. However, this is redeemed
in the 2nd cycle with 90.9% for Fe-S and 93.8% for bare TNTs. The decrease in columbic
efficiency for Fe-S as compared to bare TNTs can be because of reaction of Li with S to form
LixS, however, this product is redox active [40]. Hence, this will help in further cycling
and increase the electrochemical stability with the high capacity retention as shown in
Figure 5a.

 
Figure 5. (a) Cycle vs. discharge capacity curves for bare, Fe, S, and Fe-S doped TNTs cycled at 0.5 C. (b) Rate capablity of
bare, Fe, S, and Fe-S doped TNTs. (c) EIS curves of bare, Fe, S, and Fe-S doped TNTs after 100 cycles.

Figure 5b shows rate capability cycling results for bare, Fe, S, and Fe-S doped TNTs.
The cells were charged at 0.2 C and discharged at different C-rate. It is evident that
Fe-S doped TNTs shows the best rate capabilities at various C-rates compared to charge-
discharge study is applied from 0.2 C to 30 C. All the doped TNTs showed exceptional
rate capabilities at higher rates as compared to bare TNTs. Fe-S doped TNTs show
0.27 mAh cm−2 at 10 C and 0.14 mAh cm−2 at 30 C for two different C-rates as com-
pared to 0.07 mAh cm−2 at 10 C and 0.03 mAh cm−2 at 30 C of bare TNTs. It is important
to note that Fe-S doped TNTs retained the reversible specific capacities of 0.51 mAh cm−2

at 0.2 C as well when cycled again. These results clearly validate that the Fe-S doped TNTs
electrodes exhibit superior lithium storage properties with prolonged cycle life and great
rate capability for the fast discharge process.

To further understand the origin of the superior electrochemical properties of doped
TNTs and to study differentiate kinetic and thermodynamic properties of the TNTs elec-
trodes upon lithiation and delithiation, electrochemical impedance spectroscopy (EIS)
was employed in the frequency range of 10−2–10+5 Hz. This allows for differentiation of
processes taking place at different time scales during Li insertion and extraction. Figure 5c
shows us the EIS spectrum and the fitting circuit of bare, Fe, S, and Fe-S doped TNTs
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after 100 cycles. In all of the observed EIS spectrums, at the highest frequencies, a de-
pressed semicircle can be observed which corresponds to the parallel combination of
surface film resistance Rf and surface film capacitance Cf [48]. These thin surface films
originate from the decomposition of compounds from the carbonate-based (EC, DMC)
LiPF6 electrolytes [49]. The second medium-frequency semi-circle relates to the interfacial
charge transfer, represented by the charge transfer resistance, Rct, and the double-layer
capacitance, Cdl, in parallel insertion [7]. It can be seen that, after 100 cycles Rct values
decreased when compared to bare TNT electrodes. Rct values of 20.78 ohm, 18.49 ohm,
and 15.54 ohm were achieved for Fe, S, and Fe-S doped TNTs as compared to 38.47 ohm
for bare TNTs. However, in the nanotube system, the charge transfer may not be the only
rate-determining step; therefore, it is also necessary to consider solid state diffusion in the
bulk material [50]. This shows that both the increase in Li+ diffusion and charge transfer
resistances of doped TNTs increased the cycling and rate cycling properties. In order to
observe the difference between before and after cycling effect in Fe-S doped TNTs, EIS
was done before cycling of Fe-S doped TNTs samples as well. Figure S4a shows the EIS
spectrum and fitting of before and after 100 cycles. It can be observed that Rct values for
Fe-S doped TNTs decreased from 269 ohm to 15.54 ohm after 100 cycles. During lithiation,
in case of TiO2, fully lithiated Li1TiO2 forms with higher charge resistance, moreover, the
decomposition of LiPF6 electrolyte to LiF and Li2CO3 also increase the charge transfer
resistance between electrode/electrolyte interfaces. However, by the introduction of Fe and
S as co dopants the fully lithiated phase transition is improved by decreasing the charge
transfer resistance and as a result higher reversibility during lithiation and de-lithiation is
achieved [51]. This incredible increase in electronic conductivity and charge transfer can
be attributed towards the modified electronic structure resulting in exceptional properties
and uniform pathways for Li+ intercalation/de-intercalation. Anodic TNTs improved the
structural as well as the directional properties compared to wet synthesized TNTs. TiO2
Nanoparticle of 0D material, which are smaller in size shortens the electronic pathways
and increased the Li+ diffusion in the lattice. Similarly, the 2D nanotube shows relative
high surface area which provides more active surface sites compared to TiO2 nanocrystals.
It further enhances the fast lithium ion transfer between electrode and electrolyte, which
leads to closure in deducing the charge transfer as shown in EIS results. Moreover, the
increase in tubular size to 12 μm as compared to conventional small sized tubes helped in
increasing the discharge capacities [20]. Doping of Fe-S, Fe, and S in TNTs increased the
interlayer spacing, thus favoring Li+ intercalation/de-intercalation as well. Fe-S doped
TNTs showed best results with exceptional increase in cycling and rate cycling discharge
capacities at exceptionally higher rates.

4. Conclusions

As a binder free anode, vertically aligned TNT layers with different dopants are
prepared and performed as LIBs anodes. Co-doping of Fe and S proved to be fruitful,
and amplified the storage performance to a comparable level to bare TNTs with notable
high rates and cycling stability. This was attributed to boosting the Li+ diffusion (D) and
deducing the charge transfer resistance (Rct). Moreover, the enhanced performance is due
to the well-ordered geometry with a high aspect ratio and improved crystallinity of the
TNT anodes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11112924/s1, Figure S1: (a) XRD results of amorphous and crystalline TNTs. The
diffraction peak of TiO2 amorphous annotate Ti metal. (b) XPS spectra for O 1s of Fe-S doped TNTs.
(c) XPS spectra for S+4and S-2 of Fe-S doped TNTs, Figure S2: (a–d) Cyclic voltammetry curves
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Abstract: Using density functional theory calculations, atomic and electronic structure of defects in
monolayer GeS were investigated by focusing on the effects of vacancies and substitutional atoms.
We chose group IV or chalcogen elements as substitutional ones, which substitute for Ge or S in
GeS. It was found that the bandgap of GeS with substitutional atoms is close to that of pristine GeS,
while the bandgap of GeS with Ge or S vacancies was smaller than that of pristine GeS. In terms of
formation energy, monolayer GeS with Ge vacancies is more stable than that with S vacancies, and
notably GeS with Ge substituted with Sn is most favorable within the range of chemical potential
considered. Defects affect the piezoelectric properties depending on vacancies or substitutional
atoms. Especially, GeS with substitutional atoms has almost the same piezoelectric stress coefficients
eij as pristine GeS while having lower piezoelectric strain coefficients dij but still much higher than
other 2D materials. It is therefore concluded that Sn can effectively heal Ge vacancy in GeS, keeping
high piezoelectric strain coefficients.

Keywords: germanium monosulfide (GeS); defect; formation energy; vacancy healing; electronic
structure; piezoelectric coefficients; DFT calculations; two-dimensional materials

1. Introduction

Since theoretically proposed graphene [1] was experimentally separated from
graphite [2], the research on graphene has been actively conducted because of its fast charge
mobility [3,4], good thermal conductivity [3,5], and so on. Such interest has expanded to
a variety of two-dimensional materials with sizable bandgap and outstanding electronic
properties, such as transition metal dichalcogenides (TMDs) [6–16] and black phosphorus
(BP) [17–20]. Since BP has been considered as a promising material for applications, group
IV monochalcogenides with a similar structure to BP, such as GeS, GeSe, SnS, and SnSe,
have also attracted attention. Interestingly, group IV monochalcogenides are more resistant
to oxidation than BP [21]. These materials, such as group IV monochalcogenides, can
be used in photovoltaics [22,23] and thermoelectrics [24–31]. In addition, the problem of
efficient energy storage [32–36] and very strong piezoelectric effect [37–39] have received
much attention. Especially, multi-layered GeS photodetectors exhibit device robustness,
photoswitching stability, and long-term durability [40]. Among MX (M = Ge, Sn; X = S, Se)
sheets, GeS sheet has the lowest activation barriers and holds Li atoms strongly with the
highest adsorption energies; at the same time, low, open-circuit voltage and higher capacity
can make it the best choice for Li-ion batteries [32,41]. The extraordinary sensitivity and
selectivity of GeS monolayer for NO2 molecules suggest that GeS monolayer is a potential
sensing material for NO2 gas [42]. Moreover, GeS monolayers are proposed as efficient
photocatalysts for water splitting [43–45].

In general, defects play an important role in determining electronic properties. In
2D materials, defects, such as edges, grain boundaries, strain, vacancies, substitutional
atoms, and dopants, can lead to localized electronic properties, which is different from the
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case of pristine 2D materials. These properties are sometimes beneficial ones or sometimes
harmful ones that should be removed. For example, mechanically isolated MoS2 shows
better mobility than chemically deposited MoS2 [46,47]. Furthermore, MoS2 samples
obtained using chemical vapor deposition, physical vapor deposition, and mechanical
delamination have about ten times lower mobility than theoretical expectations because
of the presence of grain boundaries or point defects [48]. Such defects can cause optical
properties to change. In MoS2, the shift of the first-order Raman mode is affected by the
concentration of S vacancies [49]. Moreover, intensive calculations related to defects and
modification of 2D materials have been reported [50–56].

On the other hand, the defects of group IV monochalcogenides have been actively
studied. For example, group IV monochalcogenides are more resistant to oxidation than
BP, which have the same structure with group IV monochalcogenides [21]. It was predicted
by simulation studies that the original bandgap can be recovered by substituting chalcogen
vacancies with oxygen. In terms of formation energy, Ge vacancies are more likely to form
than S vacancies, but there has been little discussion on how to heal Ge vacancies [21].
Therefore, further discussion is needed on how to effectively reduce and heal vacancies in
group IV monochalcogenides.

In this study, we investigate structural and electronic properties related to point
defects, such as Ge and S vacancies, in GeS that is one of group IV monochalcogenides.
Compared to pristine GeS, we focus on the change caused by vacancies and substitutional
atoms. Group IV elements, such C, Si, and Sn, are chosen as the substitutional atom of Ge,
while chalcogen elements, such as Se and Te, are chosen as that of S. Specifically, the focus
is on the case where the properties of defective GeS are restored by substitutional atoms.

2. Calculation Method

To understand the structural and electronic properties of group IV monochalcogenides,
we employed a first-principles approach based on the spin-polarized density functional
theory [57,58], as implemented in the Vienna ab-initio simulation package (VASP) [59,60],
which is used for calculations of density of states (DOS) and elastic and piezoelectric
coefficients. Note that spin-polarized calculations lead to no spin polarization for all
the systems considered. The core and valence electrons were treated with the projector-
augmented wave (PAW) [61] method. The exchange correlation energy is described by the
generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) [62]
functional. The Kohn-Sham orbitals are expanded in a plane-wave basis with a cutoff
energy of 400 eV. To model the pristine and defective GeS, the 3 × 3 supercells are periodic
in the monolayer plane, and large vacuum regions (12 Å) are included to impose periodic
boundary conditions in the perpendicular direction. The Brillouin zone (BZ) is sampled
using a Γ-centered 14 × 10 × 1 grid for the monolayer, following the scheme proposed by
Monkhorst-Pack [63]. The convergence criteria for electronic and ionic relaxations are 10−6

eV and 10−3 eV/Å, respectively. The charge transfers are calculated with decomposition of
charge density into atomic contributions by using the Bader charge analysis method [64].
To obtain the piezoelectric properties, the elastic coefficient Cij is calculated by using strain–
stress relationship (SSR) [65], and the piezoelectric stress coefficients eij are calculated by
the density functional perturbation theory (DFPT) method [66,67] by the VASP code.

3. Results and Discussion

3.1. Crystal Structure and Energetics

The pristine GeS is one of group IV monochalcogenide that has an orthorhombic
structure. Bulk GeS forms a Pnma − D16

2h space group and shows a lower symmetry
than bulk BP (Pnma − D18

2h) because it is composed of two kinds of atoms, unlike BP. If
the dimension is reduced to monolayer, the space group changes to Pmn21 − C7

2v. Such
difference in symmetry affects the piezoelectric coefficient, which will be discussed below
in Section 3.3. The in-plane lattice constants a = 4.54 Å, b = 3.63 Å are used as shown in
Figure 1. In this study, we use 3 × 3 supercell including about 12 Å vacuum.
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Figure 1. Structure and lattice parameters of the pristine GeS layer. Germanium and sulfur atoms are
represented by green and yellow balls, respectively. The 1 × 1 unit cell is marked with the red box.

Vacancies or substitutional atoms are introduced as defects, of which structures are
shown in Figure 2. Vacancies can occur at either S or Ge position. For S vacancy (VS), the
Ge atoms nearest to the S vacancy site gather inside the GeS layer, while for Ge vacancy
(VGe), the S atoms nearest to the Ge vacancy site move away. When foreign atoms are
introduced into vacancy sites, the structural changes occur: the substituting atoms for the
vacancy positions lie in the GeS plane or protrude from the plane, depending on their sizes.
If C atoms substitute for Ge atoms (CGe), the C atoms lie in the plane of GeS layer, while if
Sn atoms replaces Ge atoms (SnGe), the Sn atoms are placed slightly above the GeS plane.
For the same reason, if Te is placed in the S vacancy site (TeS), it is placed slightly above the
GeS plane. Note that in the case of CGe, the C atom binds to the surrounding S atoms, and
thus, the S atoms move too far towards C, breaking its bonds with Ge atoms.

To find out the stability of monolayer GeS with defects, we consider the formation
energy of the system with defects. The formation energy Ef ormation is defined as follows:

Ef ormation = Ede f ect − (Epristine + ∑ niμi) (1)

where Epristine is the total energy of pristine GeS, and Ede f ect is that of monolayer GeS
with defects (vacancies or substitutional atoms) at the Ge or S position. Here, ni is the
number of the i element that has been removed or introduced for substitution, and μi is the
corresponding chemical potential. Since only one element is removed or substitutes in the
3 × 3 supercell, the value of ni is −1 or +1. To measure the chemical potential, we used
the relation that μGeS ∼= μGe + μS, where μGeS means the total energy per formula unit in
pristine GeS. Since the systems under study are assumed to be in chemical and thermal
equilibrium with bulk, one may be able to use the bulk energy, i.e., the total energy per
atom of the specific bulk crystal, as the chemical potential [68–70]. That is, the chemical
potentials μi for substitutional atoms are calculated from their bulk structures. In the
Ge-rich environment, μGe is the total energy per atom in the diamond-structured solid
Ge, which enables one to calculate μS as μGeS − μGe. On the other hand, in an S-rich
environment, μS is the total energy per atom in α-S8 crystal, and thus, μGe is calculated as
μGeS − μS. The chemical potentials of chalcogen elements, such as Te and Se, are calculated
from the crystal structures of P3121 Te [71] and hexagonal Se [72–74], respectively.

The results of the formation energies as a function of chemical potential are represented in
Figure 3. Specifically, the formation energies are calculated at two points, such as Ge-rich and
S-rich environments for each line. For the case of vacancies, it is natural that VS has difficulty in
creating in S-rich environment, while VGe has difficulty making a Ge-rich environment. The
formation energy of VGe is smaller than that of VS except for the chemical potential range around
Ge-rich environment, so it is considered that VGe is more likely to be found than VS in relatively
wider range of chemical potential considered. Indeed, it is experimentally expected that VGe is
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more frequently observed than VS. A remarkable point is that the formation energy of SnGe
is negative for any value of chemical potential between in S-rich and Ge-rich environments,
which implies that SnGe is energetically favorable and forms spontaneously in the presence
of Ge vacancies and Sn atoms. Such Sn substitution may play an important role in effective
vacancy healing. In addition, SiGe has negative formation energy in an S-rich environment.
In contrast, the formation energies of CGe are relatively large, positive values in the chemical
potential range considered, leading to its instability.

 

Figure 2. Structures of (a) Ge vacancy (VGe) and (b) substitutional C (CGe), (c) substitutional Si (SiGe), and (d) substitutional
Sn (SnGe) for Ge vacancy; structures of (e) S vacancy (VS) and (f) substitutional Se (SeS) and (g) substitutional Te (TeS) for S
vacancy. For perspective views of atomic structures of pristine and defective GeS are shown in Figure S1.

Figure 3. Formation energies of defected structures as a function of chemical potential. Especially,
the formation energy of SnGe is negative for S-rich and Ge-rich conditions, which implies that SnGe is
energetically favorable.
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3.2. Electronic Properties

To study the electronic structure of defective GeS, we calculated density of states
(DOS) of GeS. Figure 4 shows total DOS and partial DOS (PDOS) for (a) pristine GeS and
defective GeS with (b) VS; (c) SeS and TeS; (d) VGe; and (e) CGe, SiGe, and SnGe. Here, the
black line represents total DOS, while colored lines represent PDOS corresponding to the
same-colored atoms drawn in dark in the inset. The bandgap of pristine GeS is 1.76 eV,
which is listed in Table 1 along with the bandgaps of defective GeS. When vacancies are
introduced, the bandgaps become smaller for the cases of both VGe and VS, of which
bandgaps are 0.04 eV and 1.04 eV, respectively. Defects such as VGe and VS present vacancy
states inside the forbidden band region of pristine GeS, leading to the doping effect. This
agrees well with previous research results [21]. Refer to Figure S2 for band structures of
pristine and defective GeS.

Figure 4. Total DOS and PDOS of monolayer pristine GeS and defective GeS: (a) pristine GeS, (b) GeS with vacancy at
S site (VS), (c) GeS with substitutional atoms at S site (SeS and TeS), (d) GeS with vacancy at Ge site (VGe), and (e) GeS
with substitutional atoms at Ge site (CGe, SiGe, SnGe). The black line represents total DOS, while the colored PDOS lines
represents contributions by the atoms shown in the same color in the inset.

Table 1. Bandgaps obtained from DFT calculations for GeS without and with defect.

Pristine GeS VGe VS CGe SiGe SnGe SeS TeS
Pristine GeS

DFT [75]/Exp [76,77]

EG (eV) 1.76 0.04 1.04 1.26 1.60 1.71 1.71 1.63 1.65/1.65, 1.70–1.96
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For the case of VS, the vacancy state in PDOS of VS is located just below the Fermi
energy, which makes the bandgap become narrower and act as a donor state. The vacancy
state is created by adjacent Ge atoms surrounding S vacancy. The contribution to the
vacancy state by the Ge atoms amounts to the most portion of vacancy state. Structurally,
when VS forms, three surrounding Ges gather to be close each other and thus contribute
to the formation of the vacancy state, while atoms farther away from S vacancy do not
contribute the vacancy state. In contrast, in the case of VGe, a relatively wider vacancy state
appears just above the Fermi energy acting as an acceptor state. In addition, it is difficult
to say that the states just below the Fermi energy are made only by the contributions of
adjacent atoms.

When the substitutional atom is introduced for either Ge site or S site, the bandgap
becomes larger than those of both cases of VGe and VS and has a value close (within
~10%) to that of pristine GeS, as shown in Table 1. When S is substituted with Se or Te, the
structural properties are almost the same as that of pristine GeS because S, Se, and Te belong
to the same group, which makes the electronic properties, such as bandgap value, almost
similar. Similarly, when Ge is substituted with Si and Sn, it is likewise the case. However,
in case of CGe, as mentioned earlier in the structural description, the S atoms around the
substituted C atom become closer to the C atom and further away from outer Ge atoms, so
CGe may have an electronic structure similar to VS. Especially, considering the formation
energy discussed above, SnGe is energetically most stable among the substitutional cases,
so when Ge is substituted with Sn to replace Ge in GeS, the original electronic properties of
pristine GeS are almost recovered.

It is worthwhile to ask whether the band gaps of pristine and defective GeS are direct
or indirect. Pristine monolayer GeS has an indirect band gap, which has been already
reported in many previous studies [75–77]. Comparison of PDOS profiles between pristine
and substitutional GeS except CGe shows similarities to each other, which makes one expect
that substitutional GeS except CGe have indirect band gaps like the pristine case. This
can be confirmed by the band structure plots shown in Figure S2. For VGe, VS and CGe,
the PDOS profiles are much changed from that of the pristine case. For detailed band
structures, including the locations of the valence band minimum (VBM) and conduction
band minimum (CBM), see Figure S2: the band gaps of VGe, VS and CGe are indirect.

Based on the Bader charge analysis, we found charge transfers between the substitu-
tional atom and neighboring atoms. For Ge-substituted cases, Si loses 0.36e to neighboring
S atoms, while C and Sn gain 2.55e and 0.11e from them, respectively. Note that a relatively
large gain occurs for C due to large deformation around C. For S-substituted cases, Se
and Te lose 1.28e and 1.62e to neighboring Ge atoms, respectively. In the cases of Ge or S
vacancies, the S atoms nearest to the Ge vacancy site lose 0.25e per S, while the Ge atoms
nearest to S vacancy site gain 0.62e per Ge compared to the pristine case.

3.3. Piezoelectric Properties

Since the piezoelectric property is a ground-state one, DFT is a useful tool for predict-
ing those properties, and a great deal of previous studies on GaN [78] and MoS2 [79,80]
show high agreement between DFT and experiments. As mentioned earlier, monolayer
GeS belongs to monolayer group IV monochalcogenides, which belongs to Pmn21 − C7

2v
space group. Because of the prediction that this group has strong piezoelectric properties
using DFT [37,38], the group has received a great deal of attention and has been followed
by related subsequent studies. Specifically, there have been attempts to maximize the piezo-
electric effects by slightly modifying the structure of group IV monochalcogenides, but the
piezoelectric effect has not been greatly increased [39]. Here, we investigated how defects
influence the piezoelectric properties of GeS depending on vacancies or substitutional
atoms. In particular, based on the formation energy results, the more stable cases (SnGe,
SeS) among the substitutions of Ge or S with foreign atoms in GeS are considered.
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To know the piezoelectric properties, we calculated the elastic coefficients Cij and further
piezoelectric coefficients by using VASP [65–67]. The elastic energy Δu is defined by

Δu
6

∑
i=1

6

∑
j=1

1
2

Cijεiε j (2)

where Cij is the elastic coefficient, and εi is the strain in the i direction in Voigt notation [81].
Since we dealt with 2D monolayer GeS, the elastic energy Δu is given as energy per unit
area. The number of 36 components in Δu can be reduced by considering the structural
symmetry. Orthorhombic structure needs just nine independent elements [82]: C11, C22,
C33, C44, C55, C66, C12, C13, and C23. For monolayer GeS, only in-plane directions are
considered with the restriction that angles between lattice vectors do not change. Then,
only C11, C22, and C12 need to be considered among nine elastic coefficients. The elastic
energy expression is now reduced to

Δu =
1
2

C11ε2
1 +

1
2

C22ε2
2 + C12ε1ε2, (3)

The calculation results for elastic coefficients are listed in Table 2, where only the
results for the relaxed-ion case that can be compared with the experiment are given along
with the values from previous studies for pristine GeS and MoS2 for comparison. It was
found that the present results agree well with the previous theoretical calculations.

Table 2. Elastic coefficients for pristine GeS, GeS with vacancies (VGe, VS), and GeS with substitutional atoms (SnGe, SeS)
compared with previous studies for pristine GeS and MoS2.

Pristine GeS VGe VS SnGe SeS Pristine GeS [33]/[34] MoS2

C11(N/m) 13.28 11.01 11.84 14.15 13.95 15.24/20.87 129.94/130 [53]
C22(N/m) 44.28 42.74 43.76 48.87 49.16 45.83/53.40 130.57/130 [53]
C12(N/m) 18.71 12.13 16.11 19.09 19.26 21.62/22.22 32.03/32 [53]

Next, we calculated piezoelectric stress coefficients eij, showing how polarization
changes with strain. The piezoelectric stress coefficients eij are given by

eij =
∂Pi
∂ε j

(4)

The calculation results are listed in Table 3. Note that VGe and VS have different
piezoelectric stress coefficients from each other. VGe has piezoelectric stress coefficients e11
and e12 larger by 36% and 81% than those of pristine GeS, respectively. VS has e11 close
to (slightly smaller than) that of pristine GeS while having smaller e12 by 20%. However,
SnGe and SeS have e11 and e12 close to those of pristine GeS, which means that they will
experience similar polarization changes for similar distortions.

Table 3. Piezoelectric stress coefficients eij for pristine GeS, GeS with vacancies (VGe, VS), and GeS with substitutional atoms
(SnGe, SeS) compared with previous studies for pristine GeS and MoS2.

Pristine GeS VGe VS SnGe SeS Pristine GeS [33]/[34] MoS2

e11

(
C/Å

)
5.84 7.92 5.72 5.94 5.83 7.28/4.6 3.66/3.64 [53]

e12

(
C/Å

)
−4.59 −8.29 −3.67 −4.36 −4.51 −4.97/−10.1 −3.67/−3.64 [53]

On the other hand, the relationship between dij, Cij, and eij is given by

eij = ∑ dikCkj (5)
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where eij or dij are piezoelectric (stress or strain) coefficients that represent how polariza-
tion changes when strain or stress is changed, respectively. Note that both piezoelectric
coefficients eij and dij are connected by elastic constants Cij, showing how stress is induced
with strain. Since it is sometimes convenient to use dij (change of polarization depending
on stress), we found dij from Equation (5). The results for piezoelectric strain coefficients
dij are listed in Table 4. VGe has piezoelectric strain coefficient d11 close (within 6%) to
pristine GeS, and VS, SnGe, and SeS have smaller d11 by 17~21%, while all defective GeS’s
have smaller d12 by 19~27%. Based on these results, it was found that VGe has larger eij
and dij values than VS.

Table 4. Piezoelectric strain coefficients dij for pristine GeS, GeS with vacancies (VGe, VS), and GeS with substitutional
atoms (SnGe, SeS) compared with previous studies for pristine GeS and MoS2.

Pristine GeS VGe VS SnGe SeS Pristine GeS [33]/[34] MoS2

d11(pm/V) 144.71 135.75 119.66 114.19 118.62 190.92/75.43 3.74/3.73 [53]
d12(pm/V) −71.51 −57.92 −52.44 −53.53 −55.64 −100.91/−50.42 −3.73/−3.73 [53]

From the results listed in Tables 2–4, it is worthwhile to emphasize the relation
between dij, Cij, and eij: SnGe and SeS have larger elastic constants than those of pristine
GeS. Especially, for SnGe and SeS, the larger value of C22 by ~10% makes them have smaller
piezoelectric strain coefficients d11 and d12 even though they have piezoelectric stress
coefficients e11 and e12 close to those of pristine GeS. Note that even defective GeS have
larger piezoelectric strain coefficients dij by one or two orders of magnitude than other bulk
piezoelectric materials, which are frequently used ones, such as α-quartz [83] and wurtzite
AlN [84], and recently emerging 2D materials, such as MoS2 [79] and GaSe [85]. Such
larger piezoelectric coefficients can be used for devices applications. For better applications
of piezoelectric properties of defective materials with vacancies or substitutional atoms,
detailed experimental studies elucidating the relation between dij, Cij, and eij are needed.

4. Conclusions

We have studied the effects of defects on atomic and electronic structure in monolayer
GeS. Vacancies in GeS create doping states, which are located just above or below the
Fermi energy. Such vacancy states disappear, and the original bandgap of pristine GeS is
recovered when the vacancies are substituted with foreign atoms. In terms of the formation
energy, GeS with Ge replaced by Sn is found to be energetically most favorable in both
S-rich and Ge-rich environments among all the defective GeS cases considered. Defective
GeS has smaller piezoelectric strain coefficients dij by 20–30% than pristine GeS except for
d11 of VGe, but these values (dij) are much larger than those of other piezoelectric materials.
Moreover, piezoelectric stress coefficients eij of GeS with substitutional atoms are almost
the same as those of pristine GeS. Therefore, it is concluded that substitutional atoms act as
vacancy healers to help restore the properties of pristine GeS; Especially, the Sn substitution
would make GeS with Ge vacancies stable and allow it to be utilized for applications in
sensitive devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11112960/s1, Figure S1: Perspective views of atomic structures of pristine and defective
GeS; Figure S2: Band structures of pristine and defective GeS.

Author Contributions: Conceptualization, S.H.; data curation, formal analysis, and investigation, H.-
K.C., J.C., C.-G.C., J.K. and S.H.; writing, H.-K.C., J.K. and S.H.; funding acquisition, S.H.; supervision,
S.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Global Research and Development Center Program (2018K1
A4A3A01064272) and Basic Science Research Program (2021R1A4A1031900) through the NRF grant
funded by the Korea government (MSIT).

421



Nanomaterials 2021, 11, 2960

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

References

1. Wallace, P.R. The Band Theory of Graphite. Phys. Rev. 1947, 71, 622. [CrossRef]
2. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric Field Effect

in Atomically Thin Carbon Films. Science 2004, 306, 666. [CrossRef]
3. Neto, A.H.C.; Guinea, F.; Peres, N.M.R.; Novoselov, K.S.; Geim, A.K. The electronic properties of graphene. Rev. Mod. Phys. 2009,

81, 109–162. [CrossRef]
4. Banszerus, L.; Schmitz, M.; Engels, S.; Dauber, J.; Oellers, M.; Haupt, F.; Watanabe, K.; Taniguchi, T.; Beschoten, B.; Stampfer, C.

Ultrahigh-mobility graphene devices from chemical vapor deposition on reusable copper. Sci. Adv. 2015, 1, e1500222. [CrossRef]
5. Pop, E.; Varshney, V.; Roy, A.K. Thermal properties of graphene: Fundamentals and applications. MRS Bull. 2012, 37, 1273–1281.

[CrossRef]
6. Chhowalla, M.; Shin, H.S.; Eda, G.; Li, L.-J.; Loh, K.; Zhang, H. The chemistry of two-dimensional layered transition metal

dichalcogenide nanosheets. Nat. Chem. 2013, 5, 263–275. [CrossRef] [PubMed]
7. Wang, Q.H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J.; Strano, M.S. Electronics and optoelectronics of two-dimensional transition

metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699–712. [CrossRef]
8. Lv, R.; Robinson, J.A.; Schaak, R.E.; Sun, D.; Sun, Y.; Mallouk, T.E.; Terrones, M. Transition Metal Dichalcogenides and Beyond:

Synthesis, Properties, and Applications of Single- and Few-Layer Nanosheets. Accounts Chem. Res. 2015, 48, 56–64. [CrossRef]
[PubMed]

9. Mak, K.F.; Shan, K.F.M.J. Photonics and optoelectronics of 2D semiconductor transition metal dichalcogenides. Nat. Photonics
2016, 10, 216–226. [CrossRef]

10. Cha, J.; Min, K.-A.; Sung, D.; Hong, S. Ab initio study of adsorption behaviors of molecular adsorbates on the surface and at the
edge of MoS 2. Curr. Appl. Phys. 2018, 18, 1013–1019. [CrossRef]

11. Kim, J.; Choi, C.-G.; Min, K.-A.; Cho, K.; Hong, S. Effect of atomic passivation at Ni-MoS2 interfaces on contact behaviors. Curr.
Appl. Phys. 2020, 20, 132–136. [CrossRef]

12. Min, K.-A.; Park, J.; Wallace, R.; Cho, K.; Hong, S. Reduction of Fermi level pinning at Au–MoS 2 interfaces by atomic passivation
on Au surface. 2D Mater. 2016, 4, 015019. [CrossRef]

13. Zhang, Z.Y.; Si, M.S.; Wang, Y.H.; Gao, X.P.; Sung, D.; Hong, S.; He, J. Indirect-direct band gap transition through electric tuning
in bilayer MoS2. J. Chem. Phys. 2014, 140, 174707. [CrossRef] [PubMed]

14. Santosh, K.C.; Zhang, C.; Hong, S.; Wallace, R.M.; Cho, K. Phase stability of transition metal dichalcogenide by competing ligand
field stabilization and charge density wave. 2D Mater. 2015, 2, 035019. [CrossRef]

15. Zhang, C.; Gong, C.; Nie, Y.; Min, K.-A.; Liang, C.; Oh, Y.J.; Zhang, H.; Wang, W.; Hong, S.; Colombo, L.; et al. Systematic study of
electronic structure and band alignment of monolayer transition metal dichalcogenides in Van der Waals heterostructures. 2D
Mater. 2016, 4, 015026. [CrossRef]

16. Zhang, C.; Kc, S.; Nie, Y.; Liang, C.; Vandenberghe, W.G.; Longo, R.C.; Zheng, Y.; Kong, F.; Hong, S.; Wallace, R.M.; et al. Charge
Mediated Reversible Metal–Insulator Transition in Monolayer MoTe2 and WxMo1–xTe2 Alloy. ACS Nano 2016, 10, 7370–7375.
[CrossRef]

17. Fei, R.; Yang, L. Strain-Engineering the Anisotropic Electrical Conductance of Few-Layer Black Phosphorus. Nano Lett. 2014, 14,
2884–2889. [CrossRef]

18. Qiao, J.; Kong, X.; Hu, Z.-X.; Yang, F.; Ji, W. High-mobility transport anisotropy and linear dichroism in few-layer black
phosphorus. Nat. Commun. 2014, 5, 4475. [CrossRef]

19. Li, L.; Yu, Y.; Ye, G.J.; Ge, Q.; Ou, X.; Wu, H.; Feng, D.; Chen, X.H.; Zhang, Y. Black phosphorus field-effect transistors. Nat.
Nanotechnol. 2014, 9, 372–377. [CrossRef]

20. Liu, Q.; Zhang, X.; Abdalla, L.B.; Fazzio, A.; Zunger, A. Switching a Normal Insulator into a Topological Insulator via Electric
Field with Application to Phosphorene. Nano Lett. 2015, 15, 1222–1228. [CrossRef]

21. Gomes, L.C.; Carvalho, A.; Neto, A.H.C. Vacancies and oxidation of two-dimensional group-IV monochalcogenides. Phys. Rev. B
2016, 94, 054103. [CrossRef]

22. Haq, B.U.; AlFaify, S.; Ahmed, R.; Butt, F.K.; Laref, A.; Shkir, M. Exploring single-layered SnSe honeycomb polymorphs for
optoelectronic and photovoltaic applications. Phys. Rev. B 2018, 97, 075438. [CrossRef]

23. Xia, C.; Du, J.; Xiong, W.; Jia, Y.; Wei, Z.; Li, J. A type-II GeSe/SnS heterobilayer with a suitable direct gap, superior optical
absorption and broad spectrum for photovoltaic applications. J. Mater. Chem. A 2017, 5, 13400–13410. [CrossRef]

24. Hu, Z.-Y.; Li, K.-Y.; Lu, Y.; Huang, Y.; Shao, X.-H. High thermoelectric performances of monolayer SnSe allotropes. Nanoscale 2017,
9, 16093–16100. [CrossRef]

25. Zhao, L.-D.; Lo, S.-H.; Zhang, Y.S.; Sun, H.; Tan, G.H.; Uher, C.; Wolverton, C.M.; Dravid, V.P.; Kanatzidis, M.G. Ultralow thermal
conductivity and high thermoelectric figure of merit in SnSe crystals. Nat. Cell Biol. 2014, 508, 373–377. [CrossRef]

26. Zhao, L.D.; Tan, G.; Hao, S.; He, J.; Pei, Y.; Chi, H.; Wang, H.; Gong, S.; Xu, H.; Dravid, V.P.; et al. Ultrahigh power factor and
thermoelectric performance in hole-doped single-crystal SnSe. Science 2016, 351, 141–144. [CrossRef]

27. Shi, G.; Kioupakis, E. Quasiparticle band structures and thermoelectric transport properties of p-type SnSe. J. Appl. Phys. 2015,
117, 065103. [CrossRef]

422



Nanomaterials 2021, 11, 2960

28. Solanki, G.K.; Deshpande, M.P.; Agarwal, M.K.; Patel, P.D.; Vaidya, S.N. Thermoelectric power factor measurements in GeSe
single crystals grown using different transporting agents. J. Mater. Sci. Lett. 2003, 22, 985–987. [CrossRef]

29. Chen, C.-L.; Wang, H.; Chen, Y.-Y.; Day, T.; Snyder, G.J. Thermoelectric properties of p-type polycrystalline SnSe doped with Ag.
J. Mater. Chem. A 2014, 2, 11171–11176. [CrossRef]

30. Tan, Q.; Zhao, L.-D.; Li, J.-F.; Wu, C.-F.; Wei, T.-R.; Xing, Z.-B.; Kanatzidis, M.G. Thermoelectrics with earth abundant elements:
Low thermal conductivity and high thermopower in doped SnS. J. Mater. Chem. A 2014, 2, 17302–17306. [CrossRef]

31. Zhu, H.; Sun, W.H.; Armiento, R.; Lazic, P.; Ceder, G. Band structure engineering through orbital interaction for enhanced
thermoelectric power factor. Appl. Phys. Lett. 2014, 104, 082107. [CrossRef]

32. Ji, Y.; Dong, H.; Yang, M.; Hou, T.; Li, Y. Monolayer germanium monochalcogenides (GeS/GeSe) as cathode catalysts in
nonaqueous Li–O2batteries. Phys. Chem. Chem. Phys. 2017, 19, 20457–20462. [CrossRef] [PubMed]

33. Kim, H.; Son, Y.; Lee, J.; Lee, M.; Park, S.; Cho, J.; Choi, H.C. Nanocomb Architecture Design Using Germanium Selenide as
High-Performance Lithium Storage Material. Chem. Mater. 2016, 28, 6146–6151. [CrossRef]

34. Lee, D.-H.; Park, C.-M. Tin Selenides with Layered Crystal Structures for Li-Ion Batteries: Interesting Phase Change Mechanisms
and Outstanding Electrochemical Behaviors. ACS Appl. Mater. Interfaces 2017, 9, 15439–15448. [CrossRef]

35. Guo, Y.; Wei, Y.; Li, H.; Zhai, T. Layer Structured Materials for Advanced Energy Storage and Conversion. Small 2017, 13.
[CrossRef] [PubMed]

36. Li, W.; Sun, X.; Yu, Y. Si-, Ge-, Sn-Based Anode Materials for Lithium-Ion Batteries: From Structure Design to Electrochemical
Performance. Small Methods 2017, 1. [CrossRef]

37. Gomes, L.C.; Carvalho, A.; Neto, A.H.C. Enhanced piezoelectricity and modified dielectric screening of two-dimensional group-IV
monochalcogenides. Phys. Rev. B 2015, 92, 214103. [CrossRef]

38. Fei, R.; Li, W.; Li, J.; Yang, L. Giant piezoelectricity of monolayer group IV monochalcogenides: SnSe, SnS, GeSe, and GeS. Appl.
Phys. Lett. 2015, 107, 173104. [CrossRef]

39. Hu, T.; Dong, J. Two new phases of monolayer group-IV monochalcogenides and their piezoelectric properties. Phys. Chem. Chem.
Phys. 2016, 18, 32514–32520. [CrossRef]

40. Ulaganathan, R.K.; Lu, Y.-Y.; Kuo, C.-J.; Tamalampudi, S.R.; Sankar, R.; Boopathi, K.M.; Anand, A.; Yadav, K.; Mathew, R.J.; Liu,
C.-R.; et al. High photosensitivity and broad spectral response of multi-layered germanium sulfide transistors. Nanoscale 2016, 8,
2284–2292. [CrossRef]

41. Zhou, Y. MX (M = Ge, Sn; X = S, Se) sheets: Theoretical prediction of new promising electrode materials for Li ion batteries. J.
Mater. Chem. A 2016, 4, 10906–10913. [CrossRef]

42. Wang, S.-G.; Tan, C.-J.; Yang, Q.; Xu, Y.-X.; Li, S.-L.; Chen, X.-P. A Novel Ultra-Sensitive Nitrogen Dioxide Sensor Based on
Germanium Monosulfide Monolayer. IEEE Electron. Device Lett. 2017, 38, 1590–1593. [CrossRef]

43. Ju, L.; Dai, Y.; Wei, W.; Li, M.; Huang, B. DFT investigation on two-dimensional GeS/WS2 van der Waals heterostructure for
direct Z-scheme photocatalytic overall water splitting. Appl. Surf. Sci. 2018, 434, 365–374. [CrossRef]

44. Chowdhury, C.; Karmakar, S.; Datta, A. Monolayer Group IV–VI Monochalcogenides: Low-Dimensional Materials for Photocat-
alytic Water Splitting. J. Phys. Chem. C 2017, 121, 7615–7624. [CrossRef]

45. Lv, X.; Wei, W.; Sun, Q.; Li, F.; Huang, B.; Dai, Y. Two-dimensional germanium monochalcogenides for photocatalytic water
splitting with high carrier mobility. Appl. Catal. B Environ. 2017, 217, 275–284. [CrossRef]

46. Liu, H.; Si, M.; Najmaei, S.; Neal, A.; Du, Y.; Ajayan, P.M.; Lou, J.; Ye, P.D. Statistical Study of Deep Submicron Dual-Gated
Field-Effect Transistors on Monolayer Chemical Vapor Deposition Molybdenum Disulfide Films. Nano Lett. 2013, 13, 2640–2646.
[CrossRef] [PubMed]

47. Yu, Z.; Pan, Y.; Shen, Y.; Wang, Z.; Ong, Z.-Y.; Xu, T.; Xin, R.; Pan, L.; Wang, B.; Sun, L.; et al. Towards intrinsic charge transport in
monolayer molybdenum disulfide by defect and interface engineering. Nat. Commun. 2014, 5, 5290. [CrossRef] [PubMed]

48. Kaasbjerg, K.; Thygesen, K.S.; Jacobsen, K.W. Phonon-limited mobility inn-type single-layer MoS2from first principles. Phys. Rev.
B 2012, 85. [CrossRef]

49. Parkin, W.; Balan, A.; Liang, L.; Das, P.M.; Lamparski, M.; Naylor, C.H.; Rodríguez-Manzo, J.A.; Johnson, A.T.C.; Meunier, V.;
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Abstract: Magnetic iron oxide nanoparticles (MIONPs) were synthesized using tannic acid and
characterized by Raman, FTIR, UV, and DRX spectroscopy. In a heterogeneous Fenton-like reaction,
the catalytic peroxidase-like activity of MIONPs in the degradation of Acid Red 1 (AR 1) dye was
investigated. TEM/STEM was used to determine the quasi-spherical morphology and particle size
(3.2 nm) of the synthesized MIONPs. The XRD powder patterns were indexed according to the
reverse spinel structure of magnetite, and SEM-EDS analysis confirmed their chemical composition.
At pH = 3.5, the decomposition of H2O2 in hydroxyl radicals by MIONPs results in high AR 1
degradation (99%). This behavior was attributed to the size and surface properties of the MIONPs.
Finally, the Surface Enhanced Raman Spectroscopy (SERS) technique detected intermediary com-
pounds in the degradation process.

Keywords: magnetite; peroxidase activity; SERS

1. Introduction

The textile industry represents two-thirds of the use of dyes resulting in one of the
main sources of contamination. Due to the high concentration of dye in the wastewater
from these installations, it is not easy to treat it satisfactorily. It is estimated that 2% of the
colorants are discharged directly into the aqueous effluent [1]. Azo-type dyes are the most
commonly used polluting compounds, accounting for 70% of the total. Notably, the acid red
1 (AR 1) dye is among the 11 non-biodegradable azo compounds listed [2]. Nowadays, the
importance of this type of dye increases in the field of biomedicine, electronics, and
energy because dyes can absorb visible electromagnetic radiation with high efficiency.
As a result, removing the non-biodegradable dye is a significant environmental issue.
These compounds can be found in the aquatic environment, and they are poisonous to
both marine and human organisms. Besides, they are mutagenic and carcinogenic [3].
For decades, there has been a growing interest in removing these difficult-to-remove
compounds [4,5]. However, new technology is required to complete the mineralization of
various dyes while minimizing their impact on the environment and humans.

Nanotechnology is one of the fastest-growing and emerging research areas today.
Problems related to water quality can be solved or improved through it. The synthesis
of nanoparticles is an economical, effective, efficient, and sustainable alternative. Its use
makes treatment processes less polluting than traditional methods [6,7]. In recent decades,
magnetic iron oxide nanoparticles (MIONPs) have sparked interest in catalytic wet perox-
ide oxidation (CWPO) or Fenton heterogeneous oxidation. The potential of these materials
stems from their more remarkable ability to degrade recalcitrant contaminants, which
involves the generation of hydroxyl radicals in sufficient quantities to allow oxidation [8,9].
The hydroxyl radical constitutes one of the most powerful oxidants (E0 = 2.73 V), and
is much stronger than other conventional oxidizing species such as hydrogen peroxide
(E0 = 1.31 V) or ozone (E0 = 1.52 V) [10]. MIONPs represent a promising alternative to
the conventional catalysts used in CWPO due to their higher activity, easy recovery, and
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further reusability. In this context, one of the most critical challenges in CWPO is the
development of more active and stable catalysts. Several studies on the degradation of re-
calcitrant dyes using MIONPs have been published [10]. Iron oxide nanoparticles have also
been supported on various porous materials to improve their efficiency in heterogeneous
Fenton-like catalysis [11]. Other studies have used ultrasonic radiation to improve the
degradation efficiency of dyes [12]. The peroxidase-like activity of magnetite nanoparticles
to generate hydroxyl radicals, in particular, has been extensively studied in the degradation
of molecules [13]. However, its study on the degradation of recalcitrant contaminants
continues to be of great interest due to being one of the most cost-effective CWPO.

This work describes an accessible synthesis of magnetic iron oxide nanoparticles
(MIONPs) utilizing tannic acid, a water-soluble polyphenol frequently found in herbaceous
and woody plants [14]. Furthermore, the peroxidase-like activity of synthesized MIONPs
in the oxidative degradation of acid red 1 dye was investigated. The quantification of
hydrogen peroxide generation confirmed that AR 1 was degraded by hydroxyl radicals.
Finally, the SERS technique was used to characterize the intermediate compounds in the
degradation process.

2. Materials and Methods

2.1. Materials

All chemical reagents and solvents were purchased from Merck KGaA, Darmstadt,
Germany. Deionized water Millipore was used for NPs formation, and all degradation
experiments were performed with ultrapure water. The acid red 1 solution was prepared
fresh before each experiment to ensure the accuracy of the experimental data. The pH of
the solution was adjusted using NaOH or HCl solution (5%).

2.2. Synthesis of MIONPs

Magnetic Iron oxide nanoparticles (MIONPs) were synthesized by dissolving 0.8 g
(3 mmol) of iron (III) chloride hexahydrate (FeCl3·6H2O) in 20 mL of deionized water to
which the capping agent was added: 0.25 g of tannic acid (0.14 mmol) dissolved in 20 mL
of deionized water. The solution immediately produces a black-colored solution, which
was mechanically stirred at 250 rpm. The pH of the solution was then adjusted to 7.6 ± 0.2
by adding NaOH solution drop by drop. The result was the formation of a magnetic black
precipitate. The solid was washed three times with deionized water (40 mL) to remove
the salts, once with acetone to remove residual water, and three times with ethanol to
eliminate the organic matter. All washes were accomplished with the assistance of an
external magnetic field to separate the liquid from the solid. Finally, the black solid was
dried at 80 ◦C for two hours and used immediately for degradation tests.

2.3. Characterization Techniques

Morphological and size study of the nanoparticles was analyzed by field emission
transmission electron microscopy (TEM/STEM, JEOL JEM-2010 FEG, Akishima, Tokyo,
Japan) operating at 200 kV. A drop of the solution (NPs dispersed in EtOH) was placed
on a carbon-coated copper grid to prepare the sample. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) was performed on MIONPs using
a TESCAN MIRA 3 GMU microscope from Brno—Kohoutovice, Czech Republic; coupled
with energy dispersive X-ray analysis (Brucker). A drop of the solution of NPs dispersed
was placed on carbon tape to create the sample. The X-ray diffraction (XRD) patterns of
the synthesized nanoparticles were recorded using a Rigaku Miniflex DMAX 2200 X-ray
diffractometer, Austin, TX, USA. The solid was subjected to Cu Kα radiation (1.54 Å)
with graphite monochromator in the 2θ range of 5–80◦. For the characterization by UV-
vis spectrophotometry, the solid was dispersed in ethanol with the help of ultrasonic
vibrations. The solution was analyzed using an Ocean View UV-vis spectrophotometer,
Orlando, FL, USA. FTIR spectroscopy was used to characterize the nanoparticles using a
Bruker ATR-FTIR spectrometer Alpha II, Ettlingen, Germany. Raman spectroscopy using a
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confocal microscope Raman Bruker SENTERRA II from Ettlingen, Germany, confirmed the
composition and crystallographic phase of Iron NPs. A low laser power (1 mW) was used
to avoid sample degradation due to laser heating. The accumulation time was 10,000 ms.
Bleaching of 1 mW and 100 ms was performed to attenuate the fluorescence of the sample.
A power of 25 mW and an integration time of 20,000 ms were used for the samples analyzed
by the SERS technique.

2.4. Degradation Procedure

The pH effect on dye degradation was studied by adjusting the starting pH of the AR
1 solution at a concentration of 50 mg/L. AR 1 solution was carried to a pH = 3.5, 4.5, 6.5,
8.5, and 10.5 using either solution of HCl or NaOH (5%). MIONPs (2 g/L) were dispersed
in AR 1 solution (50 mL) using ultrasonic vibrations for 5 s. A 2 mM concentration of H2O2
was then added to begin heterogeneous Fenton-like catalysis. This amount was found
to be the bare minimum required to initiate the peroxidase-like activity of MIONPs. The
oxidation process was carried out in the absence of light. The absorbance was measured
at 505.06 nm after 60 min of treatment. On the other hand, the degradation of AR 1 was
investigated according to the treatment time. For this, 50 mL of a 200 mg/L solution was
prepared. This concentration required a minimum of 4 g/L of MIONPs to start the catalytic
oxidation. At the end of the process, MNIONPs were removed from the solution using a
magnet. After the first degradation cycle, the solid was dried at 90 ◦C and immediately
reused for the second cycle of degradation under the same conditions.

2.5. UV-Vis Spectroscopic Analysis

The concentration of AR 1 was measured at 505.06 nm by UV-vis spectrophotometry,
using an Ocean View UV-Vis spectrophotometer. Besides, the concentration of H2O2 during
the degradation process was quantified using titanium sulfate spectrophotometry [15].
The absorbance of this solution was measured at 400.13 nm. Previously, a calibration
plot based on Beer–law Lambert’s equation was established by relating the absorption
to AR 1 and the hydrogen peroxide concentration. AR 1 dye degradation efficiency (%)
was calculated using equation 1, where Ci is the initial concentration, and Cf is the final
concentration of solution after degradation:

Degradation (%) =
(Ci − Cf)

Ci
· 100 (1)

3. Results and Discussion

3.1. Characterization of MIONPs

The morphology and size of the synthesized MIONPs were analyzed by TEM/STEM
images (Figure 1). Figure 1a,b shows TEM images of nanoparticles with a quasi-spherical
morphology and a size of about 3 nm. MIONPs can aggregate and form large particles due
to their strong anisotropy dipolar [16], so certain needle forms are observed in Figure 1c.
Using the Digital Micrograph (DM) software 3.7 Gatan, Pleasanton, CA, USA, one large
aggregate (Figure 1d) was analyzed and digitally processed to obtain fast Fourier trans-
form (FFT). The bright circular rings indicate the polycrystalline phase in the selected area
electron diffraction (SAED) patterns. The spaced-resolved lattice fringes with an inter-
planar distance of 0.25 nm agree well with the lattice spacing of Fe3O4 (311) planes [11].
Figure 1e,f shows the STEM analysis of NPs; these images revealed a better quasi-spherical
morphology. The size of NPs in Figure 1d was analyzed to perform a histogram employing
the DM software, which confirms an average size of 3.2 nm.
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Figure 1. (a–d) TEM images and (e–f) STEM images of synthesized MIONPs.

The SEM image is seen in Figure 2a with its point EDS analysis applied in the box
marked. The EDS spectrum recorded for the nanoparticles is shown in Figure 2b, where a
strong signal for elemental iron is observed at 6.2 keV and another small signal at 7.1 keV.
The presence of an oxygen peak at 0.6 keV indicates that iron oxides were formed. The
mass relationship corresponds to Fe3O4. Similar results were obtained using Ridge gourd
peel extract [17] to synthesize magnetite nanoparticles.
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Figure 2. (a) SEM image and (b) EDS spectrum of MIONPs.

Figure 3a shows the XRD spectrum of synthesized MIONPs. The broad diffraction
peaks confirm the formation of an amorphous solid. Here, the width in the middle
of the maximum is related to the smallest particle size [18]. The diffractogram depicts
the initial crystallizing phase, which corresponds primarily to the magnetite phase [19].
The diffraction patterns are according to the inverse spinel structure of magnetite shown
in down of figure. The diffraction pattern card from magnetite powder (19–0629) was
obtained from Columbian Carbon Co., in New York, USA. The five characteristic peaks
at 2 = 30.50, 35.87, 43.65, 57.54, and 63.28◦ are assigned to (220), (311), (400), (511), and
(440) crystalline planes, respectively. However, it is well established that maghemite
(γ-Fe2O3) and magnetite (Fe3O4) reveal similar XRD profiles [20]. Bibi et al. [21] published
a diffractogram of γ-Fe2O3 Nps as well as its absorbance spectrum, which showed a peak
at 371.71 nm. Compared to this study, MIONPs revealed a different diffractogram in their
intensities. Figure 2b depicts the absorbance spectrum showing a peak at 228 nm, consistent
with previous reports for the magnetite phase [22].

Figure 3. Spectra of MIONPs: (a) XRD and (b) UV-visible.

UV-visible spectroscopy was performed to analyze the stability of magnetite nanopar-
ticles. Figure 3b depicts the absorbance spectrum of MIONPs in a solid-state after two days
of conservation in a closed container without an inert atmosphere. The peak at 228 nm
decreases, while a broad peak of 350–600 increases, indicating a change to the magnetite
phase. However, the same figure also shows the spectrum of MIONPs conserved in an
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anhydrous ethanol dispersion after fifteen days. The peak at 228 nm is still visible, but the
broad peak at 350–600 nm appears. The peak at about 350 nm is assigned to octahedral Fe3+

in small oligomeric FeOx clusters, and the bands at 450−600 nm are characteristic of the
Fe2O3 aggregates [23]. These results indicate that MIONPs can be stable in the dispersion
of anhydrous ethanol during a particular time.

ATR-FTIR analysis was performed to observe the surface purity of the MIONPs,
see Figure 4a. According to the literature, the magnetite FTIR spectrum has two strong
absorption bands at 570 and 390 cm−1, which can be attributed to the Fe-O stretching mode
of the tetrahedral and octahedral sites, respectively [24]. In this study, the Fe-O vibration
signal of MIONPs was observed at 540 and 494 cm−1. This shift can be attributed to the
small size of the nanoparticles [25]. However, a weak shoulder was observed at 594 cm−1,
which could be due to the beginning of the γ-Fe2O3 formation, with absorption bands at
630, 590, and 430 cm−1 [24]. Nevertheless, none of the vibration band was observed around
3400 cm−1, indicating the vibration stretching of the O-H group from tannic acid. So, the
MIONPs used for the degradation test was free of organic matter.

Figure 4. (a) FTIR and (b) Raman spectra with optical imagen at 50× magnification, of MIONPs.

On the other hand, in Raman spectroscopy, magnetite has a spinel structure, and five
phonon bands have been theoretically predicted: one from A1g, a second from Eg, and
three from T2g [26]. Zhang et al. reported the Fe3O4 nanoparticles Raman spectrum. The
T2g modes were observed at 305 and another at 534 cm−1, the Eg mode at 513 cm−1, and
the A1g mode at 660 cm−1 [20]. The Raman spectrum of synthesized MIONPs is shown
in Figure 3b. The band assigned to the A1g mode was shifted to 602 cm−1 due to particle
size. However, Profile Breit Wigner Fano (BWF) [18] can better describe this shift to low
frequency. Nevertheless, the phonon mode (A1g) of γ-Fe2O3 was not observed at 710 cm−1,
implying no phases coexist on the surface of MIONPs [19]. On the other hand, the peaks
at 407, 1337, and 1478 cm−1 indicate the start of the oxidation to hematite by laser action.
This fact is due to the increased temperature of laser-heated spots results in a softening of
phonon frequency [27].

MIONPs were successfully synthesized by the coprecipitation method using tannic
acid at pH < 8. Synthesis of magnetite nanoparticles at pH = 8 has been reported using
a capping agent synthesized from gallic acid [28]. However, the formation γ-Fe2O3 from
the synthesis with tannic acid has also been described at pH = 12 [29]. Then, the pH
control in the magnetite synthesis plays an essential role in controlling the oxidation
of Fe2+ to Fe3+ [30].
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3.2. Degradation Catalyzed by MIONPs

Figure 5a shows the absorbance value of the AR 1 solutions treated at different pH
and their corresponding percent degradation in heterogeneous Fenton-like catalysis. The
most representative value was the absorbance of 0.01 for the solution at pH = 3.5 with
99.12% of degradation efficiency. These findings are consistent with the Fenton reaction,
which shows that the highest degradation efficiency occurs at pH = ~4. The degradation
efficiency at pH > 4 is around 85%, except at pH = 6.5, which is 92%. The oxidation process
produces inactive ferric oxyhydroxides at pH > 4, which reduces degradation efficiency.
However, a different behavior was observed when the pH = 6.5. Here, the inherent pH
of the solution prevented the beginning formation of oxyhydroxides. Furthermore, the
adsorption of the dye on Fe3+ probably occurs through a ligand with the non-protonated
carbonyl groups of AR 1. The geometry of the molecule adsorbed on MIONPs surface
through a complex plays an essential role in the activation of reactive species, like it has
been reported for EDTA complex, which generates hydroxyl and oxygen radicals [31].

Figure 5. Graphic of (a) absorbance and degradation (%) at different pH and (b) degradation and adsorption at different
conditions of the reaction.

Figure 5b shows the degradation percentage of AR 1 in an aqueous solution at
200 mg/L under different conditions after 60 min of treatment. The adsorption of AR 1
by MIONPs was 99.5% after 10 min of their addition. The addition of only H2O2 did not
achieve the AR 1 degradation. The dilution of the solution by adding H2O2 caused just
an instantaneous decrease in the AR 1 concentration. However, the oxidation process
immediately occurred when H2O2 was introduced into the system to initiate the catalytic
reaction following AR 1 adsorption on MIONPs. The degradation of AR 1 reached 97.4%.
MIONPs stability and reusability were studied because of the essential use for their ap-
plication. In the second degradation cycle (C2), the efficiency decreased to 96% and 45%
in the third cycle (C3). Figure 6 shows the Raman spectrum of MIONPs before and after
of AR 1 degradation process. The spectrum after degradation corresponds mainly to the
magnetite phase, but the maghemite phase begins to be observed at 770 cm−1. In the
optical images of MIONPs, a change in porosity, shape, and aggregation state was detected
after the treatment process, which corroborates that the MIONPs act as adsorbents and
exhibit catalytic activity for decomposition H2O2.
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Figure 6. Raman spectra of MIONPs before and after AR 1 degradation.

3.3. Peroxidase-like Activity of MIONPs

The degradation of AR 1 as a function of time is shown in Figure 7a for a concentration
of 200 mg/L. This concentration is mainly reported for effluents that need to be treated [1].
The double peak with a maximum at λ = 531 and 505.5 nm is the characteristic band of the
conjugated electron structure (chromophore group) corresponding to the π-π* transition
bond of N=N, while the second peak at about 325 nm corresponding to the π-π* bond of
N-H. The 240 nm and 280 nm are the bands due to benzene and naphthalene rings [32].
The solution’s absorbance was measured at 505 nm. Figure 7a depicts the discoloration
image of solutions treated each 10 min, with their absorbance spectra. The graph shows that
the double absorption peak at 505 nm and 531 nm decreases with increasing time, indicating
that AR 1 degradation is effective. The intensity of this band significantly reduced after
the addition of H2O2 (initial). The highest percentage of degradation (84%) occurs within
the first 10 min, and degradation was 97.4% completed up to 40 min. UV-visible spectra
indicate the AR 1 degradation to small molecules from the chromophore groups.

Figure 7. (a) UV-Visible spectra of AR 1 and (b) concentration of H2O2 in the degradation process.

Figure 7b shows the concentration of H2O2 quantified during the heterogeneous
Fenton-like catalysis depicted in Figure 7a. The titanium sulfate spectrophotometry method
was used to determine the concentration of peroxide. It was observed that the H2O2
decreased in the first ten minutes, which corresponded to the highest degradation seen in
the first minutes after initiation with hydrogen peroxide. After, H2O2 generation catalyzed

432



Nanomaterials 2021, 11, 3044

by MIONPs is followed in the next 10 min to achieve the maximum dye degradation.
Finally, the peroxide consumption is observed slowly and concludes in 50 min more.

3.4. Mechanism of AR 1 Degradation

Peroxidases are a group of enzymes capable of catalyzing the oxidation of hydrogen
peroxide into hydroxyl radicals. These radicals further participate in electron exchange with
substrates producing color on oxidation. This activity is performed by the HEMO group
(a Fe ion coordinated with a porphyrin that acts as a tetradentate ligand), which is found
in peroxidase-type enzymes. Gao et al. [33] reported on the peroxidase-like activity of
magnetite nanoparticles in the presence of peroxide. However, it has been stated that Fe3O4
MNPs are not as effective in the treatment of hazardous organic pollutants. It is necessary
to increase the H2O2 activation capacity of Fe3O4 MNPs, with the assistance of ultrasonic
irradiation [13]. In this study, we investigate the peroxidase-like activity of MIONPs in
the oxidation of a recalcitrant dye in the absence of assisted irradiation. The reaction
mechanism of MIONPs in the generation of OH radicals is due to their actuation as redox
enzymes by the electron exchange escalated by their superficial atoms. Besides, when
the organic molecule (AR 1) is adsorbed on the surface of MIONPs through electronic
interaction at the molecule-metal interface to form a monolayer, these electrostatic and
steric interactions promote the catalytic activity on its degradation. Then, the redox reaction
occurs on the surface of MIONPs, but is related to the heterogeneous Fenton reaction in
solution through the following equations [31]:

Fe2+ + H2O2 −→ Fe3+ + •OH + OH− (2)

Fe3+ + H2O2 −→ Fe2+ + •OOH + H+ (3)

HO2
• + HO2

• −→ H2O2 + O2 (4)
•OH + AR 1 ↔ intermediates ↔ CO2 + H2O (5)

AR 1 oxidation begins when the bare minimum of H2O2 is added to the dye solution
to begin the catalytic activity of MIONPs. This relationship is not stoichiometric, unlike
the conventional Fenton reaction. Then, the degradation of AR 1 occurs mainly at the
solid-liquid interfaces of MIONPs, where the formation of hydroxyl radicals is due to
the catalyzed decomposition of hydrogen peroxide by the active sites (Fe2+ and Fe3+)
of MIONPs.

Figure 8a shows the Raman spectrum of AR 1 (down), where a broad and strong peak
was observed at 1580 cm−1 corresponding to the vibrational signal C=C of the aromatic
rings. The carbonyl signal of the amide group coexists in this peak because the electric
field from the aromatic ring causes a shift at a low frequency. The azo group N=N signal
was detected at 1353 cm−1, and the aromatic ring C-N bond vibration signal was detected
at 1330 cm−1. The sulfate group S=O and the vibration signal from the aromatic ring
C-S bond were observed at 1156 cm−1 and 656 cm−1. The AR 1 spectrum (up) adsorbed
on the surface of MIONPs showed the signal of C=O from the amide group displaced at
1748 cm−1 because of electrostatic interaction with MIONPs. The vibrational signal from
the aromatic ring occurs at C=C at 1580 cm−1, but another peak corresponding to this
signal appears at 880 cm−1. This unusual signal is caused by a change in the symmetry
of the molecule that interacts with the MIONPs surface. Finally, two vibrational signals
appear that correspond to the C-O and N-O bonds, most likely as a result of AR 1 forming
a coordination ligand with Fe2+ through the amide and azo groups. The strong signals at
253 and 375 cm−1 correspond to γ-FeOOH [26].
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Figure 8. Raman spectra of (a) AR 1 (down) and AR 1 adsorbed on MIONPs (up); (b) intermediaries’ compounds, and
optical image at 50×magnification of the SERS substrate (initial).

3.5. Compounds Detected by SERS in AR 1 Degradation

SERS analysis was performed on solutions obtained from Figure 7a. To detect AR
1, the initial and treated solutions were deposited on Ag nanoflowers [34] (on Si wafer
substrate). Figure 8b shows the spectra of the initial, at 10 min, and 20 min solutions
from the degradation process. After this time, no signal was detected for the following
solutions. The spectra present the signals corresponding to different functional groups
linked to intermediaries’ compounds reported and detected by mass spectroscopy during
the H2O2-photolysis degradation of AR 1 [32].

Figure 9 shows the AR 1 degradation mechanism through oxidation by radicals •OH.
In the initial spectrum (immediate analysis after adding peroxide), the signal from azo
group N=N at 1353 cm−1 in compound 1 was not observed. Instead, the vibrational signal
for the NO2 group was detected at 1412 cm−1 because of N=N bond cleavage to obtain
compound 2 and nitrophenol (C6H5NO2). Besides, the signal of the SO2OH group in
intermediaries’ compounds was detected at 1084 cm−1. The spectrum corresponding to
ten minutes of treatment revealed more signals with higher intensities from the functional
groups in compounds 4, 5, 6, and 7. The signal corresponding to the C=O from carboxylic
acid in compounds 5, 6, and 7 was detected at 1747 cm−1; the vibrational stretching of the
C=O bond in compound 4 was observed at 1706 cm−1, and the signal of C=O from the
amide group in compounds 3, 4, and 6 was seen at 1660 cm−1. At 1580 cm−1, the vibrational
signal was observed at C=C from the aromatic rings. At 1291 cm−1 and 731 cm−1, the
benzoic acid and phenol peaks were detected, respectively. Then, the main intermediaries’
compounds in the degradation of AR 1 can be observed after ten minutes of catalytic
activity of MIONPs. However, signals in the spectrum of the solution after 20 min of
treatment decrease considerably.
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Figure 9. AR 1 degradation mechanism through oxidation by radicals •OH.

The results obtained demonstrate that the application of MIONPs in AR 1 degradation
suggests the superiority of the conventional Fenton-like catalysts through a dye highly
recalcitrant. In this context, several studies on the degradation of azo-type organic dyes
using iron oxide nanoparticles in heterogeneous Fenton-like catalysis reactions have been
published. Table 1 depicts a comparison of those studies and this work. The peroxidase-
like activity of MIONPs was reported for the degradation of Rhodamine (RhB) using
ultrasonic irradiation (UI) [13,35]. The efficiency of degradation (90%) is due to the synergy
of the ultrasonic and Fenton processes. However, this technology has the disadvantage
of ultrasonic systems of high power consumption. Alternatively, magnetite nanoparticles
supported on graphene oxide (GO) presented a good efficiency in degrading Acid orange 7
(AO 7) in normal conditions without irradiation. The Magnetite NPs without support of GO
showed the same efficiency after 45 min of the process achieving 80%, and those supported
in GO reached 98% of AO 7 degradation after three hours [11]. Nanocomposites of stable
hematite nanoparticles with SiO2 have also been reported for heterogeneous Fenton-like
catalysis. The degradation efficiency was excellent, but the treatment times were too
long [23,36]. Compared to the other reported results, the synthesized MIONPs in this
work present an excellent peroxidase-like activity in degrading a recalcitrant contaminant
at a high concentration. The high efficiency of degradation under normal temperature
conditions without irradiation is one of the study’s advantages. Besides, the particle size
(3.2 nm) of MIONPs and the adsorption of AR 1 via—interactions from the aromatic ring
structure on its basal plane and NPs surface contribute to the efficiency of this work. This
dye adsorption increases the local concentration of AR 1 within the vicinity of the active
sites to be further oxidized by the generated hydroxyl radicals.
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Table 1. Degradation studies of azo dyes using different nanomaterials and process conditions.

Organic Dyes
[Concentration]

Catalyst Conditions
Degradation

and Time
Reference

RhB
(10 mg/L)

Fe3O4 NPs
(10–15 nm)

Cat = 0.5 g/L, H2O2 40 mM
pH = 5, T = 25 ◦C, UI = 20 kHz

90%
1 h [13]

RhB
(10 mg/L)

Ag3PO4–Fe3O4@AB
(10 nm)

Cat = 0.1 g/L, H2O2 = 1.5 mM
pH = 3.5, T = 25 ◦C, UI = 40–970 kHz

99.3%
1 h [35]

AO 7
(35 mg/L)

GO–Fe3O4 NPs
Fe3O4 NPs (10 nm)

Cat = 0.2 g/L, H2O2 = 22 mM
pH = 3, T = 25 ◦C

98%, 3 h
~80% [11]

MB
(120−300 mg/L) α-Fe2O3/SiO2

Cat = 1 g/L, H2O2 = 2 M
pH = 3, T = 25 ◦C

99%
60 h [23]

MB (50 mg/L)
RhB (25 mg/L)) α-Fe2O3@Ti-tmSiO2

Cat = 0.25 g/L, H2O2 = 53 mM
pH = 4, T = 50 ◦C

100%, 5.5 h
100%, 9h [36]

AR 1
(200 mg/L)

Fe3O4 NPs
(3.2 nm)

Cat = 4 g/L, H2O2 = 2 mM
pH = 3.5, T = 25 ◦C

97.4%
1 h This work

4. Conclusions

Synthesis MIONPs with tannic acid is a good and efficient method in the obtention
of magnetite nanoparticles. The nanoparticles were characterized and found to be 3.2 nm
in average size, with a quasi-spherical morphology. The various spectroscopies and mi-
croscopies showed their chemical composition and magnetite phase. The peroxidase-like
activity of the synthesized nanoparticles was verified by a heterogeneous Fenton-like
catalysis reaction involving the degradation of AR 1. A high concentration of AR 1 was
mineralized with an efficiency of 97.4% in one hour. MIONPs activity is strongly dependent
on their size, shape, and surface structure; these characteristics can be appropriately tuned
during their synthesis. Furthermore, the SERS technique identified the intermediary com-
pounds in the degradation process. In the future, these nanoparticles could be supported
in other nanomaterials to investigate their efficiency in heterogeneous Fenton-like catalysis,
which would address the disadvantage of NPs instability and aggregation.
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Abstract: Herein we report that novel two-dimensional (2D) Ti3Si0.75Al0.25C2 (TSAC) nanosheets, ob-
tained by sonically exfoliating their bulk counterpart in alcohol, performs promising electrochemical
activities in a reversible lithiation and delithiation procedure. The as-exfoliated 2D TSAC nanosheets
show significantly enhanced lithium-ion uptake capability in comparison with their bulk counterpart,
with a high capacity of ≈350 mAh g−1 at 200 mA g−1, high cycling stability and excellent rate perfor-
mance (150 mAh g−1 after 200 cycles at 8000 mA g−1). The enhanced electrochemical performance of
TSAC nanosheets is mainly a result of their fast Li-ion transport, large surface area and small charge
transfer resistance. The discovery in this work highlights the uniqueness of a family of 2D layered
MAX materials, such as Ti3GeC2, Ti3SnC2 and Ti2SC, which will likely be the promising choices as
anode materials for lithium-ion batteries (LIBs).

Keywords: MAX phases; ultrathin nanosheets; lithium-ion battery; electrochemical performance;
anode materials

1. Introduction

Since they were first reported, lamellar ternary carbides and nitrides have been named
“MAX phases” or “Mn+1AXn phases (n = 1, 2 or 3)”, where M represents an early transition
metal, A is an element of IIIA to VIA groups and X is carbon or nitrogen. They have
attracted great attention because of their special combination of metallic and ceramic prop-
erties [1]. For example, due to their inherent layered structure with alternately arranged
MX and A layers, the MAX phases display a superior resistance to oxidation, thermal
energy and corrosion, very good electrical conductivity, high strength and elastic modulus
and excellent machinability [2–6]. Owing to their lamellar structure and excellent conduc-
tivity, MAX phases show great potential in lithium-ions storage for a Li-ion battery (LIB)
or capacitor [7–14]. However, the reported capacities of MAX phases are relatively low,
particularly in the initial few charge–discharge cycles, which may restrict their real appli-
cation in LIB. Thus, it is important to optimize the lithium-ion uptake property of MAX
phases. It has been well accepted that the nanoscale materials, particularly the ultrathin
two-dimensional (2D) nanosheets, have improved properties compared to their corre-
sponding bulk counterparts [15–18]. For instance, the reversible capacity of free-standing
graphene nanosheet (GNS) was found to be 540 mAh g−1 [19], and that of N-GNS even
reached a high value of 684 mAh g−1 [20], both of which are over the theoretical reversible
capacity of graphite. In that case, it is anticipated that MAX nanosheets can exhibit an
enhanced lithium-ion storage property compared to their bulk materials.

Unfortunately, unlike the inorganic graphene analog (IGA) with weak van der Waals
force between its layers, the MAX phases have relatively robust connections between the
MX and A layers, and it seems difficult to exfoliate the bulk MAX materials into ultrathin
nanosheets by a facile sonic exfoliation process [21]. Particularly, most of the Ti3SiC2 and
Ti2SC particles were broken into small species instead of being delaminated to ultrathin
nanosheets by increasing the power of sonication [10]. To overcome this limitation, we
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developed an available substitutional-solid-solution-based exfoliation process for the large-
scale fabrication of ultrathin nanosheets of A-layer-activated MAX phases. As a result,
ultrathin Ti3Si0.75Al0.25C2 (TSAC) nanosheets with a very thin thickness of 4 nm were
prepared based on this strategy, which can be used as a promising filler for polymer
composites [22,23].

Herein, we extend the application of these TSAC nanosheets to the electrode for
LIBs because the size and morphology of MAX phases promise improvements on their
electrochemical performance for LIBs [9–11]. The Ti3Si0.75Al0.25C2 nanosheets have very
thin thickness, so it can be expected that Li ions can easily be intercalated into the TSAC
nanosheets layers. In addition, the electrical conductivity of a MAX phase is normally
higher than its MXene counterpart, which usually has excellent conductivity [24], because
the A-group layer increases the metallic properties of the material for the improvement of
their overall electrochemical properties [1]. Hence, per the diagram in Figure 1, combining
the large surface area and excellent conductivity with Ti3Si0.75Al0.25C2 nanosheets, high
performance can be anticipated for the Ti3Si0.75Al0.25C2 nanosheets electrode.

Figure 1. Schematic illustration of the advantages by using TSAC nanosheets-based electrode for
Li-ion battery.

2. Experimental Section

2.1. Materials

Titanium powder (300 mesh, 99.9 wt.%) was purchased from Guangzhou metallurgy
(Guangzhou, China). Silicon powder (200 mesh, 99.0 wt.%), aluminum (Al) powder
(200 mesh, 99.0 wt.%), graphite powder (30 μm, 99.85 wt.%) and absolute alcohol (AR)
were purchased from Sinopharm (Shanghai, China).

2.2. Preparation of Ti3Si0.75Al0.25C2 Powder

The Ti3Si0.75Al0.25C2 powder (bulk TSAC) was synthesized via a self-propagation
high-temperature synthesis (SHS) process. In detail, 14.3 g Ti powder, 4.21 g Si powder,
0.68 g Al powder and 2.4 g graphite powder were blended using a QM-BP Ball Mill at
300 rpm for 2 h, in which the molar ratio of Ti: Si: Al: C was about 3:1.5:0.25:2. The
as-received mixture was then put into a self-propagation high-temperature reactor, and
then ignited by a tungsten filament under the protection of pure Ar gas. After combustion,
a gray product was collected for further processing. The atomic ratio of the Ti, Si, Al
and C of the as-received powder is about 3:0.75:0.25:2, which was determined by X-ray
fluorescence spectroscopy (XRF) in our previous work [22].

2.3. Preparation of Ultrathin Ti3Si0.75Al0.25C2 Nanosheets

The Ti3Si0.75Al0.25C2 nanosheets (TSAC nanosheets) were obtained by the liquid exfo-
liation of TSAC powder in absolute alcohol via sonication. In detail, 2 g bulk TSAC powder
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was dispersed in 0.2 L absolute alcohol, and then sonicated for 24 h. After sonication, the
resulting dispersion liquid was then centrifuged at 2000 rpm for 20 min to remove most
residual large-size particles. Finally, TSAC nanosheets were dried and collected for the
following tests through vacuum filtration of the resulting supernatant.

2.4. Preparation of Electrodes

The electrochemical behaviors of TSAC nanosheets and bulk TSAC were studied
using CR-2032 coin-cell with lithium metal as the counter electrode and reference elec-
trode. The batteries were based on Li metal (−) | | TSAC (+) with liquid electrolyte (1M
solution of LiPF6 in ethyl carbonate (EC)-dimethyl carbonate (DMC)-ethyl methyl carbon-
ate (EMC) (1:1:1, v/v/v)). Microporous polypropylene membrane (Celgard2500) was used
as a separator. Next, 80 wt.% TSAC nanosheets or bulk TSAC, 10 wt.% acetylene black and
10 wt.% polyvinylidene fluoride (PVDF) were dispersed in N-methylpyrrolidone (NMP)
and uniformly mixed into a viscous slurry. Then, the slurry was deposited on a copper foil
current collector. The electrodes were then vacuum dried for 12 h at 120 ◦C, followed by
electrochemical evaluation. The loading of active material was about 0.65~0.85 mg cm−2.
Finally, the cells were assembled in a glove box filled with 99.99 wt.% Ar gas.

2.5. Characterization

The TSAC powder was characterized by X-ray powder diffraction (XRD) with a Japan
Rigaku Dmax X-ray diffractometer (Tokyo, Japan) equipped with graphite monochroma-
tized high-intensity Cu-Kα radiation (λ = 1.54178 Å). The field emission scanning electron
microscopy (FE-SEM) images were performed using a FEI Nova NanoSEM 450 scanning
electron microscope (Hillsboro, OR, USA). The transmission electron microscopy (TEM) im-
ages were taken on a JEM-2100F field emission electron microscope (Tokyo, Japan) with X-
MaxN 80T IE250 Energy Disperse Spectroscopy (UK). The Brunauer–Emmett–Teller (BET)
specific surface areas of the samples were determined using a Micromeritics TriStar II
3020 system (Norcross, GA, USA). X-ray photoelectron spectroscopy (XPS, Thermo Fisher
ESCALAB 250Xi, Waltham, MA, USA) was utilized to explore the electron-binding energy
of TSAC nanosheets. The Raman spectra of the samples were recorded by a Renishaw inVia
Reflex system (Gloucestershire, UK) equipped with an argon ion Laser with a wavelength
of 633 nm. The cells were charged and discharged galvanostatically in a fixed voltage
window from 0.001 to 3 V on a Shenzhen Neware battery cycler (Shenzhen, China) at room
temperature. All the gravimetric capacity data related to as-prepared samples were based
on the mass of TSAC nanosheets or bulk TSAC. Cyclic voltammetry and electrochemical
impedance spectroscopy (EIS, frequency range: 0.1–105 Hz, amplitude: 5 mV) analysis
were carried out by a Zahner-Zennium electrochemical workstation (Kronach, Germany).

3. Results and Discussion

The feasibility of using bulk TSAC and exfoliated TSAC nanosheets as electrodes for
LIBs was investigated. The XRD pattern and SEM image of a bulk TSAC are shown in
Figure 2. The primary phase of this product is very close to the pattern of Ti3SiC2 (JCPDS
card No. 89-1356). A small blue shift also appears (Figure 2a), indicating the formation of a
solid solution Ti3Si0.75Al0.25C, as discussed in our previous work [22]. In addition, a small
amount of TiC is also found in the XRD pattern of bulk TSAC, in most situations which is
generated with the formation of Ti3SiC2 [25]. The micrograph of the product (Figure 2b)
shows a distinct lamellar structure, which is in agreement with the crystal structure of
Ti3SiC2. As shown in Figure 1, the crystal structure of Ti3SiC2 is composed of Ti3C2 layer
and Si layer along c-direction. Because the connection between the Ti3C2 layer and the Si
layer is relatively low and can be exfoliated, Ti3SiC2 and other MAX phase compounds
generally display a lamellar appearance.
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Figure 2. (a) XRD pattern and (b) SEM micrograph of the product synthesized by SHS.

The microstructure of the TSAC nanosheets is shown in Figure 3. The sample exhibits
a sheet-like morphology with a size from around 100 to 1000 nm. According to a TEM
image of the nanosheets (Figure 3b), most of them exhibit ultrathin sheet-like structures,
which render them transparent or semitransparent. Moreover, it could be detected from a
magnified nanosheet in Figure 3c that TSAC nanosheets are composed of only a few layers,
indicating that bulk TSAC has been delaminated successfully and the crystal structure
of Ti3Si0.75Al0.25C2 (inserted in Figure 3c) is well maintained during sonication. The BET
results further confirmed the exfoliated sheet-like structure. Compared with the bulk
TSAC, the specific surface area (SSA) of the TSAC nanosheets increased from 4.25 m2 g−1

to 11.68 m2 g−1. In addition, on the basis of EDX analysis in Figure 3d, the atomic ratios
of Ti:(Si + Al):C and Si:Al are close to 3:1:2 and 3:1, respectively, suggesting that the
composition of Ti3Si0.75Al0.25C2 particles has no obvious change after delamination.
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Figure 3. (a) SEM and (b,c) TEM images of the exfoliated TSAC nanosheets. (d) Energy-dispersive X-ray spectroscopy (EDX)
analysis of TSAC nanosheets, performed on the center of the nanosheet in Figure 3c.

Figure 4a–e show the high resolution XPS spectra of TSAC nanosheets. The XPS
spectra of Ti 2p and C 1s are similar to those spectra of Ti3C2 MXene [24,26,27], which
also includes Ti–C, Ti–O, TiO2, C–C, C–O and O–C=O bonds, indicating both Ti3C2 and
TSAC nanosheets have similar intralayer and surface structure of MX layer. In addition,
based on the existence of Ti–O, C–O, Si–O and Al–O bonds [28], it can be deduced there
is an oxide layer covered on the surface of TSAC nanosheets, which is in agreement with
previous reports of MAX phases [28]. In the spectra of Si 2p and Al 2p in Figure 4b,c, Si
metal and Al metal bonds are detected [29], suggesting weak connections between the MX
layer and the A layer in TSAC MAX phase nanosheets. Thus, bulk TSAC particles have
the possibility to be exfoliated into thin nanosheets. The Raman spectra of bulk TSAC and
TSAC nanosheets in Figure 4f further proved the layered structure of TSAC MAX phase,
because both samples show distinct Raman peaks of Ti3SiC2 as in previous reports [30,31].
After delamination, these peaks of the received TSAC nanosheets exhibit small red shifts,
which may be caused by the expanding crystal structure of the MAX phase [10]. Hence,
by combining the results of SEM, TEM, XPS and Raman of TSAC nanosheets, it can be
concluded that the exfoliated products are mainly composed of Ti3Si0.75Al0.25C2 phase and
the layered structure of Ti3Si0.75Al0.25C2 phase has been well maintained during sonication.
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Figure 4. High resolution XPS spectra of TSAC nanosheets: (a) Ti 2p; (b) C 1s; (c) O1s; (d) Si 2p; (e) Al 2p; (f) Raman spectra
of bulk TSAC and TSAC nanosheets.

The cyclic voltammetry (CV) and galvanostatic charge–discharge cycling (GV) of bulk
TSAC and TSAC nanosheets were tested in this work. In Figure 5a,b, both TSAC nanosheets
and bulk TSAC exhibit similar CV behaviors, except there is an additional cathodic peak of
TSAC nanosheets around 2.4 V, showing that the exfoliated TSAC nanosheets perform a
special Li+ deintercalation process. During the first reduction process of both electrodes,
there is an obvious peak located at about 1.2 V associated with the generation of a solid
electrolyte interphase (SEI) film [32]. This peak then practically disappears during the
following reduction process, which can be ascribed to the isolation between the TSAC anode
and electrolyte by the dense SEI film formed on the surface of the TSAC anode in the first
reduction process. Then, a peak around 0.75 V is detected and kept at the following cycles,
where the reaction of Li+ with TSAC nanosheets such as Ti3C2 probably occurs [32]. In the
following cycles, two broad redox reversible peaks at 1.8 and 2.4 V corresponding to the
reaction between Li+ and titanium oxide on the surface of TSAC nanosheets appear, because
similar pairs were also observed in Ti2C and Ti3C2 nanosheets [32–35]. Interestingly, during
the second and third cycles of TSAC nanosheets, a small cathodic peak at 0.1 V and two
anodic peaks at 0.15 and 0.5 V can be observed, probably corresponding to lithiation process
of Si and delithiation of LixSi [36]. Meanwhile, for bulk TSAC, these redox peaks are not
obvious because there are less exposed Si atoms in bulk TSAC particles. This alloying
procedure of exposed “A” layer of MAX phases is also found in those Sn-containing MAX
phases, such as Ti2SnC, Nb2SnC and V2SnC [7–9]. In addition, the differences in the CV
profiles between these initial two cycles and the similarity in the second and the third
cycles indicates that the irreversible capacity losses of TSAC nanosheets and bulk TSAC
mainly take place in the first cycle.

The CV profiles of TSAC nanosheets in Figure 5a also show no obvious charge and
discharge capacity at potential higher than 3 V vs. Li/Li+. Thus, the lithium-ion storage
tests for TSAC were performed from 0.001 to 3 V. The voltage profile for TSAC nanosheets
at 80 mA g−1 (Figure 6a) delivers a beginning charge capacity (lithiation) of 862 mAh g−1.
This capacity is much bigger than that of bulk TSAC with only 215 mAh g−1 (Figure 6b).
It can also be detected from the charge profile in Figure 6a that more than three-quarters
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of the capacity are under 1.5 V, indicating that TSAC nanosheets could function better
as anode materials for LIBs. Figure 6c shows the lithium-ion storage behavior of bulk
TSAC and TSAC nanosheets with charge/discharge cycles at 200 mA g−1. The coulomb
efficiency of TSAC nanosheets at the first cycle is 47.2%, which then increases rapidly
and reaches 93.1% at the fifth cycle. The reason for the irreversibility in the initial cycles
could be attributed to the formation of solid electrolyte interphase (SEI) or because of
some irreversible reactions of Li ions with the surface groups and/or water molecules
in TSAC nanosheets. On the whole, this irreversibility could be minimized by tailoring
the surface structure of TSAC nanosheets or by prelithiating the electrode material as
mentioned in other materials [37]. Then the reversible performance becomes stable after
the first few lithiation/delithiation cycles. A stable cycle capacity of TSAC nanosheets is
around 350 mAh g−1 at a current density of 200 mA g−1 and higher than the maximum
theoretical capacity of f-Ti3C2 predicted by Tang et al. [38]. In addition, TSAC nanosheets
show very good reversibility and stability, and a reversible capacity of 350 mAh g−1 is still
kept after 100 cycles while it is only around 70 mAh g−1 for bulk TSAC.

Figure 5. CV curves of (a) TSAC nanosheets and (b) bulk TSAC at a scan rate of 0.1 mV s−1.
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Figure 6. (a) The galvanostatic charge/discharge lithiation/delithiation curves of TSAC nanosheets; (b) the galvanostatic
lithiation/delithiation curves of bulk TSAC; (c) specific delithiation (discharge) capacities of TSAC nanosheets and bulk
TSAC vs. cycle number. The tests were carried at a current density of 200 mA g−1; (d) specific delithiation (discharge)
capacities of TSAC nanosheets and bulk TSAC electrodes cycled at various current densities.

Rate-capability tests were also performed to further assess the electrochemical ac-
tivities of TSAC nanosheets. As shown in Figure 6d, both TSAC nanosheets and bulk
TSAC anodes manifest excellent cycling stability at various current densities. After 10
cycles at 80, 200, 400, 800, 1600 and 4000 mA g−1, TSAC nanosheets deliver delithiation
capacities of 410, 353, 312, 279, 240 and 181 mAh g−1, while that of bulk TSAC is only 108,
85, 80, 62, 46 and 26 mAh g−1, respectively, suggesting a better rate performance for TSAC
nanosheets at various rates. Even at a high rate of 8000 mA g−1, the TSAC nanosheets
anode is capable of maintaining a discharge capacity of 150 mAh g−1 after 200 cycles
(Figure 7a), which equals to that of the third cycle. In addition, the coulombic efficiency of
TSAC nanosheets at 8000 mA g−1 is between 98–100% after the first five cycles, indicating
a relatively stable SEI formation and negligible side reactions of the electrode. The superior
rate performances suggest that TSAC nanosheets can be promising anode materials for
LIBs, particularly in high-power applications. For instance, lithium titanate is well known
due to its capability to handle high cycling rates, even at 10 C, and the capacity of Li4Ti5O12
is around 108 mAh g−1 [39]. Moreover, after hybridizing with graphene and Ag, high
capacities of 133 and 156 mAh g−1 at 10 C are achieved for the resulting LTO/graphene
and LTO/Ag, respectively [40,41]. In addition, MXenes with similar laminar structure are
also capable of handling high cycling rates, such as V2CTx (110 mAh g−1 at 10 C), Nb2CTx
(125 mAh g−1 at 10 C), annealed Nb2CTx (342 mAh g−1 at 2 A g−1), f-T3C2 (110 mAh g−1

at 36 C) and porous T3C2Tx foam (101 mAh g−1 at 18 A g−1) [42–45].
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Figure 7. (a) Specific discharge capacity of TSAC nanosheets vs. cycle number at a current density of
8000 mA g−1; (b) Nyquist plots of bulk TSAC and TSAC nanosheets.

Through Figures 6 and 7, compared with bulk TSAC, TSAC nanosheets exhibited
enhanced electrochemical properties as anode materials for LIB. According to the studies
of lithium-ion uptake of other MAX phases, both MX and A layers show a possible redox
reaction capability with lithium-ion [7–9]. In addition, after etching A layer from MAX
phases, the resulting MXenes also show promising lithium-ion storage ability [44,46–48].
Compared to bulk TSAC, TSAC nanosheets can provide larger active surface area and
more exposed Si atoms to promote the redox reactions of Ti3C2-Li and Si-Li; thus, the
specific capacity of TSAC nanosheets is superior to that of bulk TSAC. The specific surface
area (SSA) calculated using the BET equation for the TSAC nanosheets is 11.68 m2 g−1.
This value is about three times higher than the bulk TSAC powders measured at around
4.25 m2 g−1. Moreover, TSAC nanosheets electrodes have better conductivity from their
2D graphene-like nanostructure, which can effectively promote the electron transfer and
shorten the Li+ ions diffusion distance and the polarization, resulting in the improvement
of their electrochemical performance. It is obvious that the semicircular arc of the elec-
trochemical impedance spectroscopy (EIS) of TSAC nanosheets is smaller than that of
bulk TSAC (Figure 7b), indicating that it has smaller charge transfer resistance. Specially,
it can be anticipated that the electrochemical performance of TSAC nanosheets would
be enhanced by optimizing and engineering the materials’ surfaces, structures and com-
positions, and/or by introducing additives as reported for other 2D materials, such as
graphene [41,49–51], MoS2 [52–54] et al.
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4. Conclusions

In this work, novel Ti3Si0.75Al0.25C2 ultrathin nanosheets as promising anode material
for LIB are successfully developed by facile sonic exfoliating in alcohol. The nanosheets
have a high capacity of ≈350 mAh g−1 at 200 mA g−1, high cycling stability and excellent
rate performance (150 mAh g−1 after 200 cycles at 8000 mA g−1), which enhances the
lithium-ion uptake capability in comparison with their bulk counterparts. It is noted
that the reversible capacity of the nanosheets is about six times higher than the pristine
bulk Ti3Si0.75Al0.25C2. In addition, more than 100 compounds have been found in the
MAX family to date, and they all have similar potential due to their superior electrical
conductivity, lamellar structure, very good stability even under severe environments
and activated “A” layers for using as LIBs electrodes. Thus, our findings in this work
are opening the door for the study on 2D MAX compounds as valuable LIBs electrodes,
particularly for high power applications.
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Abstract: Roll-to-roll nanoimprint lithography (RTR-NIL) is a low-cost and continuous fabrication
process for large-area functional films. However, the partial ultraviolet (UV) resin filling obstructs the
ongoing production process. This study incorporates UV resin filling process into the nanopillars
and nanopores by using RTR-NIL. A multiphase numerical model with a sliding mesh method is
proposed in this study to show the actual phenomena of imprint mold rotation and feeding of UV
resin on the polyethylene terephthalate (PET) substrate. The implementation of UV resin filling under
environmental conditions was performed by utilizing the open-channel (OC) boundary conditions.
The numerical model was solved by using the explicit volume of fluid (VOF) scheme to compute the
filling on each node of the computational domain. The effects of different processing parameters were
investigated through the proposed numerical model such as imprinting speed (IS), contact angles
(CAs), viscosity, initial thickness of the PET, and supporting roll diameter. A good agreement was
found between numerical simulations and experimental results. The proposed numerical model gives
better insights of the filling process for the mass production of functional surfaces with nanopillars
and nanopores patterns for different applications on an industrial scale.

Keywords: nanopillars/pores; roll-to-roll imprinting; multiphase flow; imprinting-speed; functional
surfaces; sliding mesh method

1. Introduction

Mass production of nanopatterns by using roll-to-roll UV nanoimprint lithography
(RTR-UV-NIL) drew the attention of several researchers because of its practical significance
in the micro/nanofabrication industry [1]. The smooth fabrication process has various
defects because of the incomplete filling of the UV resin into the nanopatterns from the
left/right (based on the filling direction) end of the imprint mold. Several studies [2–9]
were conducted in the literature to optimize the filling processes. Pietarinen et al. [10]
introduced the micro-optics replication process with the solvent-assisted filling into the
micro-pyramid structures to avoid the defects due to air entrapment. Hiroshi et al. [11]
used pentafluoropropane gas to replace air during the UV imprinting process. But these
methods are difficult to implement on large scale due to experimental limitations. The UV
resin filling process in RTR-UV-NIL is hardly explored by the scientific community due to
system complexity.

The mathematical models are the most thorough techniques to investigate the RTR-UV-
NIL process. Numerous studies [2,3,5–9,12] analyzed the RTR system by using numerical
modeling for the UV resin filling process and proposed various strategies to attain high
fidelity for the continuous fabrication process. Song et al. [13] investigated the influence of
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backing film together with UV resin flow into the cavities by utilizing coupled Eulerian–
Lagrangian technique. They performed numerical simulations without accounting for air
in the model. On an industrial scale, the role of air in RTR-UV-NIL cannot be overlooked.
Peng et al. [12] employed multiphase model and investigated the UV resin filling into the
pyramid shape cavity by accounting air in their numerical model. Zhou et al. [9] employed
multiphase modeling technique and discussed UV resin accumulation as an important
parameters during the filling process. A two-body system with an interface between the
imprint mold and the outside region was used in their numerical model. In our previous
work [5], we utilized multiphase numerical modeling with open-channel (OC) boundary
conditions to analyze the filling behavior into the microcavities. The numerical model is
based upon a single zone and optimize the filling behavior on the prior and succeeding
ends of the imprint mold. However, the numerical modeling of the UV resin filling process
into the nanocavities for mass production was not discussed in the literature until now.

In this study, we proposed a theoretical model to optimize the filling of UV resin into
the nanocavities for the mass production of functional films. Experiments were carried out
utilizing the optimized parameters, resulting in successfully imprinted nanopillars and
nanopores patterns without defects. The numerical formulation of the sliding mesh method,
geometric model, and explicit finite volume method for the solution to the multiphase
problem are presented in Section 2. The numerical simulations’ results are discussed in
Section 3. The fabrication of soft molds, roll-to-roll experimental setup, and experimental
results based upon numerical simulations are presented in Section 4. Finally, Section 5
concludes this study.

2. Numerical Model

The RTR-UV imprinting technique involves the rotation of the imprint mold, as well
as the translational movement of the polyethylene terephthalate (PET) substrate, can be
calculated by u = rθ. Here, u and θ represents the translational and rotation speed of
PET-Web and imprinting mold. r is the radius of imprint mold and supporting roller. A
thoroughly constructed model that includes the entire physics of the problem is required
to examine the filling process and optimization of the imprinting speed (IS). The majority
of the above studies utilized different numerical models but their models have several
limitations, such as the flow of UV resin between two parallel plates and the modeling
of a tiny part of the imprinting process without taking air into account, as illustrated in
Figure 1a.

Figure 1. Schematic diagram of ultraviolet (UV) resin filling for elliptical nanocavities. (a) Between
two parallel plates; (b) mass fabrication of nanocavities; (c) soft-mold; (d) 3D view of nanocavities.

452



Nanomaterials 2022, 12, 480

To simulate UV resin flow into nanopillars and nanopores under environmental
conditions, we used a 2D multiphase volume of fluid model (VOF) model [14,15] with
moving walls and OC boundary conditions. The mathematical formulation of multiphase
VOF model is explained in [5]. The fixed Eulerian mesh method was used to define the
two phases in multiphase VOF model. Since the flow fields of the two phases have the
same velocity, a single momentum equation is therefore needed to solve throughout the
computational domain in VOF model. Furthermore, according to the specification of
current VOF model, the phases cannot overlap or interpenetrate, and their volume fraction
is specified between 0 and 1. In addition to the previous study, we employed the sliding
mesh algorithm for the rotation of imprint mold. The sliding mesh algorithm is a robust
approach for simulating the rotating flows or dynamic motion of one part to another, for
example, rotation of blade in centrifugal pump [16]. Although its computational cost is high,
it correctly describes the transient behavior of the flow in any problem. In this technique,
each cell zone slide is relative to the other cell zone and is connected through an interface
between them. The interfaces between two cell zones should be of same shape to employ
sliding mesh method accurately; for example, if we slide one cell zone of different types of
micro/nanopatterns (V-shape, oval, rectangular) into some area of difference between them,
relative to other cell zones, the common interface will give some leeway due to tolerance
and a diverging solution to the problem. More precisely we will be unable to solve the
problem explicitly in which we kept the Courant–Friedrichs–Lewy (CFL) < 1 to compute
the flow at each node of the computational domain. By using backward difference scheme,
the general form of fluid transport equation for dynamic sliding mesh for any arbitrary
volume U can be written as,

d
dt

∫
U

ρφdU =
(ρφU)n+1 − (ρφU)n

Δt
(1)

Here, dU
dt represents the control volume derivative. The conservation equation to

satisfy the mesh can be written as,

dU
dt

=
∫

dU

→
u g.d

→
A = ∑

n f
j

→
u g,j.

→
Aj (2)

where n f ,
→
Aj, and

→
u g,j.

→
Aj represent the total number faces of control volume, face area vec-

tor, and dot product of each control volume, respectively. Equations (1) and (2) update the
flow on each node of mesh of the sliding zone with respect to time. The numerical simula-
tions are carried out using the computationally fluid dynamic software ANSYS-Fluent [17]
to provide a full overview of the UV filling process into nanopillars and nanopores.

2.1. Geometric Model and Open-Channel Boundary Conditions

A 2D model was built to explore the filling behavior of elliptical nanopillars and
nanopores. Figure 1b depicts the RTR-UV-NIL schematic diagram, which incorporates
the movement of the PET-Web from left to right with the assistance of a supporting roller,
as well as the rotation of the imprint mold. To assure mechanical precision, the angular
velocity of rollers is set in the same way as the linear velocity of the PET-Web. Figure 2a,b
shows the detailed simulation model of elliptical nanopillars and nanopores.

UV resin above the PET-Web is driven towards the imprint roller from the left (inlet)
side. Above the supporting roller, the PET-Web is treated as a stretched and moving wall
boundary condition. The computational domain based on sliding mesh algorithm slides
the rotating zone relative to the fixed zone. The rotating zone consist of nanopillars and
nanopores and a mesh interface. This mesh interface is connected to the fixed zone interface
of same shape, as shown in the magnified view of Figure 2. More precisely, these two
cell zones are geometrically separated but numerically connected. The fixed cell zone
consists of other parts and boundary conditions of computational domain, such as UV
resin supply and OC boundary conditions. The OC-VOF model’s computational domain
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also includes the initial thickness and velocity of UV resin on the PET substrate. Further,
to investigate the UV resin filling process under environmental circumstances, the inflow,
outflow, and pressure conditions are set as atmospheric above the PET-Web and imprint
roller. The movement of fixed and rotating zones are updated with respect to time in the
computational domain.

Figure 2. Computational multiphase model scheme with sliding mesh method based upon sta-
tionary and fixed zones with open-channel (OC) boundary conditions for (a) nanopillars and
(b) nanopores patterns.

Table 1 lists the simulation parameters such as height and width of nanopillars/pores,
density, viscosity, initial thickness, and CAs for the UV resin filling process. θP represents
the angle between PET-web and UV resin, and θR represents the angle between the imprint
roller and UV resin.

Table 1. Processing parameters for numerical simulations.

Parameters Values

Nanopillars/pores height(H) 300 nm
Nanopillars/pores width (W) 300 nm

Density of UV resin 1196 kg/m3

Viscosity of UV resin 150–200 cp
CA σR 7.2◦
CA σP 16.9◦

PET-Web Speed 10–50 mm/s
UV resin initial thickness 1–5 micrometer

2.2. Explicit Finite Volume Method

The simulations for both cases (nanopillars and nanopores UV resin filling) were
performed using an explicit scheme for finite volume method, because this method is
supremum to implicit scheme regarding numerical accuracy when we need to calculate
the solution on each node of the computational domain. The transient problem was
solved by employing coupled algorithm for pressure–velocity coupling in a pressure-based
solver. In spatial discretization, the gradient calculations were performed using the least-
squares cell-based method because it provides good accuracy in comparison with that
of computationally expensive methods. To reduce the numerical diffusion to solve the
momentum equations, a second-order up-wind scheme is utilized by keeping the pressure
at PREssure Staggering Option (PRESTO). Further geometric reconstruction scheme was
utilized in spatial discretization for face fluxes interpolation.

For temporal discretization, the first-order implicit scheme was used to see the tran-
sient behavior of the multiphase problem. The time step was chosen by keeping the Courant
number in the acceptable range so that UV resin flow can be computed on each node of the
computational domain. The variable time step was set between 2 × 10−5 s to 5 × 10−5 s
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to keep the Courant number under 1. The residual during the simulations shows the
convergence of the solution up to 10−6 s.

A mesh independence study was also implemented for the current study by utilizing
the mesh grids of sizes 10 × 10 nm, 25 × 25 nm, and 30 × 30 nm to see the UV resin filling
more accurately into the bubble cavity. By employing the above mesh sizes, the difference
of bubble elimination into the bubble cavity was less than 1%. It is also investigated by
employing the adaptive mesh refinement technique, which also does not affect the filling
behavior into the nanocavities. We use four levels of adaptive mesh refinement for each
time step during our simulations. The mesh utilized in the simulations is 30 × 30 nm,
which was chosen as a compromise between computing time and accuracy [17–19].

3. Simulation Results

3.1. UV Resin Filling Process into the Nanopillars

The filling in elliptical nanopillars at different intervals is shown in Figure 3. Figure 3a
depicts the air above the UV resin at time t = 0 s. When the imprint mold begins to rotate,
the PET-Web delivers UV resin into the nanopillars. The initial thickness of UV resin,
viscosity, and PET-Web speed was kept at 1.5 μm, 200 cp, and 18.75 mm/s, respectively. At
the same time a little amount of UV resin backflow at the prior end of the imprint roller and
successfully fills the nanopillars, except cavity A as shown in Figure 3b–d. In cavity A, the
air is locked above the UV resin and has no way to escape throughout the filling process.

Figure 3. UV resin incomplete filling into elliptical nanopillars with bubble defects: (a) t = 0 s,
(b) t = 0.1 s, (c) t = 0.5 s, and (d) t = 1 s, at a PET-Web speed of 18.75 mm/s with viscosity 200 cp
(θR = 7.2◦, θP = 16.9◦).
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This kind of bubble entrapment happens due to the contact UV resin initially has
with the nanocavities on the imprint mold as shown in Figure 4a. In our numerical model,
the imprint mold changes its reference position with time due to the employment of the
sliding mesh method, so cavity A moves towards the narrow channel where this bubble is
impossible to remove during the filling process (see Supplementary Materials Video S1a).

Figure 4. UV resin complete filling into elliptical nanopillars without bubble defects: (a) t = 0 s,
(b) t = 0.1 s, (c) t = 0.5 s, and (d) t = 1 s, at a polyethylene terephthalate (PET)-Web speed of 18.75 mm/s
with viscosity 180 cp. (e) Velocity vectors of moving PET and rotating roller mold at t = 0.5 s.

We increase the initial thickness of UV resin above the PET substrate to change the
initial contact of UV resin with nanocavities on the imprinting mold (see Supplementary
Materials Video S1b). The viscosity and PET-Web speed was kept at 200 cp and 18.75 mm/s
during the filling process.

The UV resin successfully fills the cavities at the preceding end of the imprint mold,
but a small amount of air is still let into cavity A. This problem arises due to the viscosity
of UV resin. To resolve this problem, we decrease the viscosity of UV resin to 180 cp
during the filling process. Figure 4b–d represents the UV resin filling at different time steps.
Nanopillars are successfully filled with UV resin (see Supplementary Materials Video S1c).
The UV resin successfully fills the nanopillars at the prior and succeeding ends of the
imprint mold during simulations. The processing parameters such as initial thickness,
CAs, and PET-Web speed were kept the same as in previous simulation. For the filling
process, θR = 7.2◦ and θP = 16.2◦ are the appropriate CAs measured after running several
simulations. In numerical simulations, the CA θR values vary depending on the pattern
shape. As a result, we kept them in a feasible range for successful filling of nanocavities.
Figure 4e shows the contours for the velocity vector distribution of UV resin filling and
rotational motion of imprinting mold at t = 0.5 s.

The vector distribution of the velocity of UV resin in cavities A and B depicts that UV
resin enters the cavity and slows down to form vortices. The velocity distribution of vectors
is more in cavity B than cavity A because the UV resin starts to fill in cavity B at t = 0.5 s. At
high speeds, the imprint mold has less time to fill nanocavities with UV resin. Therefore,
bubble entrapment occurs at a high speed. Figure 5 depicts the incomplete filling of UV
resin at t = 0.5 s with IS at 50 mm/s. Continuous bubble entrapment can be seen in different
nanopillars at high IS. Figure 6 shows the UV resin filling process at different ISs. It is also
evident that UV resin leaves the nanocavities without filling at high IS.
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Figure 5. UV resin incomplete filling into elliptical nanopillars with continuous bubble defects at
Web speed of 50 mm/s with viscosity 150 cp (θR = 7.2◦, θP = 16.9◦).

Figure 6. UV resin filling varies from uniform to nonuniform at varying impression mold
rotation speeds.
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3.2. UV Resin Filling Process into the Nanopores

UV resin filling process into the nanopores is different than the nanopillars due to the
reverse filling direction. For simple understanding in the case of hydrophobic surfaces, if
the gap between two consecutive nanocavities is less, then fabricated nanosurfaces will
show more hydrophobicity for antiwetting phenomena [20]. It is also observed during the
numerical simulation that the UV resin easily fills into nanopillars with zero-gap during
RTR imprinting, but it is impossible to fill into the nanopores with zero-gap for RTR
imprinting because in the reverse direction the filling is impossible between the edges of
two consecutive nanocavities.

Therefore, bubble entrapment continuously occurs during the filling process between
the consecutive edges of the nanopores. Figure 7 shows the incomplete filling with bubble
entrapment between two consecutive nanocavities with a gap of 100 nm at t = 0.5 s. We
performed numerical simulation by increasing the gap between imprinting mold and
supporting roll and also decreasing the supporting roll diameter for the easy escape of air,
as shown in Figure 7.

Figure 7. UV resin continuous bubble defects into nanopores with 100 nm gap between edges of two
consecutive nanopores at Web speed of 18.75 mm/s with viscosity 180 cp (θR = 7.2◦, θP = 16.9◦).

The UV resin fails to fill into the nanocavities because the gap between the edges
is very narrow during the filling process. The Ni mold was fabricated based on these
investigations and further used in our experiments for mass production of nanopatterns.

Different simulations were performed to optimize the filling process with a suitable
gap of 150 nm between two consecutive nanocavities.

Same as nanopillars, bubble entrapment also occurred in the cavities when we kept the UV
resin initial thickness of 1.5 μm on the PET substrate (see Supplementary Materials Video S1d).
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To counter this bubble entrapment, we change the UV resin initial contact with the im-
printing mold by increasing the initial thickness of the UV resin above the PET sub-
strate. Figure 8a–d represents the UV resin filling into the nanopores at different time
steps. The viscosity and PET-Web speed was kept at 200 cp and 18.75 mm/s during
the filling process. Figure 8b–d shows that bubble entrapment significantly decreases by
changing the UV resin initial contact with the imprinting mold. However, there are still
small bubbles that exist during the filling process due to the viscosity of UV resin (see
Supplementary Materials Video S1e). Figure 9 represents the complete filling process of
UV resin into nanopores. The UV resin filling process is shown at different time steps in
Figure 9a–d.

Figure 8. UV resin incomplete filling into nanopores with bubble defects: (a) t = 0 s, (b) t = 0.1 s,
(c) t = 0.5 s, and (d) t = 1 s, at a PET-Web speed of 18.75 mm/s with viscosity 200 cp (θR = 7.2◦,
θP = 16.9◦).

To get the successful filling at both ends of the imprinting mold without bubble entrap-
ment, we decrease the viscosity of the UV resin up to 180 cp by keeping other parameters
the same as in the previous simulation (see Supplementary Materials Video S1f). Figure 9e
shows the velocity vectors distribution of UV resin filling and rotation of the imprinting
mold at t = 0.5 s. Due to surface tension of UV resin and adhesive force from the imprinting
mold, the velocity vectors distribution significantly increases in cavity A and replaces the
air with UV resin.
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Figure 9. UV resin complete filling into nanopores without bubble defects: (a) t = 0 s, (b) t = 0.1 s,
(c) t = 0.5 s, and (d) t = 1 s, with initial thickness of five micrometer at a PET-Web speed of 18.75 mm/s
with viscosity 180 cp. (e) Velocity vectors of moving PET and rotating roller mold at t = 0.5 s.

3.3. Effect of Supporting Roller Diameter on UV Resin Filling Process

In this study, we also investigated the effect of supporting roll diameter during the
filling process because it has a direct impact on the initial contact of UV resin with the
imprinting mold. The imprint mold and supporting roller of the same diameter are shown
in Figure 10a.

Figure 10. (a) Schematic diagram of filling direction of UV resin with supported roller with half of
diameter of imprinting mold. (b) Schematic diagram of filling direction of UV resin with supported
roller and impression mold of same diameter.

In this scenario, the UV resin fills vertically into the nanocavities and leaves the bubble
entrapment alone if we reduce the initial thickness of UV resin above the PET substrate.
If the supporting roll diameter is half of the diameter of the imprinting mold diameter,
then UV resin easily goes into the nanocavities during the imprinting process as shown in
Figure 10b. Figure 11a–d shows the complete filling of UV resin into the nanocavities at
different time steps. Reducing the diameter of supporting roll shows that the UV resin fills
the nanocavities with a minimum initial thickness of 1.5 μm on the PET substrate.
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Figure 11. UV resin complete filling into nanopillars without bubble defects with supporting roll
diameter of half of imprinting mold: (a) t = 0 s, (b) t = 0.1 s, (c) t = 0.5 s, and (d) t = 1 s, at a PET-Web
speed of 18.75 mm/s with viscosity 180 cp (θR = 7.2◦, θP = 16.9◦).

4. Experimental Section

4.1. Fabrication of Nanopillars and Nanopores Soft Molds

The fabrication process of the soft mold with elliptical nanopillars and nanopores pat-
terns consists of three steps: the fabrication of nanopores soft mold from nanopillars nickel
(Ni) master mold, surface treatment for smooth release of soft mold, and the fabrication of
nanopillar soft mold from treated soft mold. Figure 1c represents the Ni mold or master
used in this study, which was obtained by electroplating process [21] that has elliptical
nanopillars patterns. The schematic diagram of elliptical patterns with dimensions and
the gap between two consecutive nanocavities are shown in Figure 1d. In the first step of
the soft mold fabrication process, a uniform coating of 50 μm of UV resin was obtained by
using the spin coating method on the Ni master mold. Then, we covered the PET substrate
over to well coat UV-curing resin layer and baked it under UV exposure with an intensity of
800 W/cm2 for 4 min. The baked UV-curing resin was exposed under the LICHTZEN HG
UV lamp system and the liquid state resin transformation to a nontacky-solid state by the
photoinitiator. After releasing the PET substate from the Ni mold, the reverse (nanopores)
patterns transform onto the PET substrate. In the second step, a surface treatment process
was used to reduce the peel-off force during the RTR imprinting process. In this step, the
reverse soft mold was dipped into a primer agent for 20 min to develop crosslinking over
the patterned surface. The dipped soft mold was kept under room temperature for 1 h to
chemically stabilize the cross-linking agent on the surface of the soft mold. Further, the soft
mold was again dipped into releasing agent with a fluorinated additive for 20 min to make
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a low surface energy layer in the soft mold. After forming the low surface energy layer
onto the soft mold, it was kept for 24 h under room temperature for chemical stabilization.

This process provides more excellent releasing properties during the imprinting pro-
cess. In the third step above, the process was repeated again by using negative soft mold
for the fabrication of soft mold with positive elliptical nanocavities.

4.2. Roll-to-Roll Imprinting Setup

Apart from the imprinting module, the experimental system consists of other modules
named as unwinding module, EPC module for PET alignment, slot-die module, dispensing
module, demolding module, and rewinding module to support continuous imprinting
process. The uncoated PET film is delivered by the unwinding module.

The PET film employed as a substrate was 125 μm thick, with an average transmittance
of 87% under visible radiation (Kolon polyester film, Daegu, Korea). The tension module
generates tension on the PET film’s ends so that it may correctly align during the imprinting
process. The Edge Position Control (EPC) module is responsible for the alignment of PET
substrate from unwinding to rewinding module. In this study, we also used a PET substrate
treatment module as shown in Figure 12b. This treatment module uses the corona effect
to increase the adhesion of UV resin with PET substrate when the coating is applied on
the PET substrate. The new slot-die dispensing module is shown in Figure 12c. This
module consists of a UV resin injection reservoir that can contain 30 mL of UV resin. This
reservoir supplies the UV resin to slot-die with the help of pipe as shown above of the
slot die in Figure 12c. Then, slot-die dispenses the UV resin onto the PET substrate by
using the meniscus effect. The gap between the slot-die and the roller underneath the
slot-die is responsible for the thickness height of UV resin above the PET substrate. In our
experiments, we kept this gap up to 5 μm based on our simulations. Figure 12d represents
the uniform thickness of 5 μm of UV resin above the PET substrate. The main module of the
RTR system is the imprinting module that consists of a supporting roller and imprint-roller
of the same diameter of 250 mm as shown in Figure 12a. The imprint mold contains the
elliptical nanopillars and nanopores patterns of height and width of 300 nm (AR = 1). To
cure the UV resin after filling a UV light is placed underneath the imprint mold.

After curing, in the demolding module, a roll was used above the imprinting roll
to detach the imprinted patterns smoothly. The imprinted pattern was dragged back by
the rewinding module. Scanning electron microscopy ((SEM) S8000G, TESCAN ORSAY
HOLDING, a.s. Brno, Kohoutovice, Brno, Czech Republic) with an electron energy of
5 kV was used to examine the patterns. A layer of Au (40 mA, 4 min) was sputtered on
the samples to increase the conductivity for better resolution of SEM images. The UV
lamp (UV-LED, UV LED-SPOT-100-HP-IC-365, Dr Hönle AG, Lochhamer Schlag 1 D-82166
Gräfelfing, Munich, Germany) emits the UV light with 1500 mW/cm2 intensity on the
focus point and cured the UV resin at a wavelength of 460 ± 5 nm. Minuta Technology Co.,
Ltd. (MINS-311R, Osan, Korea; viscosity: 200 cp at 25 ◦C) provided the UV resin used in
this research.

4.3. Experimental Results

In our experimental system, we used a treatment module with a corona effect and
slot-die module for the uniform coating of UV resin above the PET substrate. These two
modules are quite effective in comparison to coating modules used in previous studies.

The experiments were performed by utilizing the optimized parameters through the
numerical simulations such as viscosity, IS, gap between two consecutive nanocavities,
and initial thickness of UV resin above the PET substrate. Figure 13a shows the hexagonal
arrangement of elliptical nanopillars. Figure 13b,c represents the top and enlarged view
of fabricated nanopatterns by using soft mold through the RTR imprinting process. The
diameter, depth, and width of these patterns were 300 nm. Figure 13d shows the SEM
images of hexagonal elliptical nanopores of depth 300 nm. Figure 13e,f shows the enlarged
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view of elliptical nanopores. These SEM images represent the successful imprinting of
nanopatterns by using RTR imprinting.

Figure 12. (a) Imprinting unit of roll-to-roll (RTR) system with PET-Web of width 250 mm, capable
of imprinting the patterns with a speed up to 10 m/min. (b) PET substrate treatment unit that
incorporates with corona effect to increase adhesion of UV resin with PET substrate. (c) Slot-die unit
with a dispensing source and dispensing of UV resin on PET substrate by using meniscus effect.
(d) Uniform coating of height 5 μm of UV resin on PET substrate.

Figure 13. Scanning electron microscopy (SEM) images of fabricated patterns: (a) low-magnificent
image of elliptical nanopillars via RTR imprinting at Web speed of 18 mm/s; (b,c) closeup image of
nanopillars; (d) low-magnificent images of successful imprinting of nanopores; (e,f) closeup images
of nanopores without defects with smooth edges at Web speed of 18 mm/s.
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The parameters during the imprinting were kept the same as in the numerical simula-
tions as shown in Figures 4 and 9, respectively. The Web speed for the fabrication of elliptical
nanopillars and nanopores was kept 18 mm/min during the experiments. Figure 14a,b
shows the top and enlarged view of SEM images for the fabrication of nanopores at an IS of
30 mm/s. At this IS, the fabrication shows the incomplete filling and the edges of nanopores
are broken, leading to defects in the quality of the final product. Figure 14c–f shows the
SEM images of nanosurfaces at IS 60 mm/s, 100 mm/s, 130 mm/s, and 160 mm/s, re-
spectively. These SEM images show the severe defects and bad arrangement of fabricated
patterns with broken edges at high IS. We also carried out experiments on RTR system with
different types of nanosurfaces on different IS and found that the suitable speed for RTR
nanoimprinting is in the range of 10–20 mm/s.

Figure 14. SEM images of fabricated elliptical nanopores with broken edges and defects of
incomplete filling at higher IS. (a) Low-magnificent image at 30 mm/s; (b) closeup image at
30 mm/s; (c) 60 mm/s; (d) 100 mm/s; (e) 130 mm/s, and with maximum speed of the system;
and (f) 160 mm/s, respectively.

5. Conclusions

The roll-to-roll nanoimprint lithography (RTR-NIL) offers a better solution for the
fabrication of nanosurfaces because it is a high-speed and high-resolution manufacturing
process. The following findings were reached in this study:

• A multiphase numerical model with open-channel (OC) boundary conditions was
utilized in this study together with the sliding mesh method technique. The numerical
model optimizes the ultraviolet (UV) resin filling into the nanopillars/pores. The
explicit scheme was utilized to calculate the solution on each node of the computational
domain. The processing parameters such as IS, viscosity effects, initial thickness on
PET substrate, and the effects of supporting roll diameter on filling behavior were
optimized by using the proposed numerical model. We also investigated the filling
defects at high imprinting speed (IS), and the gap between two consecutive nanopores
for UV resin filling was also optimized in this study. The optimal Web speed for
the complete filling was noted at 18.75 mm/min. The proposed numerical model is
more accurate than the existing models and applicable to any system with variable
dimensions of the imprinting molds, and filling behavior with different pattern shapes
can also be investigated through this numerical model, such as V-shape, square shape,
and nano-lenses shape.

• The 3D hexagonal arrangement of elliptical nanopillar and nanopore soft molds
were fabricated by using the soft lithography technique, and these flexible arrays were
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directly obtained by using the RTR imprinting process under the optimized parameters
by using numerical modeling. This is an economical approach that provides a solution
for the low-cost fabrication of nanosurfaces. It was also found in the experiments that
at high imprinting speed, the fabrication process of nanosurfaces shows continuous
defects and broken edges. It was also determined that highly ordered soft molds could
be prepared with the established method. In addition, we tested the reproducibility
of these soft mold fabrication techniques by running the RTR-NIL process for up to
50 roll revolutions (785.4 m) with a Web speed of 18 mm/s. In summary, these results
provide better significance for the economical and continuous mass production of
nanosurfaces without defects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/nano12030480/s1, Video S1: UV resin filling in to the nanopillars and nanopores.
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Abstract: The high-performance room-temperature-operating Si single-electron transistors (SETs) were
devised in the form of the multiple quantum-dot (MQD) multiple tunnel junction (MTJ) system.
The key device architecture of the Si MQD MTJ system was self-formed along the volumetrically
undulated [110] Si nanowire that was fabricated by isotropic wet etching and subsequent oxidation
of the e-beam-lithographically patterned [110] Si nanowire. The strong subband modulation in the
volumetrically undulated [110] Si nanowire could create both the large quantum level spacings and
the high tunnel barriers in the Si MQD MTJ system. Such a device scheme can not only decrease
the cotunneling effect, but also reduce the effective electron temperature. These eventually led to
the energetic stability for both the Coulomb blockade and the negative differential conductance
characteristics at room temperature. The results suggest that the present device scheme (i.e., [110] Si
MQD MTJ) holds great promise for the room-temperature demonstration of the high-performance
Si SETs.

Keywords: quantum dot; single-electron transistor; Coulomb blockade; charge stability; effective
electron temperature

1. Introduction

The semiconductor single-electron transistors (SETs), which comprise either the
double-barrier tunnel junction (DTJ) with a single quantum dot (QD) or the multiple
tunnel junction (MTJ) with multiple quantum dots (MQDs), allow single-electron transport
through the discrete quantum energy states of the semiconductor QDs [1–5]. In short, the
electron can transfer one-by-one through the quantum states via the Coulomb blockade
effect with its corresponding quantum–mechanical single-electron tunneling events. This
leads to the unique transfer and output characteristics, such as Coulomb blockade oscilla-
tion (CBO) and negative differential conductance (NDC), respectively [6–15]. For example,
the precise control of the single-electron (or even single-spin) transport characteristics was
demonstrated on various types of semiconductor QD-based DTJ and MTJ device schemes
(e.g., room temperature observation of multiple CBO peaks from multiple quantum states
in a Si single-QD device [10], simultaneous observation of both sharp CBO and NDC peaks
from a Si-QD DTJ device [9–14], bias voltage-controlled precise modulation of energetic
Coulomb blockade conditions in a Si single-QD transistor [8], high-fidelity q-bit processing
in Si MQD [16–19] and GaAs MQD [20–22] devices). Such an extremely high precision of
the single-charge manipulation could enable us to extend the SET application toward the
broad area of the sensing metrology. Namely, when the external stimuli transfer from the
sensing object to the SET, it would significantly influence the electronic charging energy
of the QD; hence, the tunneling conductance of the SET could be tuned via changing in
the energetic Coulomb blockade condition by the stimuli from the sensing target. In this
circumstance, the SET-based sensors could also reveal the higher sensitivity than that of
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complementary metal–oxide–semiconductor (CMOS)-based sensors, because in the SET,
the conductance values at the CBO peaks and valleys (i.e., on- and off-tunneling states)
are also precisely controllable by changing the gate and/or the drain bias voltages [23].
Owing to such an astonishing physical mechanism, the electric current standard device [24],
the thermometers [25,26], the charge sensors [16–19], the photon detectors [27,28], the
ion sensors [29,30], and the mechanical displacement detectors [1–3] were conceived and
reported as feasible applications of the SET-based sensors.

In typical SETs, however, the thermal fluctuation and the thermally activated carrier
conduction may cause the malfunction of the sensors because those give rise to both the
thermal quenching and thermal broadening of CBO and NDC. At the elevated tempera-
ture, therefore, the SET will eventually result in the ambiguous operation of the sensors.
According to previous literature, thermal quenching and thermal broadening of CBO
and NDC are closely relevant to the cotunneling phenomena at the Coulomb blockade
state [31,32]. Cotunneling events can be categorized into two different types, i.e., one is
elastic cotunneling that occurs via additional electron tunneling through the intermediate
virtual quantum levels in the QD, and the other is inelastic cotunneling that takes place
via the in- and out-tunneling of other electrons through other quantum levels [33]. These
may in turn increase the leakage current at the Coulomb blockade state (i.e., valley current
of CBO); hence, the SET will lead to the impairable operation of the SET-based sensors.
To increase the efficiency of the SET-based sensors, therefore, suppressing the cotunnel-
ing effect is vital. Furthermore, since electron cotunneling strongly relies on the effective
electron-temperature in the QD device, the low operation temperature of the conventional
SETs makes the thermal fluctuation and the leakage current issues more critical.

All these above backgrounds prompt us to investigate the fabrication and the charac-
terization of the high-performance room-temperature-operating SETs, in which the cotun-
neling behaviors should be effectively suppressed. Herein, to take full advantage of the
scientific and technical knowledge on the Si nanoelectronic devices, we fabricated and char-
acterized the CMOS-compatible Si SETs that could steadily operate at room temperature.
The devices were devised in the form of the gate-all-around (GAA) Si nanowire-channel
metal–oxide–semiconductor field-effect transistor (MOSFET), where the MTJs were self-
formed through isotropic wet etching of the undulated [110] Si nanowire that had been
created by e-beam lithography. The transport characteristics of the fabricated SETs are
thoroughly examined, and their effective electron temperatures are analyzed and discussed
by means of the cotunneling current characterization.

2. Experimental Section

Figure 1a displays the schematic illustration of the Si SET, which comprises a device
scheme of the CMOS-compatible Si nanowire-channel GAA MOSFET. To construct such
a device architecture, as a primary task, the [110] Si nanowire-channel (length ≈ 200 nm,
width ≈ 40 nm) was patterned on the ~10 nm-thick silicon-on-insulator substrate by
using e-beam lithography. Next, to shrink the volumetric nanowire size, isotropic wet
etching was carried out by using the SC-1 solution (NH4OH:H2O2:H2O = 1:1:6). Then,
the size of the etched nanowire (≈15 nm) became narrower than the initial size (≈40 nm)
of the e-beam-lithographically patterned Si nanowire (Figure 1b). To configure the GAA
structure, subsequently, a part of the buried oxide underneath the Si nanowire-channel
was etched out by dipping the sample into the dilute hydrogen fluoride acid solution
(HF:H2O = 1:10). Then, the Si nanowire-channel could be suspended from the buried oxide
because of the large supporting areas of source (S) and drain (D). Thereafter, the surface of
the suspended Si nanowire was oxidized by dry oxidation at 900 ◦C to form the gate oxide
layer. During this step, the final diameter size of the Si nanowire was further shrunken
down to <5 nm [7–11]. Through the sequential deposition of additional SiO2 (≈30 nm)
and n+ poly-Si (≈250 nm) gate (G), finally, the formation of the GAA stacks was finalized.
The rest processes for forming the n+-S (≈1020 cm−3) and n+-D (≈1020 cm−3) reservoirs
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were followed by the CMOS-compatible process steps with the P+ ion implantation and
the thermal activation of the dopants at 950 ◦C.

 

Figure 1. (a) Schematic of the fabricated SHT device, (b) scanning electron microscopy images (left,
top view; right, tilted view) of the undulated Si nanowire channel obtained from dummy samples,
(c) expected energy band diagram of the undulated Si nanowire-channel at the conduction band
region, and (d) Fermi–Dirac distribution function, f(E) at T = 300 K and T > 300 K; density of state
function, g(E); and electron distribution function, n(E) at T = 300 K and T > 300 K in the source and
the drain reservoirs. In (c,d), Ec and EF denote the conduction band and the Fermi level, respectively.

Here, one needs to remind that, during the volumetric shrinkage of the Si nanowire by
isotropic wet etching, the diameter sizes of the nanowire were volumetrically undulated
along the direction normal to the channel axis (Figure 1b) and such a volumetric undulation
would become significant during the thermal oxidation of the Si nanowire surface. Since
the diameter size of the Si nanowire became narrow (≈5 nm), the volumetrically undulated
areas would be much narrower than 5 nm. Due to the strong quantum-mechanical sub-
band modulation in [110] Si nanowires [34,35], in the volumetrically undulated Si nanowire,
the MTJ system could be self-created along the nanowire–channel direction. In short, some
parts of the Si nanowire would be squeezed (<<5 nm), and the rest of the parts (≈5 nm)
would be connected in series along with the squeezed regions. According to Refs. [36,37],
the sub-band modulation becomes significant as the diameter of the [110] Si nanowire
decreases. For example, in the [110] Si nanowire with the smaller diameter of <2 nm, the
ground state could locate at 500 meV above the conduction band (EC) of bulk Si [36,37].
This would eventually create the energy band fluctuation at EC along the Si nanowire
(Figure 1c). Accordingly, the squeezed regions (<<5 nm) and the unsqueezed areas (≈5 nm)
may act as the tunneling barriers and QDs, respectively. Hence, the MTJ system could be
formed along the Si nanowire for the fabricated device to operate as a MQD Si SET. In this
circumstance, the single-electron tunneling transport would strongly depend on both the
quantum level spacings of the QDs and the carrier distribution functions of the electron
reservoirs (Figure 1d). Therefore, the Coulomb blockade characteristics would strongly rely
on the effective electron temperature and its corresponding cotunneling effect.

3. Results and Discussion

Figure 2 shows the transfer characteristics of three different SETs that were fabricated
through the identical process procedures described above. For convenience only, we simply
refer to the three SETs as SET-A, SET-B, and SET-C, respectively. Figure 2a–c displays
the drain current vs. gate voltage (ID–VG) curves of SET-A, SET-B, and SET-C under the
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drain voltage (VD) of 1 mV at room temperature, respectively. The SETs reveal the typical
transfer characteristics of the MQD SET. Namely, the devices exhibit the clear CBO peaks
together with the multiple humps, arising from the stochastic tunneling events in the MTJ
system [38,39]. Since the peak and valley of CBO correspond to the on- and off-resonance
states for single-electron tunneling via the Coulomb blockade event, the large magnitude of
the maximum peak-to-valley current ratio (>20) depicts the large quantum level spacings
to exist in the QDs. As aforementioned, the QDs were self-formed along the volumetrically
undulated Si nanowire-channels. In such a geometrical structure, the large sub-band
modulation at the squeezed nanowire regions (<<5 nm) could create the large potential
barriers, which are big enough to energetically separate the unsqueezed nanowire areas
(≈5 nm). According to Refs. [36,37], as the diameter of the [110] Si nanowire decreases, the
quantum level spacings could increase up to 75 meV because of the decreased effective mass
(me ~ 0.11m0 [36]) at the two-fold Γ valley. One can therefore conjecture the unsqueezed
nanowire areas to act as the QDs, possessing the large quantum level spacings. Accordingly,
the fabricated devices could operate as room-temperature-operating MQD SETs.

 

Figure 2. Transfer characteristic curves (i.e., ID–VG at VD = 1 mV) at room temperature of (a) SET-A,
(b) SET-B, and (c) SET-C; and contour plots of ID as functions of VG and VD at room temperature for
(d) SET-A, (e) SET-B, and (f) SET-C.

The MQD behavior of the fabricated SETs can also be traced from the charge stability
diagram (i.e., Coulomb diagram). Figure 2d–f shows the contour plots of ID as functions of
VG and VD for SET-A, SET-B, and SET-C, respectively. The SETs clearly display the typical
shape of the rhombus Coulomb blockade regions, indicative of the single-electron tunneling
transport characteristics via the Coulomb blockade effect. Here, it should be noted that
some parts of the Coulomb blockade regions are overlapped by their adjacent Coulomb
blockade regions. Such an overlapped blockade feature can be interpreted by the irregular
MQD system. As can be expected from Figure 1a–c, both the tunnel barrier heights and the
quantum-dot sizes would be inhomogeneous in the present devices because those were
self-created through the volumetric shrinkage of the undulated Si nanowire. In this case,
the shapes and sizes of the QDs as well as the heights and curvatures of the tunnel barriers
would be irregular so that the QDs would have different quantum level spacings. Since
such an inhomogeneity causes the imbalance of the energetic Coulomb blockade conditions
for every dot in MQDs, the present type of the MQD system would show the stochastic
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tunneling characteristics, resulting in the appearance of the overlapped Coulomb blockade
regions in the Coulomb diagram.

Here, we also note that the three SETs reveal quite different Coulomb blockade features,
even though those were fabricated in a same bath with the identical fabrication process. As
mentioned earlier, the energy band profile of the present device scheme strongly depends
on the degree of volumetric undulation along the nanowire channel direction. In this
case, the energy band profile would alter device by device because the strong and weak
sub-band modulations at the squeezed and unsqueezed areas are responsible for the self-
formation of both the tunnel barriers and the isolated dots. In brief, the inhomogeneity of
volumetric undulation leads to the randomness of the MQD MTJ profile with the different
number of QDs. Accordingly, the SETs fabricated in a single chip showed different CBO
features (Figure S1, Supplementary Materials). In the application point of view, such
inhomogeneous device characteristics may restrict the reliability of the circuit integration.
Hence, the key issue could become the fabrication of the device structure with a clear and
regular succession of quantum dots at regular distances. To release this issue, therefore, the
advanced sub-5 nm patterning techniques can be suggested as feasible ways to improve
the device homogeneity. For example, recent advances in nanofabrication technology,
such as scanning probe lithography [40], heavy ion lithography [41], extreme ultraviolet
lithography [42,43], block copolymer self-assembly [44], may allow the precise undulation
of the Si nanowire because these methods enable us to control both the fine size and the
exact site of the sub-5 nm patterns.

In the MQD system, the cotunneling effect can be effectively suppressed because of
the following reason. According to the single-electron tunneling transport model [32,33],
the magnitude of ID is proportional to the multiplication factor;

(
gTe2/h

)N+1
(1)

where gT is the tunnel conductance of the single tunnel barrier, e is the unit charge, h is the
Planck constant, and N is the number of QDs. Since the magnitude of (gTe2/h) is much
smaller than 1 at the Coulomb blockade state (i.e., very low gT at the off-tunneling state),

the multiplication factor
(
gTe2/h

)N+1 would drastically decrease with increasing N in the
MQD system. To briefly sum up, the cotunneling current (i.e., valley current (Ivalley)) could
be effectively decreased as one increases the number of QDs. Based upon the above model,
for the MQD system with N QDs, the value of Ivalley can be described by [45]

Ivalley ∝
(

gTe2/h
)N+1{

(eVD)
2 + (2πkBTeff)

2
}N

VD

≡ GN+1
b

{
(eVD)

2 + (2πkBTeff)
2
}N

VD (2)

where GN+1
b is the multiplication of the tunnel barrier conductance, kB is the Boltzmann

constant, and Teff is the effective electron temperature. For example, the Ivalley values
for the single (N = 1), double (N = 2), and triple (N = 3) QD systems can be derived by
Equations (3)–(5), respectively [9,10]:

Ivalley(N=1) = αGSGD

{
e2V3

D + (2πkBTeff)
2VD

}
(3)

Ivalley(N=2) = βGSGiGD

{
e4V5

D + 2e2(2πkBTeff)
2V3

D + (2πkBTeff)
4VD

}
(4)

Ivalley(N=3) = γGSGi1Gi2GD

{
e6V7

D + 3e4(2πkBTeff)
2V5

D + 3e2(2πkBTeff)
4V3

D + (2πkBTeff)
6VD

}
(5)

where α, β, and γ are the proportional factors, and GS, Gi, and GD are the source, interme-
diate, and drain conductance values, respectively.
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To assess the cotunneling characteristics of the present devices, we examined the
VD dependence of the CBO evolution (Figure 3a–c) and plotted the values of Ivalley as a
function of VD (Figure 3d–f). As can be seen from Figure 3a–c, the devices exhibit the
clear valley states even at higher VD up to 0.5 V. In general, the cotunneling events would
become significant at the higher bias voltages because the higher external electric field
from the over-driving voltage gives rise to the increase in the excess energy in the QD
system [15,46,47]. Therefore, the clear valley states at higher VD depict the present devices
to hold a weak cotunneling effect. Nevertheless, the magnitude of Ivalley goes out of the
single tendency when VD exceeds 0.3–0.35 V. In the present type of the SETs, the tunnel
barriers are created by the sub-band modulation at the squeezed Si nanowire regions but not
the material barriers, such as SiO2. In this case, the tunnel barriers would be lowered with
increasing VD, particularly at the drain region, because the tunnel barrier is capacitively
coupled in between the dot and the electrode. Thus, the stochastic tunneling events would
alter and/or be broken at the higher VD region so that the Ivalley values become irrespective
of the above cotunneling model. For data fitting to the above equations, we therefore chose
only the VD region, in which ID follows the Ivalley vs. VD functions in Equations (3)–(5).

 

Figure 3. Evolution of the CBO peaks at the positive VD region (i.e., ID–VG curves at VD = 0.02 – 0.5 V)
for (a) SET-A, (b) SET-B, and (c) SET-C; and the Ivalley as a function of VD for (d) SET-A, (e) SET-B,
and (f) SET-C.

By fitting the measured Ivalley values to the above equations, we found that the SET-
A, SET-B, and SET-C devices were composed of the MQD systems with N = 2 (double),
2 (double), and 3 (triple), respectively. Namely, the Ivalley data could be well fitted only to
Equation (4) for SET-A and SET-B and to Equation (5) for SET-C. From the fitting curves,
the Teff values were determined to be 376, 349, and 335 K for SET-A, SET-B, and SET-C,
respectively. Accordingly, the excess energy (Eexc = Ee–f − Eenv, where Eenv is the thermal
energy at the environmental system) could be deduced to be 6.5, 4.2, and 3.0 meV for SET-A,
SET-B, and SET-C, respectively. In addition, the other SETs (N = 2 or 3) fabricated in a
single chip were confirmed to have similar values to the above (Figure S1, Supplementary
Materials). These values are much smaller than those of other single-dot SETs/SHTs and
are comparable to those of the state-of-the-art single-dot SETs that comprised the ellipsoidal
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QDs produced by sophisticate fabrication processes (Table 1). As a result, forming the
MQD system would effectively lead to the decrease in the cotunneling effect; hence, the
Coulomb blockade state (i.e., valley state) could be stabilized even at higher VD.

Table 1. Comparison of Teff and Eexc for various CMOS-compatible Si SETs with different device
configurations.

Number of
QD

Device Type
Si Nanowire

Direction
Teff (K) Eexc (meV) Ref.

Single

Si SHT [100] 1260 82.7 [15]
Si SHT [100] 870 49.1 [15]
Si SHT [100] 415 9.9 [15]
Si SET [110] 312 1.0 [10]
Si SET [100] 338 3.3 [9]

Double

Si SET (A) [110] 376 6.5

This Work

Si SET (B) [110] 349 4.2
Si SET (S1) [110] 384 7.2
Si SET (S2) [110] 389 7.7
Si SET (S3) [110] 397 8.4

Triple Si SET (C) [110] 335 3.0
Si SET (S4) [110] 342 3.4

As mentioned earlier, Teff affects not only the cotunneling characteristics at the
Coulomb blockade states, but also the thermally activated carrier conduction (i.e., thermal
fluctuation of the quantum states). To verify the energetic stability of the quantum states,
we examined the NDC characteristics via observing the VD-dependent single-electron
tunneling current at VG near the Coulomb blockade state. Figure 4a–c displays the room-
temperature ID–VD characteristic curves at various VG conditions near the Coulomb block-
ade regions for SET-A, SET-B, and SET-C, respectively. All the devices clearly exhibit the ID
humps or knees, as indicated by the arrows. For example, in the case of SET-A (Figure 4a),
the ID hump begins to appear at VG = 0.7 V, and the position of the ID hump gradually
moves to the higher VD and higher ID region as VG increases.

A similar feature can be also observable from SET-B (Figure 4b) and SET-C (Figure 4c).
Namely, SET-B and SET-C show the ID knees in their ID–VD characteristic curves. As
shown in Figure 4d–f, the ID humps and knees can be confirmed to originate from the NDC
characteristics. These are attributable to the sudden drop of the drain conductance due
to the off resonance at the forbidden energy gaps [10,12]. In other words, the tunneling
processes could be prohibited at specific VD bias voltages because of the large quantum
level spacings in the ultra-small Si QDs. Based upon all the above results, therefore, it can
be concluded that both the cotunneling effects and the thermal fluctuation behaviors could
be effectively reduced by forming the MQD system. Furthermore, the Si MQD system
formed along the [110] Si nanowire can be suggested as a commendable strategy to reduce
the Teff value for the room-temperature application of the CMOS-compatible Si SETs.
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Figure 4. ID–VD output characteristic curves at various VG near the Coulomb blockade regions for
(a) SET-A, (b) SET-B, and (c) SET-C, and dID/dVD–VD curves of (d) SIA, (e) SET-B, and (f) SET-C.

4. Summary and Conclusions

The CMOS-compatible Si MQD SETs were fabricated in the form of the Si nanowire-
channel MOSFETs, in which the multiple Si QDs were self-formed through isotropic wet
etching of the e-beam-lithographically patterned [110] Si nanowires. Owing to the large
sub-band modulation in the volumetrically undulated [110] Si nanowire, the Si MQD MTJ
system with large quantum level spacings could be achieved. Although the volumetrically
undulation method (i.e., self-formation of the Si MQD MTJ system) did not fully guarantee
the identical Coulomb blockade characteristics for all the devices in a single chip, in terms
of the theoretical fitting model, we found that the MQD MTJ system could allow us to
effectively reduce both the cotunneling current and the effective electron temperature.
These eventually led to the room-temperature manipulation of clear CBO and NDC peaks
at wide bias voltage ranges. Consequently, the formation of the [110] Si MQD MTJ system
could be an effective strategy to fabricate the high-performance CMOS-compatible Si SETs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12040603/s1, Figure S1: Coulomb blockade characteristics
of (a) SET-S1, (b) SET-S2, (c) SET-S3, and (d) SET-S4 that had been fabricated in a single chip studied
in the present work.
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Abstract: As a representative of immiscible alloy systems, the Cu-Ta system was the research topic be-
cause of its potential application in industry, military and defense fields. In this study, an amorphous
Cu-Ta alloy film was manufactured through magnetron sputter deposition, which was characterized
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Mechanical
properties of Cu-Ta film were detected by the nanoindentation method, which show that the elastic
modulus of Cu3.5Ta96.5 is 156.7 GPa, and the hardness is 14.4 GPa. The nanoindentation process was
also simulated by molecular dynamic simulation to indicate the deformation mechanism during the
load-unload stage. The simulation results show that the structure <0,2,8,4> and <0,2,8,5> Voronoi
cells decreased by 0.1% at 50 Ps and then remained at this value during the nanoindentation process.
In addition, the number of dislocations vary rapidly with the depth between indenter and surface.
Based on the experimental and simulation results, the Voronoi structural changes and dislocation
motions are the key reasons for the crystallization of amorphous alloys when loads are applied.

Keywords: Cu-Ta alloy; deform mechanism; magnetron sputtering; nanoindentation; molecular
dynamics (MD)

1. Introduction

An important player in the alloy family, metallic glasses (MG) were first prepared
by Duwenz et al. [1] in 1960. They obtained the first amorphous alloy chips in the Au-Si
system by means of the liquid spray technique. Subsequently, Cohen et al. [2–4] proposed
criteria for the formation of metallic glasses and verified the presence of glass transport
in amorphous alloys in terms of specific heat theory. Since then, more amorphous alloys
based on different metals have been prepared [5–8]. In addition, these amorphous alloy
systems have excellent mechanical strength and high elastic deformation.
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Copper-based amorphous alloys, a branch of MG, have excellent strength and elas-
ticity capabilities. Much attention has been paid by many researchers to its preparation
and mechanical characteristics. As early as 1989, Subrananlan et al. [9] introduced the
phase diagram of the Cu-Ta binary alloy, elucidating that Ta is difficult to miscible in
Cu. Several preparation methods have been used to produce Cu-Ta alloys, including ball
milling, ion beam mixing, physical vapor deposition and magnetron sputtering [10–14]. De-
pending on the concentration of Ta, Cu-Ta systems can form crystal clusters or amorphous
alloys. Ta films can act as diffusion barriers for Cu-based semiconductor substrates [15–17].
Francis et al. [18] investigated the growth of Ta films in (011) body-centered cubic (BCC) Ta
and the deposition of CuTa films on (111) face-centered cubic (FCC) Cu. Frolov et al. [19]
investigated the effect of Ta concentration on grain growth and mechanical strength in
nanocrystalline (NC) Cu-Ta alloys. Li et al. [20] evaluated the axial tensile strength and
elastic modulus of NC Cu-Ta alloys by molecular dynamics methods, and from their results
it appears that the strength of the alloy varies with the grain size in the Hall-Petch effect. In
particular, many researchers have given more attention to the interface between the amor-
phous state and NC. Gu et al. [21] prepared CuTa/Cu multilayers with different nanoscale
Cu layer thicknesses and investigated the structure-related size effects by nanoindentation
tests. Capenter et al. [22] prepared CuNi multilayer films by magnetron sputtering and
in which the deformation mechanisms of the CLS (Constrained Layer Slip) model and
grain boundary excitation were explained. According to their conclusions, increasing the
concentration of nickel contributes to the contribution of CLS and slip to hardness.

Meanwhile, nanoindentation plays a key role in nanoscale mechanisms as an important
characterization method. Ruestes et al. [23] used three different interatomic potentials for
indentation simulations of tantalum disulfide and investigated the effects of indentation tip
and penetration velocity by molecular dynamics (MD) methods. Zeng et al. [24] examined
by nanoindentation methods Ta content of 25.6 to 96 at% of the mechanical properties of
Cu-Ta amorphous films. They found that the incremental elastic modulus per Ta atom
was 1.35 GPa and the incremental hardness per Ta atom was 0.205 GPa. Fang et al. [25]
investigated the deformation behavior of high entropy bodies by nanoindentation MD
simulations. In addition, many researchers have studied the mechanical properties of
different materials by nanoindentation experiments and MD methods [26–35].

Although the mechanical properties at the interface between MG and NC in Cu-Ta
alloys have been investigated in the above studies, the details of the deformation have not
been precisely explained. In the present study, amorphous Cu-Ta alloy films were first
prepared by magnetron sputtering. The deposition and nanoindentation processes were
then simulated by MD methods. It was found that the Voronoi cell has a strong influence
on the amorphization of the metal. Finally, the deformation behavior and the motivation of
the interfacial structure are discussed.

2. Experimental

2.1. Magnetron Sputter Deposition

Cu-Ta films were synthesized by direct current (DC) magnetron sputter-deposition
in an argon atmosphere (99.99%) using Ta (99.5% purity) and Cu (99.5% purity) targets.
We used 1.8 cm × 1.8 cm silicon substrates. The substrates were ultrasonically cleaned in
acetone and methanol bath for 10 min sequentially. The base pressure of the deposition
chamber was about 1.3 × 10−5 Pa. Deposition was performed at an Ar pressure of 0.4 Pa,
substrate bias of −100 V with the substrate held at ambient temperature. The target power
was set at 100 W for Ta and 50 W for Cu, respectively. The Cu concentration in the film was
controlled by adjusting the duty cycle of the shutter in front of the Cu target. The thickness
of all films was about 1 μm, as determined by optical system.

2.2. Nanoindentation

Cu-Ta alloy films were indented using Hysitron 950 Triboindenter with a Berkovich tip
(about 50 nm radius). The samples were cut to fit the microscope stubs and combine them
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using Ag paste. 2 × 3 array was selected on each sample. The maximum depth was about
100 nm less than 10% of films thickness to avoid substrate influence. The load resolution of
the instrument is 30 nN and the displacement resolution is less than 0.2 nm. After the test,
the area function was corrected on a standard sample of fused silicon.

2.3. Microscopy

A FEI QUANTA 450 SEM was used in ultrahigh resolution mode to investigate surface
morphology and element distribution. The SEM was operated at 10 kV in high vacuum
mode and the sample concentrations were detected by energy-dispersive spectroscopy
(EDS). The lamellae were produced with a FEI Helios 600i dual-beam FIB/SEM, operated
at 30 kV of Ga+ source and 10 kV of electron source. A JEM-2100 F TEM operating at 100 kV
acceleration voltage was used to determine orientation relationship and microstructure of
the amorphous Cu-Ta alloy film. As the Figure 1 shows, there are fewer particles on the
surface of the Ta-rich film. Figure 1c shows more clearly that the thickness of the Cu-Ta
alloy film is 1.087 μm.

 

Figure 1. Surface morphology of Cu-Ta alloy films. (a) The surface of Cu84Ta16 (where 84 represents
the atom concentration of Cu is 84%); (b) The surface of Cu3.5Ta96.5; (c) The thickness of Cu-Ta alloy
film (where the sample is Cu84Ta16).

2.4. Theroy and Modeling
2.4.1. Elastic Modulus and Hardness

We can obtain the elastic modulus and hardness from the indentation test. The most
popular method calculating modulus is O&P method [36]. This method fits the unload
curve of indentation range from the bottom of unload points to 40% of unload curve.
Details are shown below.

Pu = a(h − hr)
m (1)

where a is the fitting parameter, hr is the residual depth, and the index m is the shape pa-
rameter of the indenter. Stiffness S can be determined by derivative load Pu as Equation (2)
shows:

S =
dPu

dh

∣∣∣∣h=hmax = ma(hmax − hr)
m−1 (2)

The reduced elastic modulus and true elastic modulus can be obtained from the next 2
equations, and A represent the contact area.

Er =

√
π

2
· S√

A
(3)
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1
Er

=
1 − v2

s
Es

+
1 − v2

i
Ei

(4)

where Er is reduced elastic modulus, Es and Ei represent elastic modulus of material and
indenter, respectively. vs and vi are passion ratio of material and indenter. It is worth
mentioning that some other authors [37,38] recommend using a model for all penetration
depth/thickness ratio. These models are mostly based on weight function, depending on
coating and substrate modulus. Thus, composite modulus is close to both initial moduli.

The O&P method is very popular in the indentation experiment results. However, in
the atomic scale, this method may be failure [39]. In MD simulations of nanoindentation,
most researchers derive the modulus of elasticity and nanohardness from Hertz theory [40].
According to Hertz, the starting point of the load-depth curve is the absolute elastic phase.
In this phase, the load and depth satisfy the following relationship. It should be noted that
the derivation of the following equations is only for molecular dynamics simulations of
nanoindentation experiments in this work.

Ps =
4
3

E∗R
1
2 ht

3
2 (5)

Here, R is the radius of virtual sphere indenter, ht is the total indent depth. E* is the
reduced elastic modulus (To distinguish from the real experimental reduced modulus Er).
Since in our model the radius of indenter can’t far exceed the indent depth, according to
Pathak et al. [41,42] the last equation should be modified as bellow:

Ps =
4
3

E∗
(

Rht − h2
t /4

) 3
2

R
(6)

According to the Equation (5), the reduced elastic modulus can be obtained by fitting
the curve range from the start to the first dislocation emission.

Again, as mentioned above, the load-depth curve can be converted into a strain-stress
curve according to Hertz theory. Details are given below.

σ =
P

π
(

Rht − h2
t /4

) (7)

ε =

(
Rht − h2

t /4
) 1

2

R
· 4
3π

(8)

From the two equations above, we can easily obtain the elastic modulus in the lin-
ear phase.

2.4.2. Simulation Model

In order to explore the deformation mechanism of Cu-Ta alloy film, the simulated sput-
ter depositions and nanoindentation were executed by the Large-scale Atomistic/Molecular
Massively Parallel Simulation (LAMMPS) [43]. The embedded atom model (EAM) de-
veloped by Foiles [44] and Ravelo [45] are used to describe the force on Cu-Cu pair and
Ta-Ta pair, respectively. The angular-dependent interatomic potential (ADP) [46] was set to
describe the function of Cu-Ta pair.

As with the sputter deposition experiments, a copper substrate was set up at the
bottom of the system. The substrate is divided into three zones, including a fixed zone,
a thermally controlled zone and a free zone. In the thermally controlled area a Langevin
thermostat is set to maintain the temperature at 300 K. The injected atoms leave the
incidence plane and reach the free zone. Two important sections are set up at the top of
the simulation box. The incident layer is located one lattice distance from the entire top of
the box. As shown in Figure 2, two virtual walls are set up to prevent the emitted atoms
from leaving the system. The frequency of the emitted atoms was controlled so that the
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Ta content approximately met that of the experimentally prepared amorphous film. The
boundaries are set to be periodic in the x and y directions and contracted in the z direction.

Figure 2. Physical model of sputter deposition. The bottom blue atoms represent Cu atoms. The
region red atoms located is the birthplace of incident atom. The atoms in the middle of the simulation
box are the emitted atoms before they reach the free surface.

Next, the output of the deposition simulation can be used as the initial model for the
indentation. The indentation model is shown in Figure 3. A virtual sphere indenter with a
radius of 3 nm is set at the top center of the deposition output model. The distance between
the indenter edge and the top of the deposition output model is 1 Å. The speed of the
indenter downwards is set to 2 Å/s. At the start of the simulation, energy minimization
and relaxation were performed to bring the system to an equilibrium state with minimum
energy. During the indentation test, the model boundary was set to be periodic in the X
and Y directions and contracted in the Z direction.

 
Figure 3. Physical model of nanoindentation. The top purple sphere represents the virtual indenter.
The bottom block is output model of sputter deposition, which color coding with common neighbor
analysis (CNA) (Reproduced with permission from [47]. Journal of Physical Chemistry, 1987). The
green and blue atoms represent FCC and BCC structure type, respectively.

3. Results and Discussion

In the results and discussion, it is divided into two parts: experiments and simulations.
The experimental part shows the structure of our prepared amorphous Ta-rich Cu-Ta films
and the results of nanoindentation experiments. In addition, the focus is on the analysis of
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the results of the atomic simulations to obtain the deformation mechanism of the deposited
films during the indentation process.

3.1. Experimental Results

The internal structure of the prepared Cu3.5Ta96.5 films was characterized using a
JEM-2100 F TEM. First, a 1 μm slice was cut out at the interface between the film and the
substrate using Focused Ion beam (FIB), and the thickness of both the substrate and the film
was about 500 nm. As can be seen in Figure 4a,b, there is no apparent array arrangement
inside the film, which is in a distinctly amorphous state. To further verify this, the red circle
in (a) was characterized by selected area electron diffraction and the image was found to be
a distinct aperture as shown in Figure 4d, which further confirms that the prepared film
is amorphous. Figure 4c shows the EDS spectrum of the atomic composition of the film,
confirming the Ta content.

 

Figure 4. TEM characterization of Cu3.5Ta96.5 film. (a) The inner structure of Cu-Ta alloy film;
(b) A partial enlargement of red circle in (a), obviously amorphous state; (c) The EDS spectrum of
Cu3.5Ta96.5; (d) Selected area diffraction patterns sampling Cu3.5Ta96.5.

The results of the nanoindentation experiments are shown in Figure 5, which can be
illustrated by the complete load-displacement curve. The hardness and elastic modulus are
14.4 GPa and 156.7 GPa, respectively.
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Figure 5. Load-displacement curves of nanoindentation experiment for Ta-rich film. Five points in
sample were detected and the elastic modulus and hardness were obtained from these curves.

3.2. Atomic Simulation Results

In the atomic simulation results, we discuss the results of the simulated deposition
and analyze the changes of the Voronoi cell during the deposition process. In addition, we
simulated the nanoindentation process of the deposited film, and as a complement to the
experimental results dynamically analyzed the motion behavior of the internal atoms.

3.2.1. Deposition Properties

In order to observe the activity of atoms and the changes in internal structure during
deposition simulation, we used the Voronoi index and radial distribution function (RDF)
to characterize the changes in the crystal structure of the model during deposition. At the
same time, we characterized the internal structure and crystal properties of the prepared
Cu-Ta films by High Resolution Transmission Electron Microscope (HRTEM). As shown
in Figure 4, it can be seen that the Cu3.5Ta96.5 films obtained by sputtering have an
amorphous structure. This is also well supported by the results of the atomic simulations.
Figure 6 shows the statistics of the change in the number of the first five Voronoi structures
in the whole model at different sputtering times. It can be seen that the proportion of
<0,12,0,0> cells keep decreasing as the deposited atoms are continuously injected. This
is because the <0,12,0,0> units correspond to FCC structures centered on copper atoms.
Before deposition starts, single-crystal copper is used as a substrate and <0,0,12,0> also
occupies the largest proportion. In addition, <0,5,4,0> is a common defect structure to be
observed in single crystal copper. At the end of deposition, the proportion of <0,12,0,0>
reaches a minimum of 6.3%. In addition, the proportion of <0,6,0,8> centered on tantalum
atoms increases from 0 to 55.8% with the implantation of atoms, making it the largest
Voronoi unit in the whole model. It was shown that the degree of amorphization during
metal vitrification is associated with Voronoi polyhedral with a particular structure [48]. In
our simulations, the variation of <0,6,0,8> polyhedral clearly affects the vitrification process
of Cu-Ta alloy films.
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Figure 6. The change of Voronoi polyhedron with the increase of deposited atoms. (a) <0,12,0,0>,
<0,6,0,8>, <0,4,4,6>, <0,5,2,6> and <0,5,4,5> fractions with the deposit time; (b) the structure of
<0,12,0,0> Voronoi cell; (c) the structure of <0,6,0,8> Voronoi cell. (For structural clarity, the central
atom is indicated in yellow and the other atoms in purple or blue).

To demonstrate the amorphous structure of the films from macroscopic statistics
of the atomic arrangement. We use RDF to describe the atomic distribution inside the
film after different deposition times. Combined with the distribution of Voronoi cells at
the corresponding time in Figure 7, the atomic composition inside the film at this time
can be analyzed. Figure 7d shows the atomic distribution at 1800 Ps deposition. The
smaller probability of finding a Cu atom at the same distance through the RDF of the
Cu-Cu pair corresponds to the smallest proportion of Voronoi cells centered on Cu atoms.
g(r) fluctuations between Cu-Ta and Ta-Ta are smaller and the amorphous character is
more pronounced.

 

Figure 7. The RDF profile of deposit Cu-Ta model at different time. (a) 200 Ps; (b) 800 Ps; (c) 1200 Ps;
(d) 1800 Ps.
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3.2.2. Indentation Properties

The elastic modulus and nanohardness in the atomic simulations were obtained by
Hertz theory. Figure 8a shows the load-displacement curve for the entire indentation
process with a maximum indentation load of 0.51 μN. the maximum indentation depth is
2.8 nm. the residual depth is 2 nm. a short distance at the beginning of the loading phase is
linearly increasing, indicating that the film is in the fully elastic deformation phase. The
elastic modulus can be obtained by fitting a curve for this stage. Figure 8c shows the results
of the Hertz fit for this phase, with a reduced elastic modulus of 111 GPa. In addition, by
using Equations (8) and (9), the load-displacement curve can be converted to a stress-strain
curve as show in Figure 8d, and then the curve for the linear phase can be fitted to obtain the
reduced elastic modulus, which gives a result of 109 GPa, in agreement with (c). However, it
differs from the experimental value (156.7 GPa) by 30%. After analysis, this difference may
be caused by the amplification of the “substrate effect”. During the indentation process, the
simulated nanoscale film system has only a very small thickness (8 nm). If we use h (depth
of indentation)/t (film thickness) as the normalized evaluation criterion, the experimental
value is less than 10%, while the simulated value reaches 30%. The “substrate effect” at the
atomic level would have a more pronounced effect. Therefore, the modulus values obtained
by scaling up the simulated system will be accurate. Optimizing the simulated deposition
times will be closer to the experimental values. When the strain is less than 0.1, the film
is in the fully elastic deformation phase, where the strain also corresponds to the initial
emission position of the dislocation. Figure 8b shows the load variation corresponding to
different loading times. The three sub-images correspond to the depth of the indentation at
different times and are color coding with indentation depth.

 

Figure 8. Indentation load curve. (a) Load-depth curve of simulated Ta-rich deposition output
model; (b) Time-force of nanoindentation, three sub-images relate to the indentation depth at that
time; (c) Load-depth curve of loading stage and Hertz fitting; (d) Strain-stress curve transfer from
load-depth curve.
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The nanohardness is calculated using the following formula.

H =
P
A

(9)

where P is the max load, A is project area.
The nanohardness of the Cu3.5Ta96.5 film obtained was 12.6 GPa, a difference of 12%

from the experimental value of 14.4 GPa. The H/E (hardness-to-elastic modulus ratio) is
a key indicator of the film’s wear resistance. The lower the value, the lower the abrasion
resistance and the higher the wear resistance. The simulated Cu-Ta alloy film had an H/E
of 0.114, while the prepared film had an H/E of 0.092. The results of the simulated system
were also relatively close to the experimental value, which could reflect the high wear
resistance of the Ta-rich film.

3.2.3. Deformation Mechanism

Figure 9 shows the change in depth of the film in the Z-direction during dynamic
loading and unloading. The color of the atoms is determined by the depth in the indentation
direction. The indentation depth increases with increasing load and reaches a maximum
at an indentation depth of 2.8 nm. The corresponding picture is shown in (e). The force
unloading process is then carried out. As the load decreases, the film bounces back.
However, due to the effect of plastic deformation, the indentation depth no longer decreases
but remains at this value when the indentation depth is 2.0 nm. The indentation depth at
this point is also the residual indentation depth hr.

Figure 9. Dynamic loading and unloading process. (a–e) represent the process of load increase, (f–j)
represent the process of unloading. The atoms are colored according to the depth in the loading
direction (Z direction).

To show more clearly the displacement of atoms inside the film during the indentation
process. Figure 10 shows the displacement of atoms in the XY-plane for different indentation
depths using the slice method. The color of the atoms is determined by the size of the
displacement. Figure 10c corresponds to a maximum indentation depth of 2.8 nm and
(d) to the state of the atoms inside the model after unloading. At the same time, there
is a clear “indentation” during loading, as shown by the red outline in Figure 10c. As
the indenter penetrates into the film, the surrounding surface of the film bulges, forming
a small convex surface. This is the “Pile-up” phenomenon, where it is known that the
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Oliver-pharr method is no longer applicable, which is why we use the Hertz model in
simulation. The distribution of atoms during the indentation process shows that the atoms
on the original free surface have two trends of movement: one is the part of the atoms that
moves downward with the indenter, i.e., the red part, and the other is the green atoms that
occur in the Pile-up region. The green atoms are bulged by the joint action of the indenter
and the surrounding atoms to form a convex package. After the unloading is completed,
it can be seen from Figure 10d that some of the red atoms diffuse into green or yellow
atoms due to the elastic effect. There are also light blue atoms in the lower part of the
entire hemisphere due to plastic deformation, and according to their distribution, it can be
approximated that if the indentation load continues to increase, these areas will become
sprouts for crack expansion.

 

Figure 10. The atomic displacement of the Cu-Ta alloy film during nanoindentation process are the
cross-section snapshots of XY plane at the indentation depths of (a) 0.2, (b) 1.2, (c) 2.8 and (d) 2 nm,
respectively.

Figure 11 shows the displacement of the atoms during the indentation process, we
then used the dislocation analysis (DXA) method [49] to calculate the dislocations in the XY
plane at a distance of 1.5 nm from the indentation surface. At the same time, the variation
of the Voronoi cells was accounted for. In general, the variation of the Voronoi cells during
the indentation process is not very significant and most of the structures remain at a stable
value. Only the Voronoi cells of <0,2,8,4> and <0,2,8,5> decreased by 0.1% at 50 Ps and then
remained at this value. The change in the number of dislocations allows a better analysis
of the changes in the internal structure of the film. It can be seen that there are still many
defects in the initial state model. As the indenter penetrates deeper into the substrate, the
number of in-plane dislocations changes significantly. From 80 Ps onwards, the number of
dislocations increases significantly, which also corresponds to the end of the fitted curve in
Figure 8c. In our calculations, we consider this moment as the time of initial dislocation
emission. Subsequently, the number of dislocations at 160 Ps decreases rapidly. At this
moment, the indenter starts to leave the substrate surface and the internal dislocations
decrease. However, a few dislocations still occur during the recovery of the film. The
number of dislocations remains constant until the indenter leaves the substrate completely.
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Figure 11. Changes in the internal structure of the model during indentation. (a) Voronoi cell statistics
at different indent time; (b) Dislocation count in XY plane at different indent time.

4. Conclusions

Firstly, amorphous Cu-Ta alloy films, namely Cu3.5Ta96.5, were prepared by mag-
netron sputtering. The surface morphology and internal atomic structure of the films were
characterized by SEM and TEM. The TEM results showed that the prepared Cu-Ta alloy
films were amorphous, but some nano-clusters were present in them. The elastic modulus
and hardness of the film were obtained by nanoindentation. the hardness and modulus of
Cu3.5Ta96.5 were 14.4 GPa and 156.7 GPa, respectively. it is evident from the indentation
experimental results that the elastic modulus and hardness increase with increasing Ta
concentration. Then, both atomic deposition and nanoindentation were simulated using
the MD method. The results of the atomic deposition simulations were compared with
the TEM characterization results to further demonstrate the amorphous structure of the
films. By analyzing the variation of Voronoi units, the main structure affecting the amor-
phization of the Cu-Ta system is probably the <0,6,0,8> structure centered on the Ta atom.
The elastic modulus and nanohardness of the simulated nanoindentation were calculated
using a Hertz fitting method. The results obtained were compared with the experimental
results and the numerical differences were found to be within 30%. This may be due to the
“substrate effect” of the single crystal copper substrate during the simulation and the size
of the simulated system. Finally, the specific deformation behavior of the Cu-Ta alloy films
was shown by analyzing the changes in atomic displacements during nanoindentation
and the number of dislocations in the XY plane. The results show that the Voronoi unit
and the number of dislocations per unit area dominates the deformation behavior of the
material together.
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Abstract: Developing high-performance electrode materials is in high demand for the development
of supercapacitors. Herein, defect and interface engineering has been simultaneously realized in
NiMoO4 nanowire arrays (NWAs) using a simple sucrose coating followed by an annealing process.
The resultant hierarchical oxygen-deficient NiMoO4@C NWAs (denoted as “NiMoO4−x@C”) are
grown directly on conductive ferronickel foam substrates. This composite affords direct electrical
contact with the substrates and directional electron transport, as well as short ionic diffusion pathways.
Furthermore, the coating of the amorphous carbon shell and the introduction of oxygen vacancies
effectively enhance the electrical conductivity of NiMoO4. In addition, the coated carbon layer
improves the structural stability of the NiMoO4 in the whole charging and discharging process,
significantly enhancing the cycling stability of the electrode. Consequently, the NiMoO4−x@C
electrode delivers a high areal capacitance of 2.24 F cm−2 (1720 F g−1) at a current density of
1 mA cm−2 and superior cycling stability of 84.5% retention after 6000 cycles at 20 mA cm−2.
Furthermore, an asymmetric super-capacitor device (ASC) has been constructed with NiMoO4−x@C
as the positive electrode and activated carbon (AC) as the negative electrode. The as-assembled ASC
device shows excellent electrochemical performance with a high energy density of 51.6 W h kg−1 at a
power density of 203.95 W kg−1. Moreover, the NiMoO4//AC ASC device manifests remarkable
cyclability with 84.5% of capacitance retention over 6000 cycles. The results demonstrate that the
NiMoO4−x@C composite is a promising material for electrochemical energy storage. This work can
give new insights on the design and development of novel functional electrode materials via defect
and interface engineering through simple yet effective chemical routes.

Keywords: NiMoO4 nanowire arrays; oxygen vacancies; core-shell electrode structure; asymmetric
supercapacitors

1. Introduction

Several alternative energy technologies have been under development globally in
a great effort to mitigate the energy and environmental challenges faced and in accor-
dance with the current “carbon neutral” policies. Supercapacitors (SCs), also known
as electrochemical capacitors (ECs), have been considered as one of the most promis-
ing energy storage devices due to their unique characteristics of high power density
(>10 kW/kg), fast charging and discharging capability (within a few seconds), long lifespan
(over 100,000 cycles), and good operational safety. SCs have been widely applied in some
important fields, including smart electric grids, memory back-ups, (hybrid) electric vehicles,
and aerospace crafts. Although SCs have the advantages of high power density and very
long calendar lives, their further application is still hindered by their limited energy density.
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Therefore, it is crucial to develop advanced high-performance SCs with higher energy
densities without severely compromising the power density and cyclability.

Recently, asymmetric supercapacitors (ASCs) have been regarded as promising due to
their enhanced energy density. ASCs commonly combine pseudocapacitive materials (as
positive electrode) and electric double-layer capacitive materials (as negative electrode),
making use of the much higher specific capacitance derived from the pseudocapacitive
electrode materials and a wider potential window during operation. In this sense, the elec-
trochemical performances of ASCs are largely influenced by the structures and properties
of the pseudocapacitive electrode materials. Thus, the development of high energy density
ASCs heavily relies on the rational selection and design, as well as delicate fabrication of
advanced electrode materials.

The use of transition metal oxides (TMOs) [1], hydroxides [2], sulfides [3], selenides [4],
carbides [5], and their composites with conductive carbon and polymers [6], as possible
electrode materials for ASCs, has been attempted. Particularly, TMOs, such as NiO [7],
MoO3 [8], Co3O4 [9], and MnO2 [10], have received considerable attention due to their low
cost, convenience of synthesis, environmental friendliness, and relatively high capacitance.
Compared to binary TMOs, ternary TMOs materials containing two different metal cations,
such as NiCo2O4 [11], ZnCo2O4 [12,13], CoMoO4 [14], MnMoO4 [15], and NiMoO4 [16],
as well as some solid solutions [17], exhibit higher electrochemical activity due to the
rich redox reactions stemming from the multiple oxidation states of the transition-metal
components. It has been proposed that NiMoO4 has a good reversible capacitance and
electrochemical characteristics for SCs/ASCs applications because of the electrochemical
active Ni cation and improved electronic conductivity from Mo cation [16,18].

However, the practical application of NiMoO4 electrodes in SCs and ASCs is still ham-
pered by their poor electronic conductivity, insufficient ionic transport and diffusion, and
structural instability during long-term cycling [19]. Therefore, the controllable fabrication
of NiMoO4 with desired nano- and microstructures and rational structural engineering is
highly desired but remains challenging.

Various nanostructured NiMoO4 materials, such as nanosheets and nanorods ar-
rays [20], nanotubes [21], hollow nanorods [22], mesoporous nanospheres [23], nanoparti-
cles, and quantum dots [24], have been designed to boost the electrochemical performances
of the NiMoO4 electrodes via increased exposed surface for ion adsorption and insertion,
shortened path distances for ion transport and diffusion, and improved electrolyte im-
pregnation and permeation. Specifically, various low-dimensional NiMoO4 nanostructures
directly grown on conductive substrates (e.g., Ni/Cu foams [25,26], graphene [27], and
carbon substrates [28,29]) are particularly preferred for directional electron transport with
reduced charge carrier scattering at grain boundaries and easy integration into flexible
devices with some specific applications.

To overcome the poor electronic conductivity of pristine NiMoO4, various NiMoO4/
carbon composites have been synthesized by hybridizing NiMoO4 nanostructures with
graphene [30,31], carbon nanotubes [32], conducting polymers [33], and porous carbon
architectures [34,35] Alternatively, intentional doping of NiMoO4 with several kinds
of heteroatoms such as Mn [36,37], P [38], Zn [39], Ce [40], or the creation of oxygen
vacancies [14,41–43] in the lattice have recently been reported. In addition, NiMoO4 has
also been coupled with other metal oxides [44–49] or sulfides [50–52] to form heterostructure
electrodes for supercapacitors with improved electrochemical performances.

However, monotonous strategy sometimes has a limited contribution for the overall
electrochemical performance improvement of NiMoO4 materials. In addition, some re-
ported approaches for hybridization or doping of NiMoO4 involve multiple and complex
chemical and physical processes that are not economically or environmentally friendly.
Thus, the rational design and the design of a NiMoO4-based composite electrode for
high-performance supercapacitors remains a challenge.

In this work, we report the simultaneous defect and interface engineering of NiMoO4
nanowires arrays (NWAs) using a simple and effective sucrose coating followed by a
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thermal treatment approach. In this process, an amorphous carbon shell was uniformly
coated on the NiMoO4 surface, effectively improving the electronic transport and structural
integrity of the NiMoO4 during electrochemical cycling. Additionally, oxygen-vacancy
defects were incorporated into the NiMoO4 during the carbonization process, further
enhancing the electronic conductivity of NiMoO4 and redox activity in the NiMoO4 elec-
trode surface. As expected, the resultant NiMoO4−x@C composite exhibited a higher
specific capacitance than that of the pristine NiMoO4 NWAs. Furthermore, an asymmetric
supercapacitor (ASC) was assembled with the NiMoO4−x@C as positive electrode and
activated carbon (AC) as negative electrode, delivering a remarkably high energy density
of 51.6 W h kg−1 at a power density of 203 W kg−1 and an excellent cycling stability with a
retention of 84.5% after 6000 cycles under a high current density of 10 A g−1.

2. Results and Discussion

The synthesis route of oxygen-deficient NiMoO4@carbon nanowire arrays (NiMoO4−x@C)
is schematically shown in Figure 1. The preparation process mainly involved three critical
steps. Firstly, a NiMoO4 nanowire arrays (NWAs) precursor (NiMoO4·xH2O NWAs, light
green) was directly deposited on a ferronickel foam by a hydrothermal reaction process
(Step 1, Figure 1). Secondly, the NiMoO4 NWAs precursor was transferred into NiMoO4
NWAs by annealing in Ar to remove crystal H2O and improve crystallinity (Step 2, Figure 1).
Finally, the as-obtained NiMoO4 NWAs were immersed in a sucrose solution, followed by
drying and annealing in an Ar atmosphere to fabricate oxygen-deficient NiMoO4@carbon
NWAs (NiMoO4−x@C) (Step 3, Figure 1).

 
Figure 1. Schematic illustration of the synthesis process of oxygen-deficient NiMoO4@carbon
nanowire arrays (NWAs) (denoted as “NiMoO4−x@C”). Step 1, growth of the NiMoO4 NWAs
precursor directly on a ferronickel foam substrate using a hydrothermal process; Step 2, conversion
of the NiMoO4 NWAs precursor into the NiMoO4 NWAs via annealing in Ar; Step 3, fabrication of
NiMoO4−x@C composite by sucrose coating followed by annealing in Ar.

The crystal structures of NiMoO4−x@C and neat NiMoO4 NWAs samples were char-
acterized by X-ray diffraction (XRD) analysis as depicted in Figure 2. The two strongest
diffraction peaks, located at ca. 45◦ and 52◦, were from the ferronickel foam substrate. The
NiMoO4−x@C and NiMoO4 NWAs samples showed similar diffraction peak shapes and
locations. The diffraction peaks located at 14.3◦, 24.0◦, 25.4◦, 28.9◦, 32.6◦, 37.1◦, 38.7◦, 41.3◦,
and 47.4◦ corresponded to the (110), (021), (−112), (220), (022), (−113), (−132), (040), and
(−204) crystal planes of orthorhombic NiMoO4 (JCPDS card No. 86-0361) [37]. Compared
to the NiMoO4 NWAs samples, the NiMoO4−x@C sample exhibited a slightly lower diffrac-
tion peak intensity possibly due to the covering of carbon on the NiMoO4 surface as well
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as the reduced crystallinity of NiMoO4 with increased structural defects. In addition, no
characteristic peaks for carbon phases were noted, suggesting the amorphous nature of the
carbon species in the NiMoO4−x@C sample. The formation of amorphous carbon could be
partially ascribed to the lower low annealing temperature (400 ◦C herein).

 
Figure 2. XRD patterns of NiMoO4 NWAs (black) and NiMoO4−x@C composite (red). The inset (top
left) shows the structural model of NiMoO4 crystal, whereas the green, blue, and red balls represent
the Ni, Mo, and O atoms, respectively. The two strongest diffraction peaks in the square regions of
dotted line are from the ferronickel foam substrate.

Raman spectra of pristine NiMoO4 NWAs and NiMoO4−x@C samples are illustrated
in Figure 3. The bands at 961 cm−1 and 913 cm−1 corresponded to the symmetric and
asymmetric stretching modes of Mo=O bonds, while the band at 706 cm−1 could be ascribed
to the stretching mode of Ni/Mo-O bonds of the orthorhombic α-NiMoO4 phase [53]. In
addition, two bands ascribed to the presence of carbon species were identified. The band
at around 1360 cm−1 could be attributed to the D band from defects and disorders in the
amorphous carbon layers, while the other band at around 1590 cm−1 was related to the
G band related to the vibration of sp2-bonded carbon atoms [54]. This result implied the
successful deposition of amorphous carbon layer on the surface of the NiMoO4 NWAs.

Figure 3. Raman spectra of NiMoO4−x@C (black) and pristine NiMoO4 NWAs (red) samples.

The morphologies of the NiMoO4 samples were firstly observed using scanning
electron microscopy (SEM). From Figure 4a, the pristine NiMoO4 NWAs sample was
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composed of oriented nanowires (NWs) with a smooth surface. In addition, the NiMoO4
NWAs have relatively uniform diameters of ~300 nm, on average, and lengths of several
micrometers. After the coating of the carbon, the surface of the NiMoO4−x@C sample
became obviously coarse as shown in Figure 4b. The element composition analyses using
energy-dispersive X-ray spectra (EDS) analysis indicated the existence of Ni, Mo, O, C, Fe,
and Al elements in the NiMoO4−x@C sample (Figure S1, Supporting Information). Note
that the Fe and Al signals mainly stemmed from the ferronickel foam substrate and the
sample holder, respectively.

 
Figure 4. SEM images of (a) neat NiMoO4 NWAs and (b) NiMoO4−x@C samples.

The microstructures of the pure NiMoO4 NWAs and NiMoO4−x@C samples were
further investigated by transmission electron microscope (TEM) and high-resolution TEM
(HRTEM) as shown in Figure 5. The TEM image (Figure 5a) revealed that the pure NiMoO4
nanowire had a smooth surface with a diameter of about 200 nm. A selected-area electron
diffraction (SAED) pattern (inset of Figure 5a) taken from this nanowire depicted a clear
two-dimensional dot pattern, suggesting its single-crystalline structure in nature. Two
diffraction spots, as marked by white circles, could be indexed to the (220) and (−222) crys-
tal facets of orthorhombic NiMoO4. From Figure 5b, the crystal plane with a lattice spacing
of 2.73 Å in the HRTEM micrograph corresponded to the (−222) planes of NiMoO4 [49,52].
In contrast, the TEM image in Figure 5c indicated that a layer of amorphous carbon film
with a thickness of ca. 20~50 nm had been coated on the NiMoO4 nanowire’s surface,
confirming the core-shell structure of the NiMoO4−x@C composite sample with different
brightness contrasts of NiMoO4 and carbon. The deposition of amorphous carbon on the
surface of NiMoO4 can be further confirmed by HRTEM micrograph as shown in Figure 5d.

 
Figure 5. TEM images (a,c) and HRTEM micrographs (b,d) of pure NiMoO4 NWAs (a,b) and
NiMoO4−x@C (c,d) samples. The insets in (a,c) are corresponding SAED patterns taken from a
single nanowire.
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Next, the chemical composition and valence states of element on the surface of NiMoO4
NWAs and NiMoO4−x@C samples were identified by X-ray photoelectron spectroscopy
(XPS, Figure 6). In the high-resolution Ni 2p spectrum of the pristine NiMoO4 NWAs
sample (Figure 6a), two main peaks were observed at binding energies (BEs) of 873.4 eV
and 856.3 eV with a spin-orbital splitting energy of 17.1 eV, corresponding to the Ni 2p1/2
and Ni 2p3/2 of Ni2+ in NiMoO4 lattice [55]. In addition, two satellite peaks with BEs
of 877.3 eV and 860.6 eV were noted for Ni2+. In Figure 6b, similar peak locations and
separations can also be observed in the Ni 2p spectra of NiMoO4−x@C sample, indicating
the coating of carbon had little effect on the chemical valence states of the Ni component in
NiMoO4. The Mo 6d spectrum of pure NiMoO4 and NiMoO4−x@C samples are shown in
Figure 6c,d. Evidently both samples had two strong bands with BEs located at 236.0 eV
and 232.9 eV, which could be assigned to Mo 3d3/2 and Mo 3d5/2 of Mo6+ cations in the
NiMoO4 lattice [56]. In addition, another pair of doublets was noted for the NiMoO4−x@C
sample, verifying the existence of Mo4+ in the NiMoO4−x@C composite [41,42,57] possibly
produced during the amorphous carbon coating process. From Figure 6e, the O 1s spectrum
of the NiMoO4 NWs sample was deconvoluted into three bands. The band centered at
530.1 eV was assigned to the lattice oxygen with O-Ni/O-Mo bonds, while the bands
located at 531.3 eV and 532.9 eV correspond to the O-C and O=C bonds from moisture
adsorbed on surface [58]. For the NiMoO4−x@C sample, another band could be noted
at 532 eV, suggesting the presence of oxygen vacancies (Vo) [59] at the NiMoO4 surface
(Figure 6f). The formation of and Mo4+ and Vo can tune the electronic structures and
electrochemical properties of the NiMoO4−x@C composite sample.

Figure 6. High-resolution XPS spectra of (a,c,e) pristine NiMoO4 and (b,d,f) NiMoO4−x@C samples;
(a,b) Ni 2p, (c,d) Mo 3d, (e,f) O 1s.
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Then, the effects of pyrolysis temperatures (from 200~800 ◦C) during the carbon
coating of the morphologies and microstructures of the NiMoO4/carbon composites were
investigated. It is noted that some aggregates of residual sucrose were observed after
annealing at 200 ◦C (Figure S2a), suggesting the carbonization of sucrose was incomplete
under a lower temperature. This SEM result also coincides well with the thermogravimetric
(TGA) and the differential scanning calorimetry (DSC) analyses (Figure S3), where the
thermal decomposition process of sucrose mainly occurs between 223 and 389 ◦C. With the
increase of annealing temperature, sucrose was decomposed, and the carbonization process
occurred accompanied by the release of some gases (e.g., CO, CO2). At a higher temperature,
the generated reductive gases (e.g., CO) reacted with NiMoO4 and generated some oxygen
vacancies on the NiMoO4 surface via abstracting some surface oxygen atoms. In contrast,
well-defined nanowires were obtained for the samples prepared after annealing at 400 and
600 ◦C, respectively (Figure S2b,c). However, the nanowire structure was destroyed when
the pyrolysis temperature was increased to 800 ◦C (Figure S2d), which might have been
caused by the large inner stain in the NiMoO4 NWAs or at the NiMoO4−x@C interface.
Thus, the standard annealing temperature was chosen as 400 ◦C.

To evaluate the electrochemical performance of NiMoO4 NWAs and NiMoO4−x@C
samples, electrochemical measurements were tested by a three-electrode system with
2 M KOH electrolyte (Figure 7). Figure 7a shows the CV curves of NiMoO4 NWAs and
NiMoO4−x@C samples at a scan rate of 20 mV s−1 with a potential window of 0 to 0.7 V.
Overall, the NiMoO4−x@C sample had a larger integral area than that of the NiMoO4
NWAs sample, indicating a significant increase of capacitance after carbon deposition and
introduction of oxygen vacancies. Meanwhile, the CV curves of the two samples exhibited
typical oxidation peaks, demonstrating typical pseudocapacitive charge storage character-
istics. In addition, the CV curves of four different pyrolysis temperatures of NiMoO4−x@C
samples are revealed in Figure S4. The sample collected at 400 ◦C shows the highest capaci-
tance which is consistent with the result of SEM in Figure S2. The sample collected at 800 ◦C
exhibited an unsatisfactory performance due to its collapsed morphology. Figure 7b shows
the GCD curves of the two samples. It revealed that the discharge time of the NiMoO4−x@C
sample was almost twice as much as that of the NiMoO4 NWAs sample at a current density
of 1 A cm−2. Figure 7c shows the electrochemical impedance spectroscopy (EIS) of NiMoO4
NWAs and NiMoO4−x@C. The direct impedance and charge transfer resistance of the
NiMoO4−x@C sample was significantly lower than that of the NiMoO4 NWAs sample. The
remarkably reduced size of the semicircle for the NiMoO4−x@C indicated an improved
charge transfer kinetics due to enhanced electrical conductivity provided by the carbon
shell and oxygen vacancy defects. In addition, the NiMoO4−x@C exhibits the steepest slope
in the low-frequency region, clearly indicating the lowest Warburg impedance and, hence,
the highest K-ion diffusion capability at the interface between the electrode and electrolyte.
Through the AC EIS, we added the corresponding equivalent circuit diagram in Figure 7c.

The true impedance of capacitor can be estimated using the following Equation (1):

Zreal = RΩ +
−j(wC)

(
Rct + W · jw1/2

)

Rct + W · jw1/2 − j(wC)
(1)

Figure 7d shows the capacitance of NiMoO4 NWAs and NiMoO4−x@C samples calcu-
lated from different current densities. After coating the carbon layer, the capacitance of the
NiMoO4−x@C sample was greatly increased. The areal capacitance can be calculated as
high as 2.24 F cm−2 (1720 F g−1) at a current density of 1 mA cm−2. In contrast, the NiMoO4
NWAs electrode only demonstrated a specific capacitance of 1.206 F cm−2 (927 F g−1) at
the same current density. The cycling performances of NiMoO4 NWAs and NiMoO4−x@C
samples are presented in Figure 7e. The capacitance retention of NiMoO4−x@C is 84.5% at
20 mA cm−2 after 6000 cycles, which is considerably better than that of the NiMoO4 NWAs
sample (63.1% after 6000 cycles). To illustrate the difference of the cycling process between
NiMoO4 NWAs and NiMoO4−x@C samples, we also obtained the SEM results after cycling
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as shown in Figure S5. It is evident that the NiMoO4−x@C sample still held some nanorod
structures under the protection of amorphous carbon shell. Instead, NiMoO4 NWAs were
aggregated after 10,000 cycles, with unsatisfactory cycle abilities. In addition, we made
a comparison of the Cs and cycling stability of this work with some previously reported
NiMoO4-based electrodes materials as summarized in Table S1.

 

Figure 7. (a) CV curves of the NiMoO4 NWAs and NiMoO4−x@C at a scan rate of 20 mV s−1. (b) GCD
curves and (c) EIS spectra of NiMoO4 NWAs and NiMoO4−x@C and its corresponding equivalent
fitting circuit. (d) GCD test of NiMoO4−x@C at different current densities. (e) Cycle test of NiMoO4

NWAs and NiMoO4−x@C at 20 mA cm−2 over 6000 cycles.

First-principles density functional theory (DFT) simulations were next adopted to
further probe the structure–performance relationship of the NiMoO4−x@C composite
electrode in supercapacitors. The optimized geometry configurations of pristine and
oxygen-deficient NiMoO4 (110) surface slabs are shown in Figure S6. The pristine NiMoO4
(110) surface was flat and composed of fivefold Ni and Mo atoms and twofold O atoms
(Figure S6a). The defective NiMoO4 (110) surface can be produced after eliminating one
surface O atom, leaving one threefold Ni and Mo atoms nearby (Figure S6b). The resultant
oxygen-deficient NiMoO4 (110) plane retains flat. Next, the adsorption behavior of OH
group on the pristine NiMoO4 (110) surface was first investigated. As shown in Figure 8, the
OH can be adsorbed on the top of either the surface of the Mo atom (Figure 8a,b) or the Ni
atom (Figure 8c,d), yielding an adsorption energy (Eads) of −0.50 and −5.97 eV, respectively.
Evidently, the adsorption of OH on the Ni site was much stronger than that on the Mo
site, which is consistent with the fact that the Ni in NiMoO4 is electrochemically active for
pseudocapacitive charge storage process based on Faradic reactions. The chemisorption of
OH on Ni and Mo sites of the NiMoO4 (110) surface was further verified by the interfacial
charge transfer from the charge density difference contours (Figure S7).

498



Nanomaterials 2022, 12, 1094

Figure 8. The optimized adsorption configurations of one HO molecule anchored on exposed
(a,b) Mo- and (c,d) Ni- atoms of pristine NiMoO4 (110) surfaces, leading to an Eads of −0.50 and
−5.97 eV, respectively. The black dotted ellipsoids in (a,c) mark the positions of the adsorbed HO
molecule on the NiMoO4 (110) surface.

In the following, the adsorption of OH adsorbed on the oxygen-deficient NiMoO4
(110) surface was evaluated. Specifically, the adsorption on the Ni and Mo sites with lower
coordination due to the removal of surface O was considered. Interestingly, it is noted that
the OH group was preferred to be adsorbed at the vicinity of the oxygen-vacancy position
(Figure 9a), leading to an Eads of −3.63 eV and a charge transfer at the OH/NiMoO4
interface (Figure 9b). This result suggests that the presence of surface oxygen vacancies
offers more active sites for OH adsorption, concentration, and subsequent redox reactions
for enhanced pseudocapacitive charge storage.

Figure 9. The optimized adsorption configurations of one HO molecule anchored on NiMoO4 (110)
surfaces with one surface oxygen vacancy (Vo), leading to an Eads of −3.63 eV. The black dotted
ellipsoid in (a) labels the position of the adsorbed HO molecule, which is at the vicinity of the
Vo. The yellow and cyan colors in the charge density difference contour (b) represent the electron
accumulation and depletion, respectively. The isosurface level is 0.001 e bohr−3.

Based on the above experimental data and theoretical simulations, the significantly
improved electrochemical performances of the NiMoO4−x@C composite can be mainly
attributed to the following points: (i) the deposition of amorphous carbon shell effectively
enhances the electron transport of NiMoO4 nanowires and charge transfer at NiMoO4/C
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heterointerface; (ii) the deposited carbon layer also improves the structural integrity of the
NiMoO4 nanowire arrays during long-term electrochemical cycling; (iii) the creation of
oxygen vacancies in NiMoO4 accompanied by the coating of the carbon further enhances
the electronic conductivity of the NiMoO4 electrode and creates more active sites for pseu-
docapacitive charge storage. Therefore, the synergy of defect and interface engineering of
NiMoO4 NWAs realized by carbon deposition effectively improves the overall electrochem-
ical performance of the resultant NiMoO4−x@C composite electrode in supercapacitors.

To further assess the practical application potential of a NiMoO4−x@C sample, an asym-
metric supercapacitor device (NiMoO4−x@C//AC) was assembled with the NiMoO4−x@C
as a positive electrode and activated carbon (AC) as a negative electrode. Before testing the
ASC device, we performed the CV measurements of NiMoO4−x@C and AC electrodes in a
three-electrode system at a scan rate of 5 mV s−1 to estimate the suitable operating voltage
range (Figure 10a). The maximum operating voltage of NiMoO4−x@C//AC ASC was
determined to be 1.6 V. The CV curves of NiMoO4−x@C//AC ASC at different scan rates
are shown in Figure 10b. All the curves display obvious redox peaks, indicating the main
contribution from pseudocapacitance. An increased separation of redox peak position can
be noted along with the increase of scan rates due to the increased polarization. Figure 10c
shows the GCD curves of the NiMoO4−x@C//AC ASC at different current densities while
Figure 10d shows the specific capacitance calculated from different current densities. The
overall capacitance of the ASC was calculated to be 1.01 F cm−2 (156.25 F g−1) at 1 mA cm−2.
Furthermore, the NiMoO4−x@C//AC ASC device has demonstrated a good capacitance
retention of 83.6% after 6000 cycles at 20 mA cm−2 (Figure 10e). As a result, the ASC device
can power a yellow LED (inset of Figure 10e), showing its potential in practical applications.
In addition, the electrochemical performances of our NiMoO4−x@C//AC ASC device are
also superior or comparable to some recently reported NiMoO4-based electrode materials
for ASCs as summarized in Table S1.

 

Figure 10. Electrochemical performance of the asymmetric NiMoO4−x@C//AC supercapacitor. (a) CV
curves of activated carbon (AC) and NiMoO4−x@C electrodes from −1.0~0 V and 0~0.6 V, respectively
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at 5 m V s−1; (b) CV curves; (c) GCD curves; (d) areal capacitance and specific capacitance; (e) cyclic
stability of NiMoO4−x@C//AC.

3. Conclusions

In summary, synchronous defect and interface engineering was implemented in
NiMoO4 material via the formation of oxygen vacancies and the coating of the carbon on
NiMoO4 nanowire arrays through a simple hydrothermal method paired with sucrose
pyrolysis. During this process, an amorphous carbon layer was homogeneously deposited
on the surface of NiMoO4 nanowires and oxygen vacancies were created on the NiMoO4
surface during the carbonization of sucrose. The deposited carbon layer and formed oxygen
vacancies in NiMoO4 boosted the electronic conductivity of NiMoO4 nanowires. In addi-
tion, the coated carbon layer also improved the structural integrity of the NiMoO4 electrode
during long-term operation in supercapacitors. Consequently, the resultant NiMoO4−x@C
heterostructure electrode achieved a high specific capacitance of 2.24 F cm−2 (1720 F g−1)
and maintained a good capacitance retention of about 83.6% after 6000 cycles at 20 mA
cm−2. In addition, the as-assembled NiMoO4−x@C//activated carbon asymmetric superca-
pacitor device manifested a high energy density of 51.6 W h kg−1 at a high power density
of 203.95 W kg−1, indicating that NiMoO4−x@C composite is a suitable electrode material
for supercapacitor applications. The proposed synergistic defect and interface engineering
strategy herein can be extended for the design and development of other novel composite
electrode materials for applications in electrochemical energy storage and conversion.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nano12071094/s1, Figure S1: The EDS analysis of NiMoO4−x@C
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structures of the (a) pristine NiMoO4 (110) surface and (b) oxygen-deficient NiMoO4 (110) surface
obtained by removing one surface O atom (green). The grey, light pink and red balls represent the
Ni, Mo and O atoms, respectively [60–63], Figure S7: Charge density difference contours of after
adsorption of one HO molecule on (a) Mo- and (b) Ni-side of NiMoO4 (110) surface, respectively.
The yellow and cyan colors denote the electron gain and loss, respectively. The isosurface level is
0.001 e bohr−3, Table S1: Brief comparison of electrochemical performance of current work with
recently relevant literature [20,22,30,55,64–72].
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Abstract: Noise is considered severe environmental pollutant that affects human health. Using
sound absorption materials to reduce noise is a way to decrease the hazards of noise pollution.
Micro/nanofibers have advantages in sound absorption due to their properties such as small diam-
eter, large specific surface area, and high porosity. Electrospinning is a technology for producing
micro/nanofibers, and this technology has attracted interest in the field of sound absorption. To
broaden the applications of electrospun micro/nanofibers in acoustics, the present study of electro-
spun micro/nano fibrous materials for sound absorption is summarized. First, the factors affecting
the micro/nanofibers’ sound absorption properties in the process of electrospinning are presented.
Through changing the materials, process parameters, and duration of electrospinning, the properties,
morphologies, and thicknesses of electrospun micro/nanofibers can be controlled. Hence, the sound
absorption characteristics of electrospun micro/nanofibers will be affected. Second, the studies on
porous sound absorbers, combined with electrospun micro/nanofibers, are introduced. Then, the
studies of electrospun micro/nanofibers in resonant sound absorption are concluded. Finally, the
shortcomings of electrospun micro/nano fibrous sound absorption materials are discussed, and the
future research is forecasted.

Keywords: electrospun micro/nanofibers; sound absorption; porous materials; resonance

1. Introduction

With the development of industrial production and urban construction, noise pollu-
tion is one of the four significant pollutants currently becoming an increasingly severe issue,
highly endangering human health and restricting social development [1–3]. Therefore,
controlling noise is essential, and using sound absorption materials is an efficient way
to control noise pollution [4]. According to the sound absorption mechanisms, sound
absorption materials can be classified as either porous or resonant sound absorption ma-
terials [5]. Porous sound absorption materials possess a large number of internal pores.
When sound waves occur on their surfaces, friction between the materials and the air in the
pores is generated. As a result, the sound energy will be converted into thermal energy and
consumed due to the viscous and thermal effects. Resonant sound absorption materials
are efficient for absorbing sound waves at low frequency, which are the equivalent of
Helmholtz resonator, and consume sound energy by the resonance effect [6,7]. Porous
sound absorption materials exhibit a good sound performance at high frequencies but
perform poorly in the low and medium frequencies. However, resonant sound absorption
materials show an opposite sound performance compared with the former. In addition,
these materials also show disadvantages such as narrow sound absorption bands and bulky
structures that need to be compounded with other materials to obtain a broader sound
absorption band and a better sound absorption performance at high frequencies [8].
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Low-frequency sound waves can easily bypass obstacles and are difficult to be ab-
sorbed by traditional sound absorption materials [9]. However, nanofibers with a high
specific surface area can efficiently absorb the low-frequency sound waves. The large
specific surface area of electrospun micro/nanofibers promotes the collision between the
fibers and sound waves at low and medium frequencies, while the internal interconnected
pores allow the diffusion of sound waves through the material, both of which boost the
consumption of acoustic energy. Electrospinning is a technique for producing fibers with
a diameter ranging from micron to nano scales, and it has been recently used to produce
sound absorption materials [10–12].

Electrospun micro/nanofibers possess many advantages, such as small diameter, light
weight, high specific surface area, and porosity. The sound absorption materials made of
electrospun micro/nanofibers are promising for noise reduction, especially in traffic [13–15].
The sound absorption mechanism of electrospun micro/nanofibers is complex, and their
sound absorption performance is mainly affected by several factors: material, morphology,
thickness, spatial structure, and cavity depth. The type of materials is related to the properties
of electrospun micro/nanofibers, such as piezoelectricity [16–18] and viscoelasticity [19],
which influence the acoustic loss. Electrospun fiber properties such as fiber diameter [20],
surface density [21,22], and microstructure [23,24] play essential roles in the process of sound
absorption. The increase in the thickness of electrospun micro/nanofibers will not only
lengthen the pore channels inside the material, but also enlarge the contact area between the
material and acoustic waves, making it easier to consume acoustic energy [25]. Compared
with 2D electrospun fiber membranes, three-dimensional (3D) electrospun fibers possess a
larger surface area, manageable pore size, and mesoporous channels [26]. These features
promote the consumption of sound energy, resulting in better sound absorption capacity
of the 3D electrospun fibers [27,28]. Furthermore, setting a cavity behind the electrospun
micro/nanofibers can form a Helmholtz resonator structure, improving their resonant sound
absorption capacities [29,30].

Fibers fabricated by electrospinning have micro and nanoscale diameters, which pro-
vide high specific surface area and porosity. These features of electrospun micro/nanofibers
lead to good sound absorption performance in low and medium frequencies [31]. In this re-
view, we provide a focus on factors related to the sound absorption capacities of electrospun
micro/nanofibers and their applications. Figure 1 presents an outline of this paper. First,
the principles of how the materials and properties of electrospun micro/nanofibers affect
the sound absorption performance are discussed. Second, recent research on electrospun
micro/nanofiber sound absorption materials, which are classified as porous or resonant, is
summarized. Finally, we outline the existing disadvantages of sound absorption materials
produced by electrospinning and the prospects for their development.

 

Figure 1. The outline map of this review.

506



Nanomaterials 2022, 12, 1123

2. Factors Influencing Sound Absorption Performance of Electrospun
Micro/Nanofibers

Micro/nanofibers possess characteristics which are beneficial to the absorption of
sound waves, namely small diameter, large specific surface area, and high porosity. How-
ever, micro/nanofibers usually have thin thicknesses, resulting in poor sound absorption.
Micro/nanofibers are commonly combined with traditional sound absorption materials
to achieve a better sound absorption effect. Electrospinning, one of the main methods
of preparing micro/nanofibers, is divided into two types: solution and melt electrospin-
ning [32]. There are significant limitations to melt electrospinning, such as a larger fiber
diameter, the relative complexity of the design, and complicated devices [33]. Therefore,
most researchers choose to fabricate micro/nanofibers by solution electrospinning.

The factors that influence the sound absorption performance of electrospun mi-
cro/nanofibers involve parameters such as materials, fiber diameter, surface density,
microstructure, and thickness. Materials determine the properties of electrospun mi-
cro/nanofibers, such as piezoelectric and elastic properties. The fiber diameter, surface
density, and microstructure of the fibers are related to the solution properties, process
parameters, and environmental parameters of the electrospinning technology [34]. The
thickness of electrospun micro/nanofiber membranes can be controlled by adjusting the
electrospinning duration. Table 1 represents the recent research of the sound absorption
coefficient (SAC) and properties of electrospun micro/nanofibers. The sound absorption
capacity of the materials can be reflected by SAC, which is the ratio between the energy
absorbed by the material and the total energy of the incident sound wave.

Table 1. Summary of the properties and sound absorption performance of electrospun mi-
cro/nanofibers.

Materials
Fiber Diameter

and Surface
Density

Microstructure
Thickness of
Nanofibrous

Structures
SACs Reference

Polyvinylidene fluoride
(PVDF)/carbon nanotubes (CNTs)

nanofibers and foam

138 ± 21 nm
45.5 g/m2 - - above 0.9

(1000 Hz) [16]

PVDF/graphene (GP) nanofibers and
acoustic nonwoven

169 ± 21 nm
45.5 g/m2 - - 0.87 (1000 Hz)

0.95 (4000 Hz) [17]

Nylon-6 nanofibers and Polyurethane
(PU) foam 180 ± 10 nm - - 0.81 (600 Hz)

[35]
PU nanofibers and PU foam 300 ± 10 nm 0.59 (1700 Hz)

PU nanofibers and polyethylene
terephthalate (PET) nonwovens 509.9 nm - 1.548 mm 0.9 (1800 Hz) [36]

Polyacrylonitrile (PAN) nanofiber and
spacer-knitted fabrics

110 ± 7 nm
17 g/m2 - 50 μm 0.7

(100–3200 Hz) [37]

PAN/cellulose nanocrystals (CNC)
aerogels - maze-like

structure 50 mm above 0.9
(600 Hz) [38]

Poly (vinyl alcohol) (PVA) nanofibers 268 nm Miura-ori
structure 130 ± 5 μm max value is

1.0 [39]

PU nanofibers and nonwovens 5–40 nm nano-cobweb
structure 1.2 mm average value

is 0.57 [40]

Polyvinylpyrrolidone (PVP) nonwoven
mats of stacked nanofibrous layers

1.6/2.8 ± 0.5 μm
0.89 kg/m2 - 2.54 cm max value is

above 0.9 [41]

PAN nanofiber and perforated panel 333 ± 58 nm - 205 ± 4 μm max value is
0.93 [42]

Nylon-6 nanofibers with
back cavity (30 mm) 150–200 nm - 10 μm 0.6 (2000 Hz) [43]
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Acoustic models can be applied to theoretically evaluate the sound absorption properties
of the materials, which are useful for directing the design of sound absorption materials.
Recently, several acoustic models used for investigating the SAC of sound absorption materials
have been published [39,44]. Previously, there were two types of acoustic models commonly
employed [4]. The first is the empirical model with few parameters, which is relatively easy
to establish. The most representative empirical model is the Delany–Bazley model, related to
the airflow resistivity of the materials, but it can only be employed for predicting the acoustic
behaviors of porous materials in the frequency range of 250–4000 Hz [45,46]. In order to
obtain more accurate predictions, some studies made specific corrections to the Delany–Bazley
model and developed several new models. For example, Miki proposed a modified expression,
known as the Delany–Bazley–Miki model, based on the Delany–Bazley model [47,48]. The
second acoustic model is the phenomenological model. Compared to the empirical models, it
involves non-acoustical physical parameters and can improve the prediction accuracy. In terms
of phenomenological model, the Johnson–Champoux–Allard (JCA) model is the most-used
method for describing the sound propagation in sound absorption porous materials [49,50].

2.1. Materials

The sorts of materials determine the properties of electrospun micro/nanofibers. Mod-
ifying the materials by altering the material or adding other matter can change the physical
and chemical properties of the fibers, thus affecting the sound absorption performance of
the materials.

Polyvinylidene fluoride (PVDF) is a material with the piezoelectric property that can
convert acoustic energy into electric energy, thus facilitating the absorption of acoustic
energy [51]. Wu et al. [16–18] conducted a series of studies on electrospun PVDF nanofibers.
They added carbon nanotubes (CNTs), GP, and silver nanoparticles (AgNPs) into PVDF
solutions and fabricated them into nanofiber membranes by electrospinning. The results
show that the addition of CNTs and GP increases the surface area and the β-phase crys-
tallinity of PVDF nanofiber membranes, enhancing the contact between materials and
sound waves and improving piezoelectricity, thereby promoting the absorption of sound
waves at low frequency. PVDF/AgNPs nanofiber membranes have excellent piezoelectric-
ity and acoustoelectric conversion characteristics. The composite nanofiber membranes
can convert acoustic energy into other forms of energy and show great potential for sound
absorption applications. Another group reported that electrospun polyacrylonitrile (PAN)
nanofiber membranes display greater piezoelectric conversion capability compared to
PVDF nanofibers [52]. For this purpose, Shao et al. [53] prepared an acoustoelectric device
by interposing an electrospun PAN fibrous membrane to two metal-coated polyethylene
terephthalate (PET) films. The electrospun PAN nanofiber membranes can convert noise
into electric power at low and medium frequencies. Furthermore, they prepared a single-
layer nanofiber membrane made of a PAN/PVDF polymer blend, which possesses an
acoustoelectric energy conversion efficiency as high as 25.6%. Figure 2 shows the noise
harvester structure [54].

The elasticity of the materials may influence the resonant process between electrospun mi-
cro/nanofibers and sound waves. Good elasticity of materials may promote the consumption
of acoustic energy by the resonance effect, thus improving the sound absorption performance
of the materials. Park et al. [35] prepared polyurethane (PU) and nylon 6 composite nanofibers
by electrospinning and then laminated them with polyurethane foam. They found that PU
composite nanofibers perform better in sound absorption than nylon 6 composite nanofibers.
Furthermore, the PU nanofibers exhibit superior air permeability and elasticity, and the
sound waves can easily propagate into the material, leading to the increased consumption
of acoustic energy by vibration. On the contrary, some researchers believe that electrospun
micro/nanofibers with less elasticity have more friction with sound waves, promoting effi-
cient sound absorption. Rabbi et al. [55] demonstrated the effects of applying PU and PAN
nanofibers within polyester and wool nonwovens. Owing to the higher air permeability and
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elasticity of PU compared with PAN nanofiber layers, the composite with PAN nanofibers
possesses a higher sound transmission loss.

 
Figure 2. (a) Schematic illustration of the PAN/PVDF noise harvester structure; (b) Principle of sound
energy harvest. Reprinted with permission from ref. [54]. Copyright 2021 Elsevier, Amsterdam, The
Netherlands.

2.2. Diameter and Surface Density

Diameter and surface density are the critical factors affecting the flow resistivity and
natural resonant frequency of the materials. Diameter impacts the specific surface area
and porosity of electrospun micro/nanofibers, while the surface density determines the
fibers’ distribution. The sound absorption capability of materials can be represented by
flow resistivity, which reflects the extent of curvature on the path of sound waves traveling
through the materials. Materials with a low natural resonant frequency usually exhibit
good sound absorption capacity at low frequency. Thus, suitable diameter and surface
density for electrospun micro/nanofibers enable good sound absorption. For instance,
Akasaka et al. [44] prepared nonwoven sheets composed of thin silica fibers with diameters
ranging from 0.72 to 3.44 μm by electrospinning. They found that the sound absorption
performance of the silica fibers is related to a critical value (approximately 3 μm) of the
fiber diameter. When the fiber diameter is above the critical value, the sound absorption
coefficient of the composite increases with the decrease in the fiber diameter in a wide
frequency range. The diameter and surface density of electrospun micro/nanofibers can be
controlled by varying the parameters of the electrospinning process. Shou [20] evaluated
the effects of the processing parameters such as solution concentration, voltage, collecting
distance, the diameter of the sprayer, and environmental temperature on the diameter of
the electrospun fibers. The diameter of electrospun fibers can be changed by adjusting
the processing parameters mentioned above, thus altering the flow resistivity and sound
absorption efficiency of the materials. Du [56] adopted a nano spider spinning device
to fabricate PAN nanofiber membranes and controlled the diameter and surface density
of the fiber membranes by adjusting the voltage and transmission speed of the receiving
device. The sound absorption performance of the composites composed of electrospun
nanofiber membranes and nonwoven fabrics was tested. The results demonstrate that
the magnitude of fiber diameter and surface density is inversely proportional to voltage,
within a certain range. The increment of the transmission speed of the collector decreases
the surface density of the composite and increases its porosity. When the sound waves’
frequency is higher than 500 Hz, increasing the surface density of the nanofiber membrane
or decreasing its diameter can improve the sound absorption coefficient of the composites.
Kalinová [57] studied the effects of feeding rate and collecting distance on surface density
and fiber diameter of electrospun nanofiber membranes. It was found that electrospun
nanofiber membranes’ surface density decreases with the increase in feed rate, and the
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larger the receiving distance, the smaller diameter. In addition, the resonant frequency of
the nanofiber membrane is inversely proportional to both the average fiber diameter and
the surface density.

2.3. Microstructure

The microstructures of the electrospun micro/nanofibers influence the sound absorp-
tion performance of the materials. For example, the bead structure will increase the porosity,
surface area, and bulkiness of the fiber, causing irregular changes in the fiber diameter.
Moreover, the core-shell or hollow structure may influence the density and natural reso-
nant frequency of the electrospun micro/nanofibers, therefore modifying their response
to sound waves at different frequencies. Therefore, electrospun micro/nanofibers with
different microstructures can be fabricated by adjusting the process parameters and devices
of electrospinning, and their sound absorption performance will be influenced. Zhang [23]
discussed the relationship between poly(lactic acid) (PLA) solution concentration and the
morphology of the electrospun micro/nanofibers and observed that the number of bead
structures decreases with the increase in solution concentration. When the PLA solution
concentration is 13% and 14%, the electrospun nanofibers with the fine diameter and a few
bead structures perform best in sound absorption. Similarly, Gao [58] fabricated polyvinyl
alcohol (PVA) electrospun fiber mats with different bead morphologies by varying the solu-
tion concentration and investigated the sound absorption performance of the composites
with nonwoven fabrics. The results indicate that the bead structures appear in the electro-
spun fiber mats with 3 wt.% to 7 wt.% concentration of PVA solution. The diameter and
the number of the beads will increase as the concentration of PVA solution decreases. Yoon
et al. [59] prepared a micro-glass bead/PLA porous fiber composite by electrospinning.
However, the sound absorption of the porous fibers is lower than normal fibers because
the porous structures do not change the void ratio of the composite, but have increased
its natural frequency. The electrospun micro/nanofibers with unique microstructures
can also be produced using specially designed electrospinning devices. For instance, the
core-shell or hollow structure may influence the fibers’ density and resonance frequency,
therefore modifying their response to different frequencies of sound waves. Bertocchi
et al. [24] fabricated a core-shell fiber with polycaprolactone (PCL) as the surface layer
and polyethylene glycol (PEG) as the core layer by using a coaxial electrospinning device
that they installed themselves. Compared with single-phase fibers, the core-shell fiber
structure exhibits a higher absorption capacity for all noises. The sound absorption ability
of the core-shell fibers is proportional to the fluid viscosity of the core layer, and its sound
absorption frequency range can be tuned by controlling the core layer’s fluid viscosity.

2.4. Thickness

The thickness of electrospun micro/nanofibers is a critical factor for their acoustic
performance, affecting the propagation distance of sound waves within the fibers. Thickness
variation of electrospun micro/nanofibers can be achieved by adjusting the electrospinning
duration. Zou [60] reported that the sound absorption performance of PU and PVDF
nanofiber mats prepared by electrospinning for 2 h is similar to traditional foam. As
the electrospinning time increased to 4 h, the sound absorption performance of PU and
PVDF nanofiber mats was significantly enhanced. The sound absorption coefficient of
the samples is above 0.5 when the frequency is nearly 1000 Hz, reflecting the excellent
sound absorption performance of electrospun fibers at low and medium frequencies. Salehi
et al. [61] reported a study applying multi-layered PET nonwoven structures integrated
with PAN nanofibers. They obtained different deposition amounts of composite fibers
using three electrospinning times of 15, 60, and 180 min. They suggested that the sample
with the electrospinning time of 60 min shows the best sound absorption performance. The
increase in nanofiber deposition amount can improve the sound absorption coefficient of
nanofibers, but the best sound absorption performance could not be achieved by increasing
deposition time continuously. Similarly, Özkal et al. [36] produced new sound absorption
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materials by incorporating PU nanofibers of several electrospinning durations (5, 20, 60,
and 120 min) with recycled PET bottle waste nonwovens. It is found that the resonant
frequency of the composite decreases with the increase in the spinning duration. Ding
et al. [40] prepared multi-layer PU nano-membranes with a nano-cobweb structure using
a needleless electrospinning method. The nano-cobweb multi-layer material with an
average sound absorption coefficient of 0.63, prepared by electrospinning for 240 min,
dramatically improves the sound absorption performance over the multi-layer. Avossa
et al. [41] obtained polyvinylpyrrolidone (PVP) nonwoven mats of stacked nanofibrous
layers by electrospinning that yielded reduced thickness and excellent sound absorption
properties in the low and medium frequency range. The PVP mats’ sound absorption
coefficient is much higher than 0.9 at 450 Hz, and its sound absorption performance can be
continuously tuned by changing the mass. Ji et al. [62] designed a sound absorber made
of electrospun poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) fibrous
membrane and melamine foam. The result shows that the sound absorption performance
of the sound absorber is significantly affected by the thickness of the two materials.

3. Electrospun Micro/Nanofiber-Based Porous Sound Absorption Materials

Porous sound absorption materials have many internal pores, which are beneficial for
sound waves to enter the interior of the materials and consume energy by friction. The
sound absorption principle of porous sound absorption materials is shown in Figure 3 [63].
Porous sound absorption materials perform well in sound absorption and possess ad-
vantages of low cost, easy formation, and light weight. Porous acoustic materials are
ideal noise reduction materials that can reduce noise in construction and transportation
fields [4]. Foams and fibers are commonly used as porous sound absorption materials. Both
possess high sound absorption coefficients at the high-frequency range, but show poor
sound absorption at the low and medium frequencies [44]. The poor sound absorption
performance of porous sound absorption materials in the low and medium frequencies
limits their applications. To broaden the applications of porous sound absorption materials,
researchers combine them with electrospun micro/nanofibers, which improves the sound
absorption performance by expanding the contact area of the material with acoustic waves
and enhances the material properties such as water resistance, high-temperature resistance,
and mechanical strength. Furthermore, the addition of lightweight nanofibers will not
vastly increase the weight and size of the sound absorption materials [43]. For instance,
combining electrospun micro/nanofibers with traditional sound absorption foams and
fibers can increase the contact area between the materials and sound waves, thus improving
the sound absorption performance at low and medium frequencies. Moreover, electro-
spinning micro/nanofibers with special structures can be prepared by the refinement of
electrospinning devices and material modifications, which shows promising application
prospects with a good sound absorption performance at low and medium frequencies.

 

Figure 3. (a) Schematic illustration of the sound absorption process for porous materials; (b) Process of
the sound energy consumption in the porous sound absorption materials. Reprinted with permission
from ref. [63]. Copyright 2017 American Institute of Physics, College Park, MD, USA.
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3.1. Composite of Sound Absorption Foam and Electrospun Micro/Nanofibers

Foams are typically porous materials with good sound absorption properties, and
they have been widely used for sound absorption in the field of transportation [64]. The
cellular morphology of foams includes a cavity with three pores (open, partially open,
and closed) [65]. Open-cell foams have many interconnected pores, while the pores of
the closed-cell foams are isolated from each other. The type of pores affects the sound
absorption properties of the foams; the open-cell foams are more efficient than closed-cell
foams in sound absorption [66]. The sound absorption principle of partially open-cell
foams is similar to that of open-cell foams, but their sound absorption capability is inferior.
Therefore, open-cell foams are the primary sound absorption foam materials.

Traditional foam sound absorption materials have large pore sizes and low porosity.
The sound waves cannot vibrate sufficiently inside the pores, leading to the poor sound
absorption performance of the foams at low frequency. Increasing the thickness of the
material or setting a cavity behind the foam are common methods used to promote their
sound absorption performance at low frequency. However, these methods will cause
the waste of material and space. Laminating electrospun micro/nanofibers with foam
materials can enhance the sound absorption performance of foams at all frequencies,
especially at low frequencies [67]. Zou et al. [60] made three composite nanofiber mats by
solution electrospinning of PU, PVDF, and PU/PVDF blends on the surface of porous foams
and examined their sound absorption performance. The sound absorption coefficients
of the composites are higher than the typical acoustic foam in the frequency range of
800–1600 Hz. The composite made of foam and PU/PVDF nanofibers has the highest
absorption coefficient of nearly 0.7. Tomáš [68] found that the 10 mm-thick foam treated
with electrospun nanofibers and the untreated 20 mm-thick foam sheets exhibit similarly
shaped absorption coefficient curves in a wide frequency range. The foam combined
with nanofiber membrane shows a higher absorption coefficient in the 1500–4000 Hz
frequency range. The above studies suggest that composite performances of electrospun
micro/nanofibers and foam acoustic materials are better than those of the typical foam
acoustic materials.

The sponge is a type of acoustic foam with many applications in noise reduction. Still,
its substantial water absorption property in wet environments leads to a poor sound absorp-
tion performance. Using electrospun micro/nanofibers to modify the sponge can improve
its sound absorption performance and reduce the influence of the environment on sound
absorption [35]. Xiang et al. [69] covered the sponge surface with electrospun polymethyl-
silsesquioxane (PMSQ). The addition of PMSQ enhances the sponge’s sound absorption
performance, and the resulting composite shows a strong water resistance property. As a
result, the composite can be used for noise reduction in aqueous environments. Cao [70]
fabricated ultralight polystyrene (PS) nanofiber sponges with excellent sound absorption
properties and hydrophobicity using the humidity-assisted electrospinning method. The PS
sponges significantly improve the sound absorption coefficients when compared to those
of nonwovens and melamine foams in the frequency range of 500–1000 Hz. Furthermore,
the PS sponges exhibit durable sound absorption performance at different humidity levels.

3.2. Composite of Sound Absorption Fibers and Electrospun Micro/Nanofibers

Fibrous structures can absorb, reflect, and transmit the incident sound waves simulta-
neously [71]. According to their compositions, acoustic fiber materials can be classified into
natural, synthetic, and metal fibers. Natural and synthetic fibers are widely used due to
their low price and superior sound absorption performance at high frequency. Their sound
absorption performance at the low and medium frequencies can be effectively improved
by compounding with electrospun fibers [72,73].

Composites of electrospun micro/nanofibers and natural fibers have improved sound
absorption performance while retaining the environment-friendly and biodegradable fea-
tures [74]. For instance, Selvaraj et al. [75] formed a composite by covering modified PVA
electrospun nanofibers with coir fibers. Figure 4 shows the preparation process and the
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sound absorption performance of the samples (coir, PVA nanofibers/coir, and Fleshing
hydrolysate (FH)/PVA nanofibers/coir). The composite shows a higher sound absorp-
tion coefficient in the frequency range of 400–1000 Hz and a lower frequency of sound
absorption peaks compared with coir fibers. Na et al. [76] laminated melt electrospun
nylon microfibers with wool fabric. The composite performs better than knitted wool
fabric in sound absorption at frequencies between 1000 and 4000 Hz, with the highest
sound absorption coefficient of 0.85 at 4000 Hz. Ozturk et al. [77] coated electrospun PAN
nanofiber membranes on the surface of wool and jute fiber felts, respectively, and inspected
their acoustic properties. The results suggest that the addition of nanofiber membranes
would change the permeability of the fiber mats, further affecting the sound absorption
performance. The sound absorption performance of wool felt is improved by four times
after being composited with the PAN nanofibers. The sound absorption coefficient of
jute felts could be improved at least 4 to 8 times, and its maximum could reach 0.4 in the
frequency between 500 and 1500 Hz by coating nanofibers. In another work, an alternative
sound absorption material was designed [78]. The material is composed of nanofiber
resonant membranes together with wool felts covering polypropylene (PP) nonwovens,
which displays better sound absorption properties than wool felts alone and is suitable for
sound absorption on white goods.

 

Figure 4. (a) The preparation process of nanofibers and coir composites by electrospinning; (b) The
sound absorption coefficients of the samples. Reprinted with permission from ref. [75]. Copyright
2019 Elsevier.

Synthetic fibers are extensively applied in sound absorption fields due to their high
performance and economical price [1,79]. The sound absorption performance of syn-
thetic fibers at low frequency can be improved by combining them with electrospun
micro/nanofibers [9,30]. For instance, electrospun nanofibers laminated with nonwoven
fibers can effectively improve the sound absorption coefficient of the materials, and the com-
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posites display higher absorption coefficients when the nanofiber side is facing the sound
source [23,56]. Yang et al. [25] prepared reduced graphene oxide (RGO)/PAN nanofiber
nonwovens by applying electrospinning and bi-component melt-blown nonwovens tech-
nology. In the range of 500 to 6300 Hz, the sound absorption performance of the composites
increased with the addition of RGO, and the sound absorption coefficient can increase
by 24%. Liu et al. [80] prepared PVA/polyethylene oxide (PEO) electrospun nanofiber
membranes with graphene oxide (GO) of various concentrations and laminated them with
nonwoven fabrics. The addition of nanofibers significantly improves the sound absorption
performance of the materials at a low frequency. Ozturk et al. [37] fabricated a nanofibrous
coated composite consisting of electrospun PAN nanofibers and polyester spacer warp-
knitted fabrics. By adjusting the deposition amount and surface coating arrangement, the
sound absorption coefficient of the composite can reach 0.7 at low and medium frequencies.
Özkal et al. [81] reported a sound absorption material made of electrospun PU nanofibers
and polyester needle-punched nonwovens. This composite shows an excellent improve-
ment in sound absorption compared with commercial sound absorption materials. Karaca
et al. [82] covered thermoplastic polyurethane (TPU) and TPU/PS sub-micro fiber webs on
the surface of rigid glass fiber fabric reinforced epoxy composites (GFEC) and flexible PP
spun bond nonwovens. The sound absorption coefficient of GFEC is improved from 0.1
to 0.4 by combining them with sub-micro web layers with a thickness of less than 1 mm,
and the maximum sound absorption coefficient of the PP nonwovens moves to a lower
frequency after being covered by sub-micro fiber webs.

3.3. Electrospun Micro/Nanofiber Based Sound Absorption Materials

The high porosity and specific surface area of electrospun micro/nanofibers increase
the contact between the material and sound waves. However, electrospun micro/nanofibers
are usually deposited as thin mats or membranes, making them perform poorly in sound
absorption. Thus, they cannot be used for noise reduction individually. For this purpose,
researchers have investigated the development of new sound absorption materials made of
electrospun micro/nanofibers.

Electrospun micro/nanofibers can be made into excellent sound absorption materials
by changing their microscopic or spatial structure. Chang et al. [27] electrospun a nanofiber
with a 3D lattice structure by using two syringes with opposite polarities, oppositely placed.
The sound absorption performance of electrospun three-dimensional nanofiber is higher
than that of the commercial acoustic cotton in the range of 400 to 900 Hz, and its sound
absorption coefficient is up to 0.9. Selvaraj et al. [83] prepared a nanofiber layer using
electrospun PVA and collagen hydrolysate extracted from waste leather trimmings. The
layer is sandwiched between PAN nanofibrous layers. The composite structure is porous
and shows good sound absorption performance in the 800–2500 Hz frequency range. Zong
et al. [84] reported a fibrous sound absorption sponge with an interlocked dual-network-
induced stable fluffy-stacked structure formed by PSU microfiber and PVDF nanofiber
networks. The structure gives the fibrous sponge an excellent sound absorption property at
low frequency, and its sound absorption coefficient could reach 0.93 at 1000 Hz. Similarly,
Feng et al. [85] produced gradient structured fibrous sponges (GSFSs) with high sound
absorption capacity in a wide frequency range by combining humidity-assisted multi-step
electrospinning and physical/chemical double cross-linking techniques. Its fabrication
process is shown in Figure 5a, and its sound absorption is illustrated in Figure 5b.
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Figure 5. Fabrication of GSFSs (a) Fabrication process of GSFSs; (b) Sound absorption process of
GSFSs. Reprinted with permission from ref. [85]. Copyright 2021 Elsevier.

The sound absorption performance of electrospun micro/nanofibers can also be in-
fluenced by adding fillers in the polymer solutions. Elkasaby et al. [86] reported that
the sound absorption coefficient of electrospun polyvinyl chloride (PVC) nanofibers is
influenced by adding CNTs. The addition of 5 wt% CNTs in PVC nanofibers increases
the sound absorption by 62% compared with PVC electrospun nanofibers, and the sound
absorption coefficient of the composite reaches the maximum value of 0.4 at 800 Hz. Sorbo
et al. [87] found that the addition of graphene can affect the sound absorption properties of
electrospun PVP mats in a non-monotonous manner.

Recently, sound absorption materials made of aerogels have been reported. Aerogels
are mesoporous and open-cell solids with high porosity and low density [88,89]. The open-
cell structure of aerogels is beneficial to increase the friction and collision between sound
waves and materials in the transfer process of sound energy, endowing the aerogels with
good sound absorption performance [28]. Ding and his colleagues have produced a series
of nanofibrous aerogels by electrospinning. Si et al. [90] produced fibrous, isotropically
bonded elastic reconstructed (FIBER) nanofibrous aerogels (NFAs) with 3D structure that
are highly compressible and resilient using electrospinning and fibrous freeze-shaping tech-
niques. The sound absorption coefficient of this material is higher than that of commercial
non-woven materials at the frequency range from 100 to 6300 Hz (shown in Figure 6a–c).
Cao et al. [91] designed nanofibrous aerogels with bamboo lashing-like structures through
a freeze-drying method (shown in Figure 6d–f). Benefiting the internal hierarchical porous
structures and hydrophobicity, the nanofibrous aerogels exhibit excellent moisture resis-
tance, are ultralight, and show efficient sound absorption capability with a noise reduction
coefficient (NFC) of 0.41. Cao et al. [38] fabricated composite nanofiber aerogels with
a hierarchical maze-like microstructure by weaving cellulose nanocrystal lamellas with
electrospun PAN nanofibers through the freeze-casting technique (shown in Figure 6g–i).
The composite aerogels exhibit a remarkable sound absorption ability due to the maze-like
structure that increases the contact area between the sound waves and the composite.
Compared to the fiber aerogels with a network structure, the designed maze-like structure
significantly enhances sound absorption capacity in the low-frequency range, and its NFC
can reach 0.58.
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Figure 6. Several nanofiber aerogels for sound absorption. (a) Synthetic steps of FIBER NFAs;
(b) Photographs of FIBER NFAs with several shapes; (c) Sound absorption coefficients of FIBER
NFAs and commercial 3M TAI2047 nonwovens. Reprinted with permission from ref. [90]. Copyright
2014 Springer Nature. (d) Fabrication process of RNFAs; (e) Microstructure of RNFAs; (f) Sound
absorption coefficient of RNFAs with different densities. Reprinted with permission from ref. [91].
Copyright 2019 Royal Society of Chemistry. (g) Fabrication of NFAs; (h) Sound absorption mechanism
of PAN-CNC40; (i) Sound absorption coefficients of the PAN-CNC40 and the commercial fibrous
sound absorption felt. Reprinted with permission from ref. [38]. Copyright 2021 Elsevier.
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4. Electrospun Micro/Nanofiber Based Resonant Sound Absorption Materials

Resonant acoustic materials have a high absorption coefficient at low frequencies,
making up for the lack of sound absorption capacity of porous acoustic materials at low and
medium frequencies [92]. However, the sound absorption frequency range of traditional
resonant acoustic materials, such as perforated panels and microperforated panels, where
the thin plate is narrow, exhibits poor individual sound absorption effects. To achieve a
better sound absorption effect, they are usually combined with other acoustic materials.
Figure 7 shows a perforated porous material [93]. Electrospun micro/nanofibers yield both
porous and resonant sound absorption capability. They can improve the sound absorption
performance of traditional resonant sound absorption materials and can be used as a
resonant acoustic material to absorb sound waves at low frequencies.

 
Figure 7. Schematic illustration of a gradually perforated porous material backed with a Helmholtz
resonator. Reprinted with permission from ref. [93]. Copyright 2021 Elsevier.

Traditional resonant acoustic materials show narrow sound absorption bands. How-
ever, decorating them with electrospun micro/nanofibers can effectively broaden the
absorption frequency range and improve their sound absorption coefficients. Guo et al. [94]
prepared PVP nanofiber membranes using the electrospinning technique with a microper-
forated panel as a collector to deposit the fibers. The microperforated panel and obtained
nanofibers form a composite sound absorption structure. The composite establishes a
wider sound absorption frequency range than the single-layer microperforated panel, and
its absorption coefficient is higher at the frequency range of 1500 to 2500 Hz. However,
the sound absorption coefficient of the composite decreases from 2500 to 6000 Hz, and its
sound absorption frequency range becomes narrow when the thickness of the nanofiber
surpasses a certain value. Therefore, the thickness of the nanofiber membranes needs to be
controlled within a certain range to attain an excellent sound absorption performance at
low frequency. Tomáš et al. [68] adopted electrospun PVA nanofiber membranes to modify
the perforated panel and investigated the effect of the back cavity depth on the sound
absorption performance of the composite. The results reveal that the sound absorption peak
of the composite shifts to a low frequency with the increase in the back cavity depth. When
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the depth of the back cavity is 34 mm, and the surface density of the nanofiber membrane
is 0.6 gsm, the sound absorption coefficient of the composite material can reach 0.7 in the
300 to 400 Hz frequency range. Xiang et al. [42] fabricated three electrospun PAN nanofiber
membranes with different thicknesses and porosities. They studied the sound absorption
properties of the composites made of different nanofiber membranes and perforated panels,
respectively. The results illustrate that the addition of a nanofiber membrane substantially
improves the sound absorption performance of the perforated panel. When the depth of
the back cavity is 10 mm, the highest sound absorption coefficient of the composite can
reach 0.93, which is 3 times the absorption coefficient of a single perforated panel.

Although composites made of electrospun micro/nanofibers and traditional resonant
acoustic materials have a good sound absorption performance, they still have problems
such as the large size and bulky structure, causing the waste of space and limiting their
applications. Using electrospun micro/nanofibers as resonant acoustic materials individu-
ally is an effective solution to save space, expanding the applications of resonant acoustic
materials. The Helmholtz resonator is a structure that absorbs sound waves by resonance,
and electrospun micro/nanofiber membranes can form this structure by incorporating a
cavity. Therefore, the sound absorption performance of the electrospun fiber membranes
at the low and medium frequencies can be promoted by setting an air layer between the
fiber membrane and the rigid wall [30]. Liu et al. [29] compared the effects of different
cavity depths on the sound absorption performance of three electrospun nanofibers of
PAN, TPU, and thermoplastic polyester elastomer (TPEE). It is shown that the sound
absorption coefficients of the nanofiber membranes increase in the frequency range from
100 to 1000 Hz as the cavity depths increase. Wang et al. [39] fabricated a PVA nanofibrous
membrane with a Miura-ori sandwich structure by integrating electrospinning and paper
folding techniques, and its fabrication process is shown in Figure 8. The sound absorption
coefficient of Miura-ori sandwich metamaterial is improved to 1.0, and the first resonance
frequency shifts to the lower frequency range compared with flat nanofiber membranes.

 
Figure 8. Fabrication of the Miura-ori sandwich structure. Reprinted with permission from ref. [39].
Copyright 2021 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

Furthermore, nanofiber membranes can vibrate at a low frequency when forced by
sound waves, and the energy of sound waves will be absorbed by the principle of mem-
brane resonance [95–97]. Kalinová et al. [98] designed a resonant structure with a nanofiber
membrane, grid frame, and cavity based on the resonance principle. The nanofiber mem-
brane converts the acoustic energy into kinetic energy, and the metal frame promotes energy
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dissipation. The size of the grid frame determines the resonant frequency of the structure,
and the absorption coefficient is related to the depth of the cavity. When the grid size is
4.6 × 3.8 mm, and the cavity depth is 50 mm, the structure exhibits the best absorption
performance, with the highest absorption coefficient of 1 at the frequency range between
600 and 700 Hz.

The optimization of the electrospun micro/nanofibers’ structure is a way to enhance
their resonant sound absorption ability, which can turn them into a sort of resonant sound
absorption material. Xu et al. [99] produced nanoporous microspheres by electrospinning.
These microspheres can be deemed an assembly of several thousand Helmholtz resonators,
absorbing low-frequency sound waves by resonance. Shen et al. [100] reported a flexible
PVA nanofiber microperforated structure prepared using electrospinning and a punching
process (shown in Figure 9). The microperforated membrane possesses both porous and
resonant sound absorption effects, and it can be used individually.

 
Figure 9. (a) The fabrication process of the flexible microperforated membrane; (b–d) Photographs
of the microperforated samples with different perforation rates; (e) Sound absorption coefficient of
the microperforated membranes with different perforation rates. Reprinted with permission from
ref. [100]. Copyright 2022 Elsevier.
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The sound absorption frequency range of traditional resonant acoustic materials can
be broadened by compounding them with electrospun micro/nanofibers. Yet, their sizes
are still too large for commercial applications. Resonant acoustic materials manufactured
with electrospun micro/nanofibers possess less volume, and their acoustic properties can
be controlled by adjusting electrospinning parameters. Therefore, it is necessary to study
the resonant sound absorption materials prepared by electrospinning.

5. Conclusions

This review introduces the recent research of electrospun micro/nanofibers for sound
absorption. Electrospun micro/nanofibers have advantages in sound absorption owing
to their small fiber diameter, high specific surface area, and high porosity. Their sound
absorption properties are determined by factors such as material, diameter, surface density,
microstructure, and thickness, which can be controlled by changing the materials, parame-
ters, and duration of electrospinning. Electrospun micro/nanofibers have various forms of
sound absorption. The composite of electrospun micro/nanofibers and porous materials
are effective in sound absorption at medium and high frequencies. Decorating resonant
sound absorption materials with electrospun micro/nanofibers can enhance their sound
absorption properties at a low frequency. In addition, electrospun micro/nanofibers with a
3D or Helmholtz resonator structure can also be deemed as sound absorption materials
by themselves.

In the future, electrospun micro/nanofibers will surely be promising materials for the
application of sound absorption in many fields. However, the application of electrospun
micro/nanofibers for sound absorption faces several challenges. First, the sound absorption
properties of electrospun micro/nanofibers and their composites at low frequency require
additional improvement. Theoretical research can reduce the cost and pollution caused by
the experimental process, and it can study the factors affecting the sound absorption perfor-
mance of electrospun micro/nanofibers. The sound absorption performance of materials
can be predicted by establishing a sound absorption model. The accuracy of the prediction
can be increased by modifying the model according to the material and structure of the
electrospun micro/nanofibers. Second, traditional electrospun micro/nanofibers have
many limitations in its application under several different conditions, such as moist and
high temperature environments, owing to their poor thermal stability, water resistance, and
mechanical properties. Therefore, the multifunctional modification of the fibers is necessary.
Electrospun micro/nanofibers can obtain properties such as good water resistance and
thermal stability by modifying the materials or preparing them using an innovative process,
which is beneficial for broadening their application for sound absorption. Finally, most
electrospun micro/nanofibers are fabricated by solution electrospinning, which exhibits
the problem of low efficiency, and the use of solvents is usually corrosive and toxic. These
characteristics of solution electrospinning are not beneficial to the industrial production
of electrospun micro/nanofibers and may lead to environmental concerns. Hence, it is
urgent to find ways to solve the problems inherent to solution electrospinning. Using
water-soluble polymers in solution electrospinning or choosing eco-friendly melt electro-
spinning to replace the former in the future are suggestions for solving these problems. In
conclusion, further exploration of electrospun micro/nanofibers will promote their sound
absorption applications in many fields.
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Abstract: Li[Ni0.8Co0.15Al0.05]O2 (NCA) is a cathode material for lithium-ion batteries and has high
power density and capacity. However, this material has disadvantages such as structural instability
and short lifespan. To address these issues, herein, we explore the impact of N-doped carbon
wrapping on NCA. Sericin, an easily obtained carbon- and nitrogen-rich component of silk cocoons,
is utilized as the precursor material. The electrochemical performance evaluation of N-doped carbon-
coated NCA shows that the capacity retention of 0.3 NC@NCA at 1C current density is 69.83%
after 200 cycles, which is about 19% higher than the 50.65% capacity retention of bare NCA. The
results reveal that the sericin-resultant N-doped carbon surface wrapping improves the cycling
stability of NC@NCA.

Keywords: Li[Ni0.8Co0.15Al0.05]O2; sericin; N-doped carbon; lithium-ion batteries; surface wrapping

1. Introduction

With the expansion of various devices, there has been a growing demand for various
energy storage devices that may be utilized as energy sources [1,2]. Lithium-ion batteries
(LIBs) have become the most frequently utilized secondary batteries among energy storage
systems due to their attractive properties such as good energy density, operating potential,
and extended cycle life [3,4]. The cathode is a crucial part of a battery that influences
energy density, power density, longevity, and potential of the battery; it also accounts for
40% of the overall battery price [5,6]. The cathode materials of LIBs including LiCoO2
(LCO), LiMn2O4 (LMO), and LiFePO4 (LFP) are those with layered, spinel, and olivine
structures, respectively [7–9]. Recently, layer structured, high nickel content cathodes,
such as Li[Ni0.8Co0.15Al0.05]O2 (NCA) and Li[Ni0.8Co0.1Mn0.1]O2 (NCM811), have obtained
widespread consideration because of their high capacity, relatively inexpensive price,
and eco-friendly nature [10,11]. Among them, NCA has been popularized in the battery
industry for its low price, high capacity, and power density [11,12]. However, NCA
has many problems including poor lifespan, and low thermal and structural stability.
Additionally, the degradation of NCA caused by side reactions with the electrolyte is also a
major drawback [13,14].

There have been various attempts to address the drawbacks of NCA. Among these
attempts, the active material surface wrapping can form a barrier to effectively protect the
active material from an unstable structure by suppressing the surface degradation of the
material and side reactions with the electrolyte; this improves the structural stability of the
material [15–18]. Depending on the coating material used, the surface wrapping approach
can also improve the overall conductivity of the electrode material [19,20].
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Carbonaceous materials with wide availability, low cost, high conductivity, and diverse
structure have gained significant research interest. Among them, N-doped carbon is an
effective material for surface modification of various active materials because it efficiently
suppresses surface degradation, prevents by-products from unnecessary side reactions with
electrolytes, and improves the electronic conductivity of the host material [21–23]. Recently,
Feng et al. reported on polyacrylonitrile (PAN)-induced conductive carbon coating on
NCA. The PAN-induced carbon coated NCA, with a 5 nm thick coating layer, offered
faster electron movement and hence provided an enhanced cycling performance [24]. Ion-
conductive polymer Nafion-coating on NCA was investigated by Yigitalp et al. to obtain
superior electrochemical performance. They concluded that Nafion-coating could suppress
the passive layer formation and provide improved cycling stability [25]. Park et al. explored
the conformal graphene coating on NCA by a scalable Pickering emulsion method. The
conformal graphene coating reduces the surface degradation of NCA and hence delivered
an excellent life cycle [26]. In this study, we utilized sericin to coat N-doped carbon on
active materials; it is a biomaterial that is a component of silk cocoons. Sericin, a gummy
component that surrounds fibroin and maintains the cohesiveness of the silk cocoon,
accounts for about 20–30% of the total mass of a cocoon [27,28]. Sericin is a hydrophilic
protein composed of various amino acids such as glycine, alanine, and arginine. It contains
a nitrogen content of approximately 17%, rendering it appropriate as a surface modification
agent for electrode materials [28,29].

Herein, we propose a simple solid-state technique to prepare N-doped carbon wrap-
ping on the NCA surface using sericin powder extracted by the degumming process.
To optimize the suitable weight percentages of the N-doped carbon for effective surface
wrapping, different weight percentages of sericin were used. The as-prepared N-doped
carbon-coated NCA material was then physically and electrochemically characterized to
identify the effect of N-doped carbon surface wrapping to overcome the disadvantages
associated with NCA.

2. Materials and Methods

2.1. Sericin Synthesis

Sericin was extracted through the degumming of the silkworm cocoon. Initially, 0.02 M
Na2CO3 was dissolved in 100 mL distilled water and allowed to boil on a hot plate at
100 ◦C. Then, the cocoon was added to it and boiled for 2–3 h to extract the sericin content
from the cocoon [30,31]. After extraction of the sericin content, the pale yellowish solution
was filtered to eliminate the remaining silk fiber after the sericin was dissolved. Then, the
solution was dried in a convection oven at 80 ◦C for 12 h, and the sericin powder was
obtained after drying.

2.2. Synthesis of Nitrogen-Doped Carbon Coated NCA (NC@NCA)

Using a simple solid-state method, NC@NCAs were synthesized. Approximately 2 g
of commercial NCA (EcoPro BM, Ltd., Cheongju, Korea) was ground with sericin powder
for approximately 1 h for thorough mixing. Subsequently, the mixed powder was heated
at 500 ◦C for 3h in the presence of argon gas to get NC@NCA. For comparison, different
amounts of sericin were used, such as 0.2, 0.3, and 0.4 weight percent, to prepare NC@NCA
and designated as 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA, respectively.

2.3. Physical Measurements

The crystal structure and phase of the as-synthesized samples were analyzed with
an X-ray diffractometer (XRD, Bruker D8 Advance, Billerica, MA, USA, Cu-Kα radiation,
λ = 1.5406 Å) in the 2θ range of 10◦–70◦. X-ray photoelectron spectroscopy (XPS, K-Alpha;
Thermo Fisher, Waltham, MA, USA) was conducted to determine the constituent elements
on the surface of the material. We also carried out high-resolution field-emission scanning
electron microscopy (HR-FE-SEM, MERLIN-LEO SUPRA 55, Carl Zeiss, Jena, Germany) em-
bedded with energy-dispersive X-ray spectroscopy (EDX, Ox-ford Instruments, Abingdon,
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UK) to determine the morphological characteristics and to conduct elemental analysis and
elemental mapping.

2.4. Electrochemical Measurements

The obtained active materials were combined with Denka black as a conductive agent
and polyvinylidene fluoride (PVDF) as a binder at a weight ratio of 80:10:10 to make the
working electrode. Then, as a dispersion agent, an appropriate amount of N-methyl-2-
pyrrolidone (NMP) was added to make a slurry. The prepared slurry was laminated on
aluminum foil followed by room temperature drying for a day. The electrode was then
dried in a convection oven at 120 ◦C for 5 h, lab-pressed, and punched into 14 mm diameter
disks using a punching tool. Finally, the electrode was dried for 5 h at 100 ◦C in a vacuum
oven. The as-produced electrode’s electrochemical performance was assessed in 2032-type
coin cells, with lithium foil as the reference electrode, Celgard® 2320 membrane as the
separator, and 1 M LiPF6 in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 vol.
percent) as the electrolyte. The average mass loading of the cathode was 6 mg cm−2. The
CR2032-type half-cells used to evaluate electrochemical performance were made in a glove
box filled with Ar gas and aged for several hours. The electrochemical performance of the
prepared cells was evaluated within a voltage range of 3.0–4.3 V using a cycler (ETH cycler,
Hwaseong, Korea). Electrochemical impedance spectroscopy (EIS) was also conducted; the
NCA cells completed for 200 cycles at a current density of 1 C were used and measured
by applying an amplitude of 10 mV and a frequency range of 0.5 mHz–100 kHz. EIS
measurements were carried out using an electrochemical workstation (Iviumstat, Ivium
Technologies, Eindhoven, The Netherlands).

3. Results and Discussion

3.1. Physico-Chemical Characterizations

The XRD patterns of bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA
are shown in Figure 1, and their equivalent lattice parameters are exhibited in Table 1;
these diffraction patterns and lattice parameters are used to identify differences in crystal
structure and crystallinity. In Figure 1, the XRD patterns of bare NCA, 0.2 NC@NCA,
0.3 NC@NCA, and 0.4 NC@NCA exhibited no differences, and all the peaks are well
matched to JCPDS NO. 87-1562, which is indexed to α-NaFeO2 structure with R3m space
group [32]. Furthermore, it is confirmed that the change of the lattice parameter did
not appear significantly before and after coating, as indicated in Table 1. From these
points, the N-doped carbon derived from sericin have no effect on the crystal structure
of the bare NCA [33]. However, in terms of c/a values, there is little difference between
the materials. The higher the ratio of c/a values, the higher the crystallinity and sta-
bility of NCA having a layered structure [34,35]. In this regard, it may be evident that
0.3 NC@NCA and 0.4 NC@NCA have higher crystallinity and stability than bare NCA.
However, 0.2 NC@NCA has a lower c/a value than that of bare NCA, which means lower
crystallinity and stability.

Table 1. Lattice parameters of bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA.

Bare NCA 0.2 NC@NCA 0.3 NC@NCA 0.4 NC@NCA

a (Å) 2.8636 2.8636 2.8625 2.8614

c (Å) 14.1532 14.1502 14.1643 14.1456

c/a 4.9425 4.9414 4.9482 4.9436
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Figure 1. XRD patterns of bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA.

XPS was conducted to study the chemical valence states and elemental composition of
0.3 NC@NCA. As shown in Figure 2a, the 0.3 NC@NCA XPS spectra exhibited the peaks
of Ni, Co, Al, O, C, and N. The Ni 2p, Co 2p, Al 2p, and O 1s peaks fit well with the
previous reports of the NCA [36–38]. Moreover, the C 1s and N 1s peaks are also observed,
indicated by the N-doped carbon. Figure 2f displays the C 1s spectrum, which is fitted
with peaks of C–C, C–O–C, and O–C=O bonds at binding energies of 284.0, 286.2, and
288.3 eV [39,40]. In Figure 2g, the N 1s spectra are fitted into two peaks for pyridinic N
and pyrrolic N at binding energies of 397.8 and 399.8 eV [21,41]. The pyridinic N and
pyrrolic N observed in 0.3 NC@NCA generate numerous active sites, which facilitate the
rapid diffusion of lithium ions [42,43]. Consequently, the N-doped carbon layer contains
pyridinic N and pyrrolic N, leading to improved electrochemical performance without
disturbing the chemical states of NCA.

Figure 2. Cont.
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Figure 2. XPS spectra for 0.3 NC@NCA: (a) survey; (b) Ni 2p; (c) Co 2p; (d) Al 2p; (e) O 1s; (f) C 1s;
and (g) N 1s.

Figure 3a–i show HR-FE-SEM images of bare NCA, 0.2 NC@NCA, 0.3 NC@NCA,
and 0.4 NC@NCA. The surface of bare NCA, investigated by the HR-FE-SEM image, is
observed as a rough surface. After the addition of sericin as the coating agent, the original
shape of the materials is preserved for NC@NCA. Additionally, N-doped carbon on the
surface of NC@NCA is clearly evident in the high-resolution images. In particular, in 0.3
NC@NCA, N-doped carbon particles are visible on the surface, and in 0.4 NC@NCA, more
particles are noticeable on NCA. This indicates that sericin changes the surface of the NCA
but does not affect the original spherical shape of the NCA.
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Figure 3. HR-FE-SEM images of (a–c) bare NCA; (d–f) 0.2 NC@NCA; (g–i) 0.3 NC@NCA; and
(j–l) 0.4 NC@NCA.

Figure 4a–d show the EDS elemental mapping and spectra mapping to further inves-
tigate the existence of various elements of bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and
0.4 NC@NCA. It is confirmed that Ni, Co, and Al are evenly and densely spread on the
surface of them through each elemental mapping image. For 0.2 NC@NCA, 0.3 NC@NCA,
and 0.4 NC@NCA, it is observed that nitrogen and carbon are also evenly distributed; an
increase in the nitrogen content is noticeable as the weight percent of sericin increased, and
the weight and atomic ratio of nitrogen for the materials are given in Table 2. The EDS
mapping results confirmed that NCA is coated with N-doped carbon; as the weight percent
of sericin increased, the thickness of the wrapping layer also grew.

Table 2. Nitrogen weight ratio and nitrogen atomic ratio of bare NCA, 0.2 NC@NCA, 0.3 NC@NCA,
and 0.4 NC@NCA.

Bare NCA 0.2 NC@NCA 0.3 NC@NCA 0.4 NC@NCA

Nitrogen Weight
Ratio (wt.%)

0 0.61 0.75 1.04

Nitrogen Atomic
Ratio (%)

0 1.13 1.30 1.94
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Figure 4. HR-FE-SEM images, elemental mapping spectra, and map scan spectra of (a (i–v)) bare
NCA; (b (i–vii)) 0.2 NC@NCA; (c (i–vii)) 0.3 NC@NCA; and (d (i–vii)) 0.4 NC@NCA.
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3.2. Electrochemical Characterizations

The galvanostatic charge/discharge behavior analysis of bare NCA, 0.2 NC@NCA,
0.3 NC@NCA, and 0.4 NC@NCA was conducted using a cycler, as shown in Figure 5a–d.
The evaluation process was conducted within a voltage range of 3.0–4.3 V with a current
density of 0.2 C. Figure 5a exhibits that the bare NCA delivers the highest initial specific
capacity among its counterparts. It is considered that the N-doped carbon wrapping would
have impeded the ability of lithium ions to penetrate the NCA structure. For 50 cycles,
it is verified that the decrease in specific capacity of the bare NCA is greater than its
counterparts. Therefore, it is considered that the N-doped carbon wrapping minimizes side
reactions with the electrolyte and polarization.

Figure 5. The galvanostatic charge/discharge potential profiles of (a) bare NCA; (b) 0.2 NC@NCA;
(c) 0.3 NC@NCA; and (d) 0.4 NC@NCA.

Figure 6a–d show the differential capacity (dQ/dV) vs. voltage curve of the 2nd and
50th cycles at a current density of 0.2 C for bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and
0.4 NC@NCA. In the oxidation curve for the second cycle, the main sharp peak results from
the formation of solid electrolyte interphase (SEI) on the NCA surface [44]. Furthermore,
three pairs of clear peaks are visible, which are due to the multiple phase change from
hexagonal (H1) to monoclinic (M), monoclinic (M) to hexagonal (H2) and hexagonal (H2)
to hexagonal (H3) during cycling [45,46]. In the second cycle, the main oxidation peaks
are 3.6431, 3.6679, 3.6677, and 3.6635 V, whereas, in the 50th cycle, the main oxidation
peaks are shifted to 3.7595, 3.7205, 3.697, and 3.7118 V, respectively. For the bare NCA,
the main oxidation peak shifted by 0.1164 V, and for the NC@NCA, the shifts in the main
oxidation peaks are 0.0526, 0.0293, and 0.0483 V. Additionally, 0.2 NC@NCA, 0.3 NC@NCA,
and 0.4 NC@NCA showed smaller shifts in oxidation peak compared with bare NCA; in
particular, 0.3 NC@NCA experienced the smallest shift. The smaller shift in the oxidation
peak means that the degree of reversibility during the cycling process improved [47]. That
is, 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA had better cycling reversibility than
bare NCA; 0.3 NC@NCA, in particular, exhibited the best cycling reversibility.
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Figure 6. Differential capacity for (a) bare NCA, (b) 0.2 NC@NCA, (c) 0.3 NC@NCA, and
(d) 0.4 NC@NCA; cycling performance profiles showing specific capacity and its coulombic
efficiency at a current density of 0.2 C for (e) bare NCA, (f) 0.2 NC@NCA, (g) 0.3 NC@NCA, and
(h) 0.4 NC@NCA.
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The improved cycling reversibility was verified in Figure 6e–h; these figures exhibited
the cycling performance of bare and N-doped carbon-coated NCA within a 3.0–4.3 V
voltage range with a current density of 0.2 C. In the first cycle, bare NCA, 0.2 NC@NCA,
0.3 NC@NCA, and 0.4 NC@NCA exhibited specific discharge capacities of 183.95, 176.02,
175.31, and 171.78 mAh g−1, respectively. However, after the 50 cycles, the specific discharge
capacity of bare NCA is 160.27 mAh g−1, whereas those of 0.2 NC@NCA, 0.3 NC@NCA,
and 0.4 NC@NCA are 157.76, 161.63, and 155.10 mAh g−1, respectively. When investigated
by capacity retention, bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA are 87.13,
89.62, 92.20, and 90.29%, respectively; 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA
exhibited higher capacity retention compared with bare NCA. These outcomes imply
that the N-doped carbon wrapping minimizes side reactions between the NCA and the
electrolyte, improving the structural stability and cycling reversibility of NCA.

Figure 7a shows the specific discharge capacity when 200 cycles of bare NCA,
0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA were conducted at a high current density
of 1 C. In the initial cycle, the specific discharge capacity of bare NCA is higher than
0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA; however, after 200 cycles, the capacity
retentions of 0.3 NC@NCA and 0.4 NC@NCA are 69.83% and 62.01%, respectively. This is
higher than 0.2 NC@NCA with a capacity retention of 40.86% and a bare NCA of 50.65%.
This low cycling stability in 0.2 wt.% N-C@NCA is attributed to the lower amount of sericin
utilized. Therefore, it is considered that using a low amount of the coating agent could
not form a stable coating layer to provide good cycling at a high current density, behaving
instead as a minor variation. In addition, it is also considered that the low crystallinity
and stability of 0.2 NC@NCA also contributed to the low-capacity retention at 1.0 C. For
0.4 NC@NCA, the capacity retention is higher than that of bare NCA; however, compared
with 0.3 NC@NCA, the thicker coating layer impeded the movement of lithium ions and
resulted in poor capacity retention.

Figure 7b shows the rate capability of bare NCA and 0.2 NC@NCA, 0.3 NC@NCA,
and 0.4 NC@NCA. The process was conducted at various current densities from 0.2 C to
2.0 C. Bare NCA at a current density of 0.2 C exhibited the highest capacity, while at 0.5 C,
it exhibited almost the same capacity as 0.3 NC@NCA. At current densities of 1.0 and 2.0 C,
0.4 NC@NCA exhibited a lower capacity than 0.3 NC@NCA. These results indicate that
the 0.3 weight percent N-doped carbon wrapping is an effective coating layer capable of
sufficiently protecting NCA during cycling at a high current rate.

To further analyze the effect of N-doped carbon on electrochemical performance,
EIS was carried out for bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA after
200 cycles at a 1 C current rate. Figure 7c shows that the semicircle in the high-frequency
range, displayed in the Nyquist plot, is related to the charge transfer resistance (Rct),
and the straight line in the low-frequency region is related to the Warburg resistance [48].
There is a large difference in charge transfer resistance, when comparing the bare NCA,
0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA. In numerical terms, the charge transfers
resistances of the bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA are 2091, 3049,
411, and 604 Ω, respectively. The charge transfer resistance is lowest for 0.3 NC@NCA,
implying that this material showed the greatest improvement in ion and electron movement
among them. This means that if 0.3 weight percent of sericin is used as the coating agent,
the coating layer may serve as a protective layer for NCA and improve the movement of
ions and electrons [49]. A table of comparison of previously reported similar studies with
current work is presented in Table 3.
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Figure 7. (a) Cycling performance at a current density of 1.0 C; (b) rate capability; (c) EIS analysis after
200 cycles at a current density of 1.0 C for bare NCA, 0.2 NC@NCA, 0.3 NC@NCA, and 0.4 NC@NCA.
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Table 3. Comparison of previously reported similar studies with current work.

Material Carbon Source
Discharge
Capacity

(mAh g−1)

Capacity
Retention

(%)
Ref.

Carbon nanotube
coating on NCA

(CNT-NCA)
Carbon nanotubes 205 (at 0.1 C) 91 (at 0.1 C) [50]

Carbon-coated
LNCAO

(LNCAO/C)

Sodium dodecyl
sulfate 183 (at 0.1 C) 93 (at 0.1 C) [51]

NCA-graphene Graphene
nanoplatelets 180 (at 0.5 C) 97 (at 0.5 C) [52]

Nanoscale carbon
coating on NCA

(C@NCA)
Glucose 260 (at 1 C) 88 (at 1.0 C) [53]

N-doped
carbon-coated NCA

(NC@NCA)
Sericin 161 (at 0.2 C) 92 (at 0.2 C) *This work

4. Conclusions

The N-doped carbon derived from sericin was successfully prepared using the solid-
state method, and it was used to provide a coating layer for the NCA cathode mate-
rial of LIBs. The influence of surface modification on the electrochemical characteristics
of the NCA was characterized, and it was confirmed that this coating material is effec-
tive in improving electrochemical performance, particularly cycling stability. Specifically,
0.3 NC@NCA demonstrated the greatest improvements in cycling stability at current rates
of 0.2 and 1.0 C as well as in rate capability. The measurement of charge transfer resistance
using EIS confirmed that 0.3 NC@NCA showed the lowest charge transfer resistance. Based
on these results, when 0.3 weight percent of sericin is used for the coating on NCA, it effec-
tively suppresses side reactions with the electrolyte and surface degradation. Therefore,
it could improve the structural stability of NCA, resulting in enhanced electrochemical
performance, particularly in terms of cycling stability and rate capability.
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Abstract: The beam splitter is an important functional device due to its ability to steer the propagation
of electromagnetic waves. The split-ratio-variable splitter is of significance for optical, terahertz and
microwave systems. Here, we are the first (to our knowledge) to propose an optically controlled
dynamic beam splitter with adjustable split ratio in the terahertz region. Based on the metasurface
containing two sets of reversed phase-gradient supercells, we split the terahertz wave into two
symmetrical beams. Associated with the reconfigurable pump laser pattern programmed with the
spatial light modulator, dynamic modulation of the split ratio varying from 1:1 to 15:1 is achieved.
Meanwhile, the beam splitter works at a split angle of 36◦ for each beam. Additionally, we obtain an
exponential relationship between the split ratio and the illumination proportion, which can be used
as theoretical guidance for beam splitting with an arbitrary split ratio. Our novel beam splitter shows
an outstanding level of performance in terms of the adjustable split ratio and stable split angles and
can be used as an advanced method to develop active functional devices applied to terahertz systems
and communications.

Keywords: beam splitter; metasurface; terahertz; dynamic

1. Introduction

The manipulation of electromagnetic (EM) waves is significant for optoelectrical de-
vices applied in communications [1], imaging [2] and detection [3]. Metasurfaces, emerging
artificial microstructures that can manipulate EM waves, have attracted significant at-
tention. With well-designed structures, metasurfaces can modulate the amplitude [4–6],
phase [7], polarization [8], and chirality [9]. Owing to their excellent ability of control
the wavefront with a phase-gradient configuration, metasurfaces have been developed
for various functional devices like the meta-lens [10,11], beam splitter [12,13], and vortex
generator [14,15].

The beam splitter is an important component of optical, microwave, and terahertz
systems, because it can deflect and divide EM waves to expected angles [16]. Metasurface-
based beam splitters were recently reported on. Niu et al. proposed a terahertz reflectarray
as a polarizing beam splitter [17]. Ni et al. demonstrated a broadband non-polarizing
terahertz beam splitter based on an all-dielectric metasurface [18]. Further, active devices
that dynamically manipulate beam splitting have been proposed. The active metasurface
terahertz deflector was presented and used to modulate the intensity of the deflected
waves via the bias voltage [19]. Graphene-based metasurfaces were shown to dynamically
steer the deflection angle by changing the Fermi energy [20]. A coding scheme was
introduced to generate more beams by arranging different coding sequences [21,22]. Zhang
et al. employed the Pancharatnam–Berry (PB) coding metasurface to form spin-controlled
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multiple beams with different polarizations [23]. Li et al. presented electronic controlled
tunable dielectric metasurfaces modulated by liquid crystal with a beam deflection angle of
11◦ [24]. Previous work mainly focused on varying the beam splitting number, switching
the deflection angles of different beams, or simultaneously modulating the intensity of
beams, but active beam splitters with an adjustable split ratio have rarely been reported. In
2020, Kocer et al. presented a dynamic beam splitter employing an elastic substrate based
all-dielectric metasurface to undergo splitting in three ways with different split angles and
power ratios [25]. However, a dynamic beam splitter that can change the split ratio and
maintain the same split angles has not yet been developed.

In this paper, we propose, for the first time (to our knowledge), a photo-induced
terahertz beam splitter with an adjustable split ratio at certain split angles. The beam splitter
is based on a metasurface composed of metallic structures deposited on the substrate of
silicon on sapphire (SOS). The metallic structures consist of two groups of phase-gradient
C-shaped split-ring resonators (SRRs). With the inverse phase gradient, the two groups of
SRRs diffract the incident waves at two different angles. Combined with the pump laser
pattern programmed by digital micromirror devices (DMD), we can control the illuminated
area of the metasurface and, therefore, excite photoinduced carriers of the silicon layer.
The structures located in the illuminated part will be opaque due to the metallized silicon,
which reduces the intensity of the corresponding split beam. Accordingly, the split ratio
can be arbitrarily adjusted by choosing the illumination ratio via the patterned pump light.
We demonstrate that the split ratio of two beams can dynamically vary from 1:1 to 15:1 with
an unchanged deflection angle of 36◦ for each beam. Implemented by the phase-gradient
metasurface combined with the reconfigurable pump laser pattern, our novel beam splitter
exhibits an excellent performance regarding the dynamic terahertz beam steering concept,
and this optically controlled scheme provides an advanced method to develop more active
functional devices that can be applied to terahertz systems and communications.

2. Design and Simulation

Our proposed terahertz beam splitter combined with the optically controlled scheme
is presented in Figure 1a, and a detailed view of the beam splitter is shown in Figure 1b.
C-shaped metallic split-ring resonators (SRRs) are deposited on the top surface, and 200 nm
thick aluminum with a conductivity level of 3.56 × 107 S/m is used as a metallic mate-
rial [26]. The substrate is a 1.5 μm thick silicon layer grown on a 500 μm thick sapphire
wafer, and the permittivities of silicon and sapphire are 11.7 and 10.5, respectively [27].
For all simulations, the x-polarized terahertz plane wave was normally incident to the
metasurface, and the y-polarized electric field was detected. The red stripes denote the
reconfigurable pump laser pattern illuminating the SRRs and the silicon layer, which can
be programmed by the digital micromirror devices (DMD) via a computer.

For each SRR whose structure is presented in Figure 1c,d, the width of the ring is
w = 5 μm, the angle of the gap is 2a, the external radius of the ring is r, and the axis
of symmetry is rotated by α relative to the x-axis. The SRRs are aligned in the x and y
directions with a period of P = 80 μm. Due to the asymmetry of the SRR under x-polarized
wave incidence, the polarization can be partially converted to the orthogonal direction
in a specific frequency range, and when α = ±45◦, the polarization conversion ratio is
maximized [13]. Therefore, the phase and amplitude of the orthogonally polarized wave
can be controlled simultaneously by varying the radius (r) and angle of the gap (a) of
the SRRs.

In our previous work [11], the amplitude and phase of C-shaped SRRs were investi-
gated. We chose eight pairs of specific parameters (a and r) of SRRs, as listed in Table 1,
and their transmission phases and amplitudes at 0.8 THz are shown in Figure 2. Obviously,
the phase of the eight SRRs successively increased by π/4, and the amplitude remained
unchanged. Accordingly, we configured the eight SRRs as a positive phase-gradient su-
percell A whose phase uniformly ranged from 0 to 2π. Additionally, we inversely ordered
the eight SRRs to construct another negative phase-gradient supercell B, whose phase
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uniformly decreased by π/4. Hence, we assembled the two supercells with inverse phase
gradients as a basic unit (A + B) of the array, as shown in the inset of Figure 1a. It was
possible to generate the two opposite deflected wavefronts, namely two splitting beams,
simultaneously. The deflection angle depends on the phase gradient value of metasurfaces,
and the relationship between the two obeys the generalized Snell’s law of refraction defined
as [7]:

nt sin θt − ni sin θi =
λ0

2π

dΦ
dx

(1)

where θt and θi represent the refractive and incident angles, respectively; nt and ni are the
refractive indexes of the vacuum and sapphire, respectively; λ0 indicates the wavelength
in a vacuum; and dΦ/dx is the phase gradient of the metasurface. In our designed
metasurface, the incident angle is θi = 0, nt = 1, and ni = 3.24. The wavelength λ0
corresponds to a frequency of 0.8 THz. dΦ/dx = 2π/D (D = 640 μm is the period of the
supercell in x-direction). Therefore, by containing the positive and negative phase gradients
simultaneously, the deflection angles of the two splitting beams were both calculated as
±35.87◦ for our beam splitter.

Figure 1. (a) Schematic of the proposed beam splitter combined with the optically controlled scheme.
(b) Partial detailed view of the beam splitter. The dashed frame denotes the basic unit (A + B). (c) The
geometrical parameters of an SRR. (d) Schematic of the multilayered structure.

Table 1. Geometrical parameters of the eight SRRs forming the supercell A.

Number 1 2 3 4 5 6 7 8

r (μm) 35 31.5 32 34.55 35 31.5 32 34.55
a (◦) 10.5 15 43 73.5 −10.5 −15 −43 −73.5

To modulate the intensity of each splitting beam, we simulated the transmission ampli-
tude of the SRRs excited by an external pump laser. The conductivity of photoconductive
silicon σs is variable with the optical pump power [13,28]. When the metasurface is illumi-
nated by the pump laser, the photoinduced carriers of the silicon layer will be excited, and
σs = 8000 S/m was used to model the high conductivity of silicon. Due to the increased
reflection and absorption of the terahertz wave in silicon under the pump, the transmission
amplitude of the terahertz wave dropped to 0.015, as shown in Figure 2. Without the pump,
the silicon layer returned to the static state (the conductivity σs is 0 S/m), and the trans-
mission amplitude remained around 0.47. Hence, combined with the pump laser pattern
programmed by the DMD, we were able to control the illuminated area of the metasurface,

541



Nanomaterials 2022, 12, 1169

as shown in Figure 1a,b with the red reconfigurable stripe pattern, and therefore, we could
modify the intensities of the splitting beams.

Figure 2. Transmission amplitudes and phases of eight SRRs in supercells A and B at 0.8 THz with
the x-polarized terahertz incidence and y-polarized detection.

3. Results and Discussion

Since the beam splitter is formed by an array of two supercells, we were able to
selectively illuminate the area of the metasurface, and the proportion of each supercell
under illumination could be determined. The silicon located in the illuminated part
turned opaque and reduced the intensity of the corresponding split beam. As a result, by
controlling the illumination pattern, we were able to adjust the intensity of each splitting
beam and, therefore, realize the variable split ratio (SR).

The function of the beam splitter is displayed in Figure 3. We simulated the electric
field distributions of the deflected waves deflected by the beam splitter under four situations
with different illuminated patterns at 0.8 THz. Figure 3a shows the situation without a
pump laser, and Figure 3e demonstrates the electric field distributions. Beyond the near-
field zone of coherent superposition (about 4.1 mm ≈ 10.9λ), two deflected beams were
symmetrically split when the terahertz wave was normally incident to the top metasurface.
Generally, the split ratio (SR) can be defined as the ratio of the two splitting beams [29]:

SR =
Ile f t

Iright
(2)

where Ileft and Iright represent the electric field intensities of the outgoing left and right
beams, respectively. Here, the left and right beams were deflected by supercells A and
B, respectively. Consequently, Ileft and Iright were inversely correlated to the illuminated
areas of supercells A and B, respectively. In this case, there was no illuminated area, so the
intensities of the two splitting beams were equal (the numerical value was about 0.3 V/m),
and the SR of our beam splitter was 1:1.

In Figure 3b, the horizontal stripe patterned pump light (denoted with red stripes) is
used to illuminate the area of supercell B, where the width of each stripe is d1 = P = 80 μm
and is designed to overlap supercell B. With a period of d = 4P covering 2 basic units, the
stripe pattern illuminated half of the supercell B area; hence, the intensity of the right beam
attenuated to about half the value of the original intensity (see Figure 3f), while the intensity
of the left beam remained at the original level because supercell A was not pumped. As a
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result, the SR became 1.8:1 (0.30:0.17) in this situation. Similarly, by designing the pump
laser pattern well and selectively illuminating fractional supercell B, we were able to obtain
different split ratios. In Figure 3c, the period of the stripe illuminating pattern is shown to
be d = 10P, which covers 5 basic units, and every period contains four stripes. Hence, 80%
of supercell B was illuminated, and the right beam was evidently weakened, as shown in
Figure 3g, so that the SR changed to 5:1 (0.30:0.06). This further increased the proportion of
supercell B to 100%, corresponding to the pattern shown in Figure 3d, and the period of
the stripe shrunk to d = 2P while supercell B was fully selectively illuminated. The right
beam nearly vanished while the left beam maintained the high intensity, leading to the the
highest SR of 15:1 (0.30:0.02), as shown in Figure 3h.

Figure 3. (a–d) Partial sketches of the designed metasurface with the red stripe patterned illumination.
The dashed frames denote the basic unit cells. (e–h) Simulated electric field distributions of beam
splitting in the corresponding illuminated patterns at 0.8 THz.

To clearly present the adjustable property of our beam splitter, we plotted the electric
field distributions of the reflected waves versus the deflection angle, as shown in Figure 4.
We output the electric field intensity of the splitting beams at a distance of 5 mm on the xz-
plane. Obviously, the transmitted wave was symmetrically divided in two main directions,
and the left split beam maintained the maximal value, while the right one attenuated,
corresponding to the cases presented in Figure 3a–d. Note that the deflection angles of
the two split beams were consistent in all situations, and the maximum value appeared
at ±36◦ (denoted with the vertical dashed in Figure 4), which is in excellent agreement
with Equation (1). Hence, the separation angle between two split beams can reach 72◦.
Additionally, the split beams were highly concentrated, and the angle of divergence was
less than 10◦. These results indicate the outstanding performance of our beam splitter
in terms of the adjustable split ratio and stable split angles. Compared with previous
work [29,30] in which the split ratio or angle were changed by designing different structures,
our beam splitter has the advantage of having an active metasurface that can realize
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multifunctionalization with one sample. This is beneficial for the development of integrated
devices in terahertz systems.

Figure 4. Electric field intensity of reflected waves. The vertical dashed lines denote the maximum
values at ±36◦.

Additionally, we extracted the relationship between the split ratio (SR) and the propor-
tion of the pump illumination area for supercell B (η), and the results are plotted in Figure 5
with scattered dots. It was concluded that the split ratio increased with the enlargement
of the illumination area, showing an exponentially increasing trend. Since the starting
SR was 1:1, the relationship was fitted with the exponential formula SR = 1 + 0.028 exp
(0.062η). As shown in Figure 5, the fitted curve (red line) agrees well with the simulated
data (dots). Based on the SR-η formula, theoretically, the arbitrary intensity of the split
beam can be manipulated through the optically controlled system by editing the pump
pattern via DMD in real-time. For experimental feasibility, reconfigurable terahertz grating
was demonstrated with a silicon wafer using DMD [31], and it was shown that the spatial
profile at the silicon wafer can be controlled at a resolution of 10 μm [32], so it is likely that
the flexible modulation of the split ratio in our beam splitter could be achieved through
association with the reconfigurable pump laser pattern. Until now, this optically controlled
scheme has not been applied to the dynamic beam splitter, and our proposal can provide a
flexible means to manipulate the terahertz wave.

Figure 5. Relationship between the beam split ratio and the illumination proportion of supercell B.
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4. Conclusions

A novel beam splitter with an arbitrary controllable split ratio in the terahertz region
was proposed. Based on the metasurface containing two sets of reversed phase-gradient
supercells, we split the terahertz wave into two symmetrical beams. Through an association
with the reconfigurable pump laser pattern programmed with the spatial light modulation
scheme, dynamic modulation of the split ratio varying from 1:1 to 15:1 was achieved.
Meanwhile, the beam splitter was shown to work at a deflection angle of 36◦ for each
beam, and the separation angle between two split beams could exceed 70◦. We obtained
an exponential relationship between the split ratio and the illumination proportion, which
could be used as theoretical guidance for beam splitting with an arbitrary split ratio. To
the best of our knowledge, this is the first proposal of a terahertz beam splitter with a
dynamically controllable split ratio at stable split angles. We believe that this design
represents an advanced way to develop more active function devices and to promote their
practical application in optical, microwave, and terahertz systems.
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