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Preface to ”Metal Oxide Nanomaterials: From
Fundamental to Applications”

The fundamental understanding and applications of metal oxide nanomaterials have been

explored and expanded extensively over the past couple of decades, and continuously so, with

creative and diligent work performed globally by researchers and scientists. Nanomaterials, more

generally, have indeed revolutionized the world due to their unique properties and growing

applications in all spheres of humankind, encompassing energy, health, and the environment.

However, there are no recent collections of such diverse work, such as books, connecting their

fundamental aspects and application perspectives in a concise fashion to give a broad view of

the current status of this fascinating field. Therefore, we invited authors to contribute either

comprehensive review articles or original research articles covering the most recent progress and new

developments in the fundamental understanding of the synthesis and properties and the exploration

of the utilization of metal oxide nanomaterials.

Specifically, in this Special Issue entitled “Metal Oxide Nanomaterials: From Fundamentals to

Applications”, we collected eight original research articles and two comprehensive review articles

to highlight the development and understanding of different types of metal oxide nanoparticles and

their use for applications in luminescence, photocatalysis, water–oil separation, optoelectronics, gas

sensors, energy-saving smart windows, etc. The wide variety of applications covered by the ten

articles published here is proof of the growing attention that the use of metal oxide nanomaterials has

received in recent years.

This Special Issue presents just the tip of the iceberg of the broad, dynamic, and active

fundamental research and applications in the developing field of metal oxide nanomaterials by

collecting a few examples of the latest advancements. We hope that readers will enjoy reading these

articles and find them useful for their research.

We appreciate all the contributors of this Special Issue for their wisdom and solid scientific work.

We also thank our Section Managing Editors, Tracy Jin and Winston Yi, for their tireless support.

Yuanbing Mao and Santosh Gupta

Editors
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Editorial

Metal Oxide Nanomaterials: From Fundamentals to Applications
Yuanbing Mao 1,* and Santosh K. Gupta 2,3,*

1 Department of Chemistry, Illinois Institute of Technology, 3101 South Dearborn Street, Chicago, IL 60616, USA
2 Radiochemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India
3 Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India
* Correspondence: ymao17@iit.edu (Y.M.); santoshg@barc.gov.in (S.K.G.);

Tel.: +1-312-567-3815 (Y.M.); +91-22-25590636 (S.K.G.)

This Special Issue of Nanomaterials, “Metal Oxide Nanomaterials: From Fundamentals
to Applications”, highlights the development and understanding of different types of
metal oxide nanoparticles and their use for applications in luminescence, photocatalysis,
water–oil separation, optoelectronics, gas sensors, energy-saving smart windows, etc. The
wide variety of applications covered by the 10 articles published here is proof of the growing
attention that the use of metal oxide nanomaterials has received in recent years. Here,
nanomaterials are defined, based on the October 2011 European Commission’s definition,
as materials with one or more external dimension in the range of 1–100 nm. As the surface
area per mass of a material increases, a greater proportion of the material can come into
contact with the surrounding materials, thus affecting reactivity [1,2]. Nanomaterials have
indeed revolutionized the world due to their unique properties and growing applications
in all spheres of humankind, encompassing energy, health, and the environment.

Within this Special Issue, Gupta et al. designed and demonstrated excitation energy
tunable light emission from barium zirconium oxide crystals as color-tunable phosphors [3].
The authors tuned the emission light from BaZrO3:Eu3+ crystals from orange to red based
on the charge transfer and f -f transition excitation of an Eu3+ dopant, which is dictated by
its magnetic and electric dipole transition probabilities. Enesca et al. showed the potential
of Cu2O/SnO2/WO3 heterostructure powder in the efficient removal of pesticides photo-
catalytically [4]. The photocatalytic mechanism corresponds to a charge transfer based on
this three-component structure, where Cu2O exhibited a reduction potential responsible
for O2 production and WO3 had an oxidation potential responsible for OH· generation.
Liang and his colleagues successfully decorated TiO2 nanorods with a copper oxide layer
through sputtering and post-annealing, which resulted in improved light absorption and
photo-induced charge separations [5]. This led the composite nanorods to have enhanced
photoactivity compared to the pristine TiO2 nanorods.

Other fascinating properties of nanocomposite based on metal oxides nanoparticles,
particularly from ZnO, were explored by several other research groups [6]. For exam-
ple, Si et al. synthesized Fe3O4@ZnO nanocomposites (NCs) to improve the stability
of the viscoelastic surfactant (VES) fracturing fluid [7]. At a loading of 0.1 wt.%, this
NC-VES nanocomposite showed superior stability at 95 ◦C or at a high shear rate and
good sand-carrying performance and gel-breaking properties. Designing a surface with
special wettability is an important approach to improving the separation efficiency of oil
and water. Liu and co-authors demonstrated superhydrophobicity in both oil and water
from their stainless-steel metal fibers coated with sol–gel-derived ZnO nano-pillars [8].
They found that their ZnO-coated stainless-steel metal fibers had a static underwater oil
contact angle of 151.4◦ ± 0.8◦ and an underoil water contact angle of 152.7◦ ± 0.6◦ and
was a highly promising candidate for both water-in-oil and oil-in-water separation in the
industry. Maevskaya et al. studied the effect of Cu2O on the photo-induced alteration of
the hydrophilicity of TiO2 and ZnO surfaces [9]. The Cu2O/TiO2 and Cu2O/ZnO het-
erostructures showed photo-induced decay of the surface hydrophilicity caused by both

1



Nanomaterials 2022, 12, 4340

UV and visible light irradiation. Simeonov and his group carried out defect engineering
of ZnO by nitrogen doping [10]. They demonstrated that nitrogen doping in ZnO led to
an abundance of oxygen and zinc vacancies and interstitials and contributed to enhanced
electron transport properties in ZnO:N films. As another example demonstrating advance-
ments in the roles of structure and morphology in material properties, Naszályi Nagy et al.
prepared silica NPs with a diameter of 50 nm and covered them with a monoclinic/cubic
zirconia shell using a green, cheap, and up-scalable sol–gel method [11]. They confirmed
that these silica@zirconia core@shell NPs bind as muchas 207 mg of deoxynucleoside
monophosphates on 1 g of this nanocarrier at neutral physiological pH while maintaining
good colloidal stability.

Two review articles are also included in this Special Issues. In the first review, Li et al.
comprehensively discussed the development of two-dimensional (2D) nanomaterials with
metal oxide nanoparticles for gas sensing applications [12]. They further emphasized
recent advances in the fabrication of gas sensors based on metal oxides, 2D nanomaterials,
and 2D material/metal oxide composites with highly sensitive and selective functions.
In the second review article, Kim et al. presented recent advances in fabricating flexible
thermochromic VO2(M) thin films using vacuum deposition methods and solution-based
processes and discussed their optical properties for potential applications in energy-saving
smart windows and several other emerging technologies [13].

In summary, this Special Issue presents just the tip of the iceberg of the broad, dynamic,
and active fundamental research and applications in the developing field of metal oxide
nanomaterials by collecting a few examples of the latest advancements. We hope that the
readers enjoy reading these articles and find them useful for their research.
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the published version of the manuscript.
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Article

Excitation-Dependent Photoluminescence of BaZrO3:Eu3+ Crystals
Santosh K. Gupta 1,2 , Hisham Abdou 3, Carlo U. Segre 4 and Yuanbing Mao 5,*

1 Radiochemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India
2 Homi Bhabha National Institute, Anushakti Nagar, Mumbai 400094, India
3 Department of Chemistry, University of Texas Rio Grande Valley, 1201 West University Drive,

Edinburg, TX 78539, USA
4 Center for Synchrotron Radiation Research and Instrumentation and Department of Physics, Illinois Institute

of Technology, Chicago, IL 60616, USA
5 Department of Chemistry, Illinois Institute of Technology, 3105 South Dearborn Street, Chicago, IL 60616, USA
* Correspondence: ymao17@iit.edu; Tel.: +1-312-567-3815

Abstract: The elucidation of local structure, excitation-dependent spectroscopy, and defect engineer-
ing in lanthanide ion-doped phosphors was a focal point of research. In this work, we have studied
Eu3+-doped BaZrO3 (BZOE) submicron crystals that were synthesized by a molten salt method. The
BZOE crystals show orange–red emission tunability under the host and dopant excitations at 279 nm
and 395 nm, respectively, and the difference is determined in terms of the asymmetry ratio, Stark
splitting, and intensity of the uncommon 5D0→ 7F0 transition. These distinct spectral features remain
unaltered under different excitations for the BZOE crystals with Eu3+ concentrations of 0–10.0%. The
2.0% Eu3+-doped BZOE crystals display the best optical performance in terms of excitation/emission
intensity, lifetime, and quantum yield. The X-ray absorption near the edge structure spectral data
suggest europium, barium, and zirconium ions to be stabilized in +3, +2, and +4 oxidation states,
respectively. The extended X-ray absorption fine structure spectral analysis confirms that, below 2.0%
doping, the Eu3+ ions occupy the six-coordinated Zr4+ sites. This work gives complete information
about the BZOE phosphor in terms of the dopant oxidation state, the local structure, the excitation-
dependent photoluminescence (PL), the concentration-dependent PL, and the origin of PL. Such
a complete photophysical analysis opens up a new pathway in perovskite research in the area of
phosphors and scintillators with tunable properties.

Keywords: BaZrO3; europium; luminescence; EXAFS; defect

1. Introduction

The trivalent europium ion Eu3+ is considered to be one of the most sensitive lan-
thanide ions that displays environment- and symmetry-sensitive emissions owing to its
pure magnetic dipole transition (MDT, ∆J = ±1), hypersensitive electric dipole transition
(HEDT, ∆J = ±2), and neither magnetic nor electric 5D0 → 7F0 (∆J = 0) transition [1–4].
When Eu3+ is localized at a highly symmetric site with a center of inversion (Ci), its MDT
predominates over its EDT. If Eu3+ is situated at a highly asymmetric site, its emission is
the other way around [5]. In addition, the Eu3+ ion is one of the most fascinating dopant
ions for quality red phosphors with a high quantum yield (QY), a decent thermal stability,
and a long luminescence lifetime [6,7].

Perovskites with a generic formula ABO3 are in high demand as luminescence hosts
due to their structural flexibility, wide band gap, ease of doping, and ability to accommodate
lanthanide ions at both A and B sites [8–10]. Among them, BaZrO3 (BZO) is a unique
material due to its wide tunable band gap (5.6 eV) [11], high refractive index [12], high
proton conductivity, and high chemical and mechanical stability [10,13–15]. It has various
applications in the areas of luminescence [16], catalysis [16,17], proton-conducting solid
oxide fuel cells [18,19], and many others. Eu3+ ion-doped ABO3 perovskites have attracted a
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lot of attention due to their high thermal and chemical stability, low environmental toxicity,
and various applications in photocatalysis, white light generation [20], light emitting diodes
(LEDs) [21], and bioimaging [22].

One can probe the local sites of Eu3+ ions in ABO3 perovskites based on the ratio,
spectral splitting, and appearance of 5D0 → 7FJ (J = 0–4) emissions.1 This kind of study
is crucial to make materials with optimum light emitting properties. For example, Kunti
et al. recently observed MDT and HEDT emissions with IMDT >>> IHEDT along with the
host emission under the 275 nm excitation from their BaZrO3:Eu samples synthesized
by the solid state route [23]. There was a systematic host-to-dopant energy transfer with
an increasing Eu3+ doping concentration. Based on the analysis of extended X-ray ab-
sorption fine structure (EXAFS) spectroscopic data, they concluded that Eu3+ ions were
localized at Zr4+ sites [23]. Gupta, one of the co-authors of the current manuscript, and his
coworkers observed spectral profiles with IHEDT >>> IMDT under various excitations from
gel combustion-synthesized BZO:Eu samples [12], which was exactly opposite to what
was observed by Kunti et al. [23]. Gupta et al. also proposed that a large fraction of Eu3+

ions occupied Zr4+ sites based on population analysis of lifetime spectra [12]. Kanie et al.
synthesized BZO samples with different sizes and shapes and investigated their effects on
luminescence [24].

There were also reports on Eu3+-doped perovskites of SrZrO3, SrSnO3, BaTiO3,
BaSnO3, and BaZrxTi1−xO3. For example, Basu et al. proposed that Eu3+ ions resided
at Sr2+ sites at low dopant concentrations and were distributed at both Sr2+ and Sn4+ sites
at high doping levels in their polyol-synthesized SrSnO3 nanoparticles based on EXAFS
measurements [25]. The same group further proposed that Eu3+ ions occupied the cen-
trosymmetric Sr2+ sites up to 1.5% Eu3+ doping and, beyond that, the synthesized SrSnO3
nanoparticles formed a separate europium oxide phase based on time resolved emission
spectroscopy (TRES) and electron paramagnetic resonance (EPR) studies. Similarly, based
on EXAFS studies, Rabufetti et al. found that Eu3+ ions resided at Ba2+ sites at low dopant
concentrations (up to 4% Eu3+ doping) but were distributed at both Ba2+ and Ti4+ sites at
high doping levels in their vapor-diffusion sol-gel-synthesized BaTiO3 nanocrystals [26].
Canu et al. have tuned the photoluminescence properties of Eu3+-doped BaZrxTi1-xO3
perovskite by applying an electric field [27].

There are also reports that studied the effect of changing the A cation of AZrO3:Eu on
the luminescence emission intensities [28]. Katyayan et al. studied the impact of co-doping
Tb3+ with Eu3+ on the optical and spectroscopic characteristics of BZO perovskite [29].
Another study investigated the effect of particle size and morphology on the fluorescence
behaviors of these metal oxides [24].

Color tunability is achieved from samples with the same dopants and hosts by simply
varying the excitation wavelength. For example, Gupta et al. showed different emission
characteristics of SrZrO3:Eu3+ nanoparticles in terms of the asymmetry ratio (A21) under
the excitations with host absorption, charge transfer, and the f-f band of Eu3+ [30]. Guo
et al. synthesized a Bi3+ and Eu3+ ion co-doped Ba9Lu2Si6O24 single-phased phosphor via a
conventional high-temperature solid-state reaction [31]. They demonstrated that the relative
emission intensity of Bi3+ luminescent centers tightly depends on the incident excitation
wavelength due to the complex energy transfer processes among these Bi3+ centers.

Furthermore, even though the induced electric dipole (ED) 5D0 → 7F0 transition is
strictly forbidden by the ∆J selection rule of the Judd–Ofelt theory, there are reported
occurrences of it as a well-known example of the breakdown of the selection rules of
the Judd–Ofelt theory [1]. For example, Guzmán-Olguín et al. showed an unusual great
intensity of the 5D0→ 7F0 transition centered at 580 nm when they excited their Eu3+-doped
BaHfO3 perovskite ceramic under UV radiation with the wavelength associated with the
charge transfer band (272 nm), while this transition was very weak when the sample was
excited at 396 or 466 nm wavelengths [32]. One of the co-authors of this manuscript, Gupta,
with his co-workers, reported the presence of two Stark components in the 5D0 → 7F0
transition from their Nd2Zr2O7:Eu phosphor when excited at 256 nm [33].

6
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It is clear that there is no systematic investigation of the luminescence of BZO:Eu nor
studies on its 5D0 → 7F0 transition under host and Eu3+ excitations. In this work, we have
first synthesized BZO:Eu submicron crystals using an environmentally friendly molten
salt synthesis (MSS) method based on the report by Zhou et al. using barium oxalate and
zirconium oxide as precursors and a KOH/NaOH salt mixture as the reaction medium [34].
We studied tuning the red to orange emission ratio from the BZO:Eu crystals by modulating
the excitation wavelength and deciphered the local site occupancy of Eu3+ ions in BZO with
Eu, Ba, and Zr-edge EXAFS analysis. More importantly, other than the weak 5D0 → 7F3 at
653 nm, we observed a strong 5D0→ 7F0 transition, which is known to be strictly forbidden
by both EDT and MDT of Eu3+ ions, as based on the Judd–Ofelt theory. This observation
suggests the deviation of luminescence properties of the Eu3+ dopant in the BZO host from
the Judd–Ofelt theory. In other words, it indicates that Eu3+ ions are localized in highly
asymmetric environments, e.g., Cn, Cnv, and Cs point group symmetry, so that the selection
rules are relaxed to some extent by the mixing of a low-energy charge transfer state with
the 4f6 configuration [1]. Moreover, designing functional materials that display excitation
wavelength-dependent color tunability and understanding structure–property correlation
is invaluable to materials scientists.

2. Experimental

The synthesis and instrumentation characterization of the BZO and BZOE submicron
crystals are described in detail in the electronic supplementary information as S1. Briefly,
six Ba1-xZrO3:x%Eu3+ (x = 0, 0.5, 1.0, 2.0, 5.0, 10.0) samples were synthesized using the
MSS method following a procedure published previously with one of the co-authors of this
manuscript. Based on the Eu3+ doping levels, the synthesized Ba1-xZrO3:x%Eu3+ samples
with x = 0, 0.5, 1.0, 2.0, 5.0, 10.0 are designated as BZO, BZOE-0.5, BZOE-1, BZOE-2, BZOE-5,
and BZOE-10, respectively.

3. Results and Discussion
3.1. XRD Patterns

The XRD patterns of the BZO and BZO:Eu samples (Figure 1a) demonstrated that the
diffraction peaks of all samples match with the cubic perovskite phase (Pm-3m) of BZO
(JCPDS No. 74-1299) and no impurity peaks were observed. The substitution of Eu3+ for
constituent ions is evidently aliovalent and may generate oxygen vacancies when resided
at a Zr4+ site. In case if some fraction resides at a Ba2+ site, the charge compensation may
invoke the creation of barium vacancies. As seen in Table 1, the cell parameter variation is
complex, which means different defect complex generations at different doping levels.

Table 1. Lattice constants and crystallite sizes of the BZOE obtained from Rietveld refinement of the
XRD data shown in Figure 1a.

%Eu 0.0 0.5 1.0 2.0 5.0 10.0

a (Å) 4.1947 (2) 4.1954 (3) 4.1944 (3) 4.1952 (3) 4.1976 (3) 4.1971 (2)

Size (nm) 156 (5) 127 (4) 111 (3) 127 (3) 102 (2) 162 (5)

3.2. FTIR and Raman Spectroscopy

To further confirm the formation of the perovskite phase and rule out the formation of
other phases, FTIR spectra of the samples were collected (Figure 1b). The only observed
peak around 570 cm−1 can be assigned to the anti-symmetric stretching Zr–O bond of the
octahedral ZrO6 unit of the BaZrO3 lattice [35–37].

In the Raman spectra of the BZO and BZOE samples (Figure 1c), the peak around
600–900 cm−1 is attributed to the symmetric stretch (ν) of the Zr–O bonds in BaZrO3 [23].
With an increasing Eu3+ doping level, two extra peaks around 283 and 338 cm−1 that
correspond to symmetric Ag and degenerated Fg modes of the stretching vibrations of the
C2-octahedron (Eu2-O) started to appear [38]. This means that Eu3+ ions stop going into
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the BZO lattice and precipitate as a separate phase of Eu2O3 at the doping concentration
of 10.0%, which is similar to what Basu et al. observed from their polyol-synthesized
SrSnO3 nanoparticles based on EXAFS measurements [25]. The peaks between 100 and
230 cm−1 can be assigned to BaCO3 impurity, which did not show up in the XRD patterns
and FTIR spectra due to a low percentage. The carbonate phase probably resulted from the
chemisorption of atmospheric CO2 on the surface of the BZO crystals upon its exposure
to air. It was reported that the existence of such an impurity phase has no effect on the
luminescence properties of the BZO perovskite [8].
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3.3. SEM Images

The SEM images of the BZO and BZOE samples (Figure 1d) demonstrated that the
particles were composed of a mixture of spheres and cubes with well-defined edges. In
our earlier work, we found that cubic BZO microcrystals predominated when the synthesis
was conducted at a higher annealing temperature. There was almost an equal number of
spherical and cubical particles from these samples. No difference in the shape of the parti-
cles was noticed from these samples with different Eu3+ doping concentrations. However,
the agglomeration of the particles increased with an increasing Eu3+ concentration. Based
on the particle size distribution histograms of these samples obtained using the ImageJ soft-
ware (Figure S1) and the crystallite sizes obtained from the XRD data (Table 1, Figure S2),
no clear correlation between the average particle size and the Eu3+ doping concentration
was established.
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3.4. X-ray Absorption Spectroscopy
3.4.1. XANES

Figure 2a–c shows the normalized XANES spectra of three BZOE samples along with
their standards (either the undoped BZO crystals or commercial Eu2O3 powder) at the Ba
L3 (Figure 2a), Zr K (Figure 2b), and Eu L3 (Figure 2c) edges, respectively. The normalized
XANES spectra at the Ba L3-edge shown in Figure 2a are characterized by a sharp white
line, which is the main absorption peak due to the transition 2p3/2 → 5d. There is no
appreciable difference in this edge upon Eu3+ doping.
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(b) Zr K-edge, and (c) Eu L3-edge.

It can be seen from Figure 2b that the Zr absorption edges of the BZOE samples
coincide with that of the BZO sample, confirming that the oxidation state of Zr is 4+ in the
doped samples. Two peaks, A (18,010 eV) and B (18,021 eV), observed in the BZO and BZOE
samples just above the Zr absorption edge, are similar to those obtained by Fassbender
et al. [39] and Giannici et al. [40] and are due to the octahedral oxygen coordination of Zr4+

in the samples. The overall shape of the Zr XANES spectra remains nearly unchanged
upon Eu3+ doping, and it is suggested that the octahedral symmetry of the Zr atom does
not break with doping. The slight increase in the A and B peaks of the doped samples
compared to BZO suggest that the Eu3+ solubility is very limited (no more than 1–2%).

The Eu L3-edge XANES spectra of the samples (Figure 2c) show that the absorption
edges coincide with that of the standard Eu2O3 sample, suggesting that the Eu dopant
remains in the Eu3+ oxidation state in the BZOE samples. The increase in the white line
at the edge indicates an increase in the empty Eu d-states at the Fermi level in the BZOE
samples compared to Eu2O3, suggesting that the Eu3+ is at least partially in a different local
environment than in Eu2O3.

3.4.2. EXAFS

Figure 3 presents the k2-weighted Fourier transformed spectra, |χ(R)|, of the BZO
and BZOE samples (and Eu2O3 standard) at the Ba L3 (Figure 3a), Zr K (Figure 3b), and
Eu L3 (Figure 3c) edges. For BZO in a cubic perovskite structure (ABO3) with the space
group Pm-3m, the Zr atoms are coordinated with 6 O atoms in a regular octahedral (6-fold
(ZrO6)) shape and the Ba atoms are coordinated with 12 O atoms in a cuboctahedral
(12-fold (BaO12)) shape in the first coordination shells. Theoretical EXAFS spectra have
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been generated using the above structure for the Ba (Figure S3), Zr (Figure S4), and Eu
(Figure S5) edges of the BZO and BZOE samples and fitted to the experimental data.
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Specifically, the Ba edge was fitted with a structural model including three paths, Ba–O
(12-fold), Ba–Zr (8-fold), and Ba–Ba (6-fold). For the Ba edge fits, the path degeneracies were
held constant and the σ2 of the Ba–Zr and Ba–Ba paths were constrained to be identical.
Windows of 2.0 Å−1 < k < 8.5 Å−1 with dk = 2.0 and 1.5 Å < R < 3.7 Å with dR = 0.2 were
used for the Fourier transformation and fits, respectively. The fit results for the Ba–O
paths of each sample are presented in Table 2 and they indicate that the Ba environment is
unchanged by Eu doping. The results for the other paths are in Table S1.

Table 2. Values of the amplitude reduction factor (S0
2) or path degeneracy (N), bond length, and

disorder factor for the near neighbor paths obtained from EXAFS analysis of the BZO and BZOE
samples at the Ba L3, Zr K, and Eu L3 edges.

Scattering Path Parameter BZO BZOE-1 BZOE-2 BZOE-10

Ba–O
N = 12

S0
2 0.74 ± 0.16 0.78 ± 0.18 0.80 ± 0.17 0.78 ± 0.17

R (Å) 2.91 ± 0.02 2.91 ± 0.02 2.91 ± 0.02 2.91 ± 0.02

σ2 0.011 ± 0.005 0.013 ± 0.005 0.013 ± 0.005 0.013 ± 0.005

Zr–O
N = 6

S0
2 0.90 ± 0.10 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.1

R (Å) 2.10 ± 0.01 2.10 ± 0.01 2.10 ± 0.01 2.11 ± 0.01

σ2 0.004 ± 0.001 0.005 ± 0.002 0.005 ± 0.002 0.006 ± 0.002

Scattering Path Parameter Eu2O3 BZOE-1 BZOE-2 BZOE-10

Eu–O
S0

2 = 0.86

N 7 6.7 ± 1.7 9.8 ± 1.9 7.9 ± 0.7

R (Å) 2.35 ± 0.01 2.27 ± 0.03 2.33 ± 0.02 2.39 ± 0.01

σ2 0.012 ± 0.002 0.012 ± 0.002 0.012 ± 0.002 0.012 ± 0.002
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The Zr edges were modeled out to 4 Å using three single scattering paths, Zr–O
(6-fold), Zr–Ba (8-fold), and Zr–Zr (6-fold), plus the three high amplitude linear multiple
scattering paths. The path degeneracies were held constant for all paths and all the multiple
scattering paths are constrained to have the same ∆R as the Zr–Zr path and a common σ2

parameter. Windows of 2.0 Å−1 < k < 13.0 Å−1 with dk = 2.0 and 1.0 Å < R < 4.3 Å with
dR = 0.2 were used for the Fourier transformation and fits, respectively. Table 2 reports
the fit results for the Zr–O single scattering path with the other paths reported in Table S2.
For all samples, the Ba–Zr and Zr–Ba paths are distances and disorder parameters and are
consistent as are the Ba–Ba and Zr–Zr paths. The quality of the Zr edge fits (Figure S4) are
limited by the constraints applied but are consistent across all samples, suggesting only
limited Eu3+ doping at the Zr site.

The Eu L3 EXAFS presented in Figure 3c clearly show that the 10.0% doped sample
exhibits two peaks at ~3.1 Å and ~3.7 Å, which are characteristic of Eu2O3. As the doping
level is reduced, these two peaks vanish to be replaced by two small peaks at ~3.0 Å and
~3.5 Å, similar to those observed in the Zr edge EXAFS. The Eu edges were modeled only to
the first shell, as the attempts to model the longer paths were unsuccessful. The amplitude
reduction factor S0

2 was held constant at the value determined by fitting the Eu2O3 data.
The path length, degeneracy, and disorder of the single Eu–O path being modeled were
allowed to vary. Windows of 2.0 Å−1 < k < 9.0 Å−1 with dk = 2.0 and 1.0 Å < R < 2.4 Å with
dR = 0.2 were used for the Fourier transformation and fits, respectively (Figure S5). The
resulting fit parameters are reported in Table 2 and it is clear that the Eu–O distance and
the path degeneracy increase with the doping level. At 1.0% doping, the Eu–O distance is
2.25 Å, which is longer than the Zr–O distance but significantly shorter than both the Ba–O
and the Eu–O distances in Eu2O3. As the doping level increases, the Eu-O distance increases
and then exceeds that found in Eu2O3. Similarly, the path degeneracy for the 1.0% sample
is close to six, as would be expected for doping on the Zr site and increases to a value
greater than that in Eu2O3. These results strongly suggest that Eu3+ at low doping levels
sits at the Zr site and has a solubility limit between 1.0–2.0%. At higher concentrations,
Eu3+ ions are found in a Eu2O3-like local environment. This result is consistent with the
change in the white line of the Eu XANES, which increases for 1.0% and 2.0% but decreases
for 10%.

3.5. PL Spectra

The concentration-dependent excitation spectra (λem = 625 nm, Figure 4a) and emis-
sion spectra (λex = 279 nm and 395 nm, Figure 4b,c) of the BZOE samples demonstrated
characteristic PL features of the Eu3+ dopant in solid-state hosts [41,42]. In general, there
is no change of the excitation and emission spectral profiles, Stark splitting, and relative
intensity of excitation and emission peaks under the same excitation wavelength among
the BZOE samples with the tested Eu3+ doping concentrations. The spectra also clearly
show that the 2.0% Eu3+-doped sample, BZOE-2, has the highest emission intensity among
our samples using the MDT 5D0→7F1 as an example (Figure 4d).

The excitation spectra of the BZOE samples with λem = 625 nm corresponding to the
5D0 → 7F2 transition of Eu3+ ions consisted of two main features (Figure 4a): a broad band
extending from 240–320 nm and several fine peaks in the range of 350–500 nm. The broad
band peaking around 279 nm is attributed to the allowed charge transfer band (CTB) of
electrons from the filled 2p orbital of O2- to the vacant 4d-orbital of the Eu3+ ion. The
fine peaks around 361, 375, 383, 387, 395, 405, 414, 456, 465, and 472 nm are attributed to
the intra f-f transitions of Eu3+ ions. The main peaks located at 395 nm and 465 nm are
attributed to 7F0 → 5L6 and 7F0 → 5D2, respectively.

Under the excitations of λex = 279 and 395 nm, the emission spectra of the BZOE
samples displayed the CTB and several fine peaks corresponding to 5D0 → 7FJ (J = 0–4)
transitions of Eu3+ in the spectral range of 550–750 nm (Figure 4b). Interestingly, several
significant differences in terms of the appearance of 5D0 → 7F0 transition, the asymmetry
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ratio (A21), and Stark splitting were observed from the emission spectra of the BZOE
samples in the spectral range of 550–750 nm under these two excitation wavelengths.
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Figure 5a shows a close look of the emission spectra using the BZOE-2 sample as
an example. Specifically, under the 395 nm excitation, intense emission bands at 591 nm
(5D0 → 7F1, MDT), 612 nm (5D0→ F2, HEDT), 701 nm (5D0 → 7F4), and 653 nm (5D0 → 7F3,
weak peak) were observed [43]. There is no signature of 5D0 → 7F0 transition. The
integral intensity of the HEDT at 612 nm is stronger than that of the MDT at 591 nm. The
5D0 → 7F3 transition is known to be allowed by neither MDT nor EDT. It is forbidden in
nature according to the Judd–Ofelt (J–O) theory but could gain intensity via J-mixing. The
5D0 → 7F4 transition is also considered as an ED transition [1].

Under the CTB excitation at 279 nm, we observed several interesting emission features
compared to the emission spectrum recorded under 395 nm excitation (Figure 5a): (a) an
unusually intense 575 nm peak corresponding to 5D0 → 7F0 transition, which otherwise is
forbidden by both ED and MD transitions [44], (b) increased Stark splitting, (c) enhanced
intensity of the 5D0 → 7F3 peak, and (d) a significant change of the A21 value. The possible
reasons for these observations will be further discussed in the following sections.

3.6. PL Lifetime Spectra and QY

Figure 6a,b show the results of the luminescence lifetime measurements of the BZOE-2
sample under the excitations at 279 and 395 nm with three different emission wavelengths
of 575, 591, and 612 nm corresponding to 5D0→ 7F0, 5D0→ 7F1, and 5D0→ 7F2 transitions,
respectively. For the BZOE-2 sample, the luminescence lifetime curves recorded under the
279 nm excitation (Figure 6a) demonstrated a biexponential behavior with two slopes and
they can be approximated using the following equation:

I = A0 + A1 exp(−t/τ1) + A2 exp(−t/τ2) (1)
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where A1 and A2 are the derived preexponential factors, and τ1 and τ2 are the life-
time values of the fast and slow decay components, respectively. The luminescence
lifetime curves recorded under the 395 nm excitation (Figure 6b) could be fitted with
monoexponential decay.
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The population of Eu3+ ions with a particular lifetime is obtained by using the formula:

% of species n = (An ∗ τn)/(Σn = 1,2An ∗ τn)] ∗ 100 (2)

Under λex = 279 nm, there were two lifetime values for all three emissions: short
lifetime Ts (~360–460 µs, 15%) and long lifetime Tl (~1.0–1.5 ms, 85%). On the other hand,
under λex = 395 nm, only one short lifetime value was obtained as Ts (~370–580 µs).

The decay profiles of all other BZOE samples are mentioned in Figure S6. Under
λex = 279 nm and λem = 625 nm, the average lifetime values of the BZOE samples with
Eu3+ doping levels of 0.5, 1.0, 2.0, 5.0, and 10.0% were 789, 820, 950, 853, and 813 µs,
respectively. The effect of Eu3+ concentration on the average lifetime value of the BZOE
samples (Figure 6c) indicated that the average lifetime value increased up to a 2.0% Eu3+

doping level. Beyond that doping concentration, there was a reduction due to concentration
quenching, which is consistent with the phenomenon observed from the PL excitation and
emission spectra shown in Figure 4.
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concentration (mol %) and (d) quantum yield (λex = 279 nm and λem = 625 nm).

Quantum yield (QY) is an important parameter to evaluate the properties and applica-
tion potentials of phosphors. We measured and calculated the QY of our BZOE samples
using the following equation:

QY =

∫
FS∫

LR +
∫

LS
(3)

where FS represents the emission spectrum of a sample, LR is the excitation spectrum from
an empty integrating sphere (without any sample), and LS means the excitation spectrum
of a sample. The effect of the Eu3+ concentration on the QY value of the BZOE samples
(Figure 6d) indicated that the QY value of the BZOE samples increased from 2.2% to 14.0%
as the Eu3+ doping level increased from 0.5% to 2.0%. After higher dopant concentrations,
the QY value reduced to ~7.6–7.9%. This is again attributed to concentration quenching
arising from non-radiative energy transfer among Eu3+ ions at high doping concentrations.

Concentration quenching is one of the most dominant phenomena that takes place at
high dopant concentrations. It is attributed to increasing resonant energy transfer between
Eu3+ ions at a high dopant concentration, which results in decreasing radiative emissions.
To better understand the mechanism of the concentration quenching phenomenon of our
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BZOE samples, the critical distance (rc) between Eu3+ dopant ions and quenching sites was
calculated using the following equation:

rc = 2
(

3V
4πXcN

) 1
3

(4)

where V, Xc, and N are the volume of the unit cell, the critical concentration of Eu3+

and the number of cations per unit cell, respectively. The values of these three variables
for our BZOE samples are 73.6575 Å3, 0.02, and 8, respectively. Hence, the calculated
critical distance rc value was 9.58 Å. Since the Eu3+–Eu3+critical distance is more than
5 Å, multipolar interactions are responsible for the concentration quenching of our BZOE
crystals. Therefore, various PL studies indicated that there is a close correlation between
the doping concentration with the excitation and emission intensity, luminescence lifetime,
and the QY of the BZOE crystals.

3.7. J–O Analysis

To explain the observed luminescence performance, J–O parameters were determined
to provide empirical relations between the local site symmetry of Eu3+ ions in the BZO
lattice, the crystal field strength of the BZO host lattice, and the Eu–O bond covalency
and polarizability in the BZOE samples.45 Based on various mathematical formulations,
we have derived the radiative/non-radiative transition rates and the internal quantum
efficiency of the BZOE-2 sample [45–47]. Various important optical parameters were
calculated for the BZOE samples under the excitations at 279 and 395 nm (Table 3). The
BZOE-2 sample had a higher internal quantum efficiency (IQE) under the 279 nm excitation
compared to 395 nm excitation. Its non-radiative transition (ANR, 787.4 s−1) and radiative
transition (AR, 212.77 s−1) values under 279 nm were lower compared to those under
395 nm excitation (ANR = 2331 s−1 and AR = 369 s−1). When changing λex from 279 nm to
395 nm, the increase in the ANR value was higher than that of the AR value.

Table 3. Calculated J–O parameters and radiative properties of the BZOE-2 sample (AR = radiative
Rate, ANR = nonradiative rate, Ωn = the Judd−Ofelt parameter, and βn = branching ratio).

BZOE-2 AR (s−1) ANR (s−1) η(%) Ω2 (×10−20) Ω4 (×10−20) β1(%) β2(%) β4(%) Ω2/Ω4

λex = 279 nm 212.77 787.4 21.3 1.04 0.917 23.5 42.4 18.6 1.13

λex = 395 nm 369 2331 13.7 2.27 2.78 13.6 53.7 32.5 0.82

For the J–O parameters, Ω2 (the short range parameter) gives information related to
the covalent character, local symmetry, and structural distortion in the vicinity of Eu3+ ions,
whereas Ω4 intensity parameters (the long range parameter) provides bulk information
such as the viscosity and rigidity of the host lattice [48]. Under the 279 nm excitation,
the observed trend of the J–O parameters (Ω4 < Ω2) suggested that excited Eu3+ ions
were mostly localized in a highly asymmetric and distorted environment. On the other
hand, under the 395 nm excitation, the J–O parameter trend reversed with Ω4 > Ω2,
which confirmed that a large fraction of excited Eu3+ ions occupies relatively less distorted
and asymmetric sites. The value of the J–O ratio (Ω2/Ω4) of lower than one suggests
a high asymmetry of the Eu3+ environment where its value higher than one suggests a
low asymmetry. The fractional distribution of branching ratios suggests that, under the
279 and 395 nm excitations, photon parts emitted via MDT are 23.5% and 13.6%, whereas
those emitted via HEDT are 42.4% and 53.7%, respectively.

3.8. Discussion

As marked by numbers one and two on the color coordinated diagram (Figure 5b),
the intense peaks around 575 nm and 612 nm impart orange emissions under λex = 279 nm
and red emissions under λex = 395 nm, respectively. It demonstrated that one can achieve
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orange–red color tunability by selectively exciting the same material with dopant or host
excitations. The different photophysical processes happening under these two excitations
are schematically depicted in Figure 5d. The different spectral features of the BZOE samples
observed under the 279 and 395 nm excitations suggest that the excited Eu3+ ions are relaxed
through different channels to the ground states.

Some authors have proposed theoretical models for the observed 5D0→ 7F0 transition,
including the breakdown of the closure approximation in the Judd–Ofelt theory and
third order perturbation theory [1,32,33]. The most obvious explanation assumes that
this transition is due to J-mixing or to the mixing of low-lying charge-transfer states
into the wave functions of the 4f6 configuration. Experimentally, the number of Stark
components of the 5D0 → 7F0 transition indicates the number of local sites of Eu3+ ions in
host lattices. It is normally allowed when Eu3+ ions are situated at sites lacking inversion
symmetry [1,49]. The presence of an unsplitted single band of the 5D0 → 7F0 transition
under λex = 279 nm suggests that a large fraction of Eu3+ ions are located at the non-
inversion symmetric sites in the BZOE submicron crystals. This hypothesis is further
supported by the appearance of forbidden 5D0→ 7F3 peaks with large Stark splitting [30,44].
On the other hand, under λex = 395 nm, the observed phenomena, including the absence of
5D0 → 7F0 transition, weak 5D0 → 7F3 transition, and a low extent of Stark splitting of 5D0
→ 7F1 and 5D0 → 7F2 transitions, suggest that a large fraction of Eu3+ ions at doping sites,
which are less asymmetric or distorted, are selectively excited.

Based on the selection rules of point group symmetry, the 5D0→ 7F0 transition appears
when Eu3+ dopants are located at sites lacking an inversion center with 10 designated non-
cubic point groups, including C6v, C6, C3v, C3, C4v, C4, C2v, C2, Cs, and C1 [50]. The
5D0 → 7F0 transition is not allowed in cubic groups with inversion symmetry such as T,
Td, and O or non-cubic point groups without inversion symmetry such as D2, D3, D3h, C3h,
D3, D4, S4, D2d, D4d, and D6 [49].

The ideal BZO is a perfect cubic perovskite with Oh point group symmetry (space
group: Pm-3m), which has 12-coordinated Ba2+ sites and 6-coordinated Zr4+ sites in cuboc-
tahedra and octahedral geometries, respectively [51]. The observed emission spectra are in
line with Eu3+ ions occupying the Zr4+ sites in the BZOE samples even with the following
ionic radii values of Ba2+ (rion = 161 pm @ CN = 12), Zr4+ (rion = 72 pm @ CN = 6), and
Eu3+ ions (rion = 95 pm @ CN = 6). Substituting Eu3+ ions at the Zr4+ sites distorts the
symmetric ideal perovskite structure of BZO and invokes charge compensation by oxygen
vacancies, which reduce the point group symmetry from Oh to further lower symmetry.
This is consistent with our EXAFS analysis (Figure 3), especially at a low Eu3+ doping level
before the low amount of Eu2O3 phase forms.

It has been reported that the emission of Eu3+ dopant in a cubic structure with the
Oh point group should only have a single unsplitted 5D0 → 7F1 transition peak [52]. By
considering the most sensitive peaks for 5D0 → 7F0 and 5D0 → 7F2 transitions, there are
0 and 2 Stark components under λex = 395 nm and 1 and 3 Stark components under
λex = 279 nm, respectively (Figure 5a). This observation suggested D3 and C3V point group
symmetry around Eu3+ ions in our BZOE samples [52].

The Kroger–Vink notation for the substitution, wherein trivalent Eu3+ ions occupy
tetravalent Zr4+ sites, is formulated below [53]:

2Eu... + Zr....
Zr ↔ Eu′Zr + V..

O (5)

Defects such as V..
O and Eu′Zr in the BZOE crystals provide additional pathways for non-

radiative relaxation. They tend to quench PL by absorbing emitted photon energy from Eu3+

ion centers (Eu.
Ba) [47]. Hence, although Eu3+ ions occupy Zr4+ sites (Eu′Zr), we assume

that there are enough oxygen vacancies surrounding them with random distribution. There
would be two scenarios: one with enough Eu′Zr surrounded by oxygen vacancies in a close
vicinity (x), designated as xEu′Zr, and another with Eu′Zr surrounded by oxygen vacancies
at a much farther-off distance (y), designated as yEu′Zr, such as y >> x. The point group
symmetry of xEu′Zr, as discussed above, is C3v, and that of yEu′Zr is D3. As schematically
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shown in Figure 5d, upon the excitation with the Eu3+ f-f band at 395 nm, the prevalent
excited species is yEu′Zr, whereas upon excitation with the host CTB selectively, a large
fraction excited species is xEu′Zr.

4. Conclusions

In this work, BZOE submicron crystals with varied Eu3+ doping concentrations were
synthesized using the molten salt method. XANES and EXAFS spectroscopies confirm
that Eu is stabilized in a +3 oxidation state at Zr4+ s at a low doping concentration, while a
separate Eu2O3 phase forms at the highest 10% doping level. Based on the PL measurement,
it was established that europium is localized at Zr4+ sites in two different environments:
one close to zirconium vacancies with C3v symmetry and one far off from zirconium
vacancies with D3 symmetry. Interestingly, when excited at the charge transfer band of the
BZO host at 279 nm, a large fraction of Eu3+ ions at non-symmetric C3v sites were excited
to give a highly intense 5D0 → 7F0 transition, large spectral splitting, and intense MDT
peaks compared to HEDT peaks. On the other hand, when excited at a dopant transition
wavelength of 395 nm, a relatively large fraction of Eu3+ dopants, which are far off from
zirconium vacancies with D3 symmetry, were excited to give no 5D0→ 7F0 transition, highly
intense HEDT peaks compared to MDT peaks, and fewer Stark components. This excitation
wavelength dependence induces emission light tunability of orange light at λex = 279 nm
and red light at λex = 395 nm from the BZOE samples. This observation is further justified
by the trend of the J–O parameters, especially with Ω4 < Ω2 at λex = 279 nm and Ω4 > Ω2
at λex = 395 nm. This work demonstrates the role of local dopant sites, defects, excitation
wavelengths, and doping concentrations on optimizing the optical properties of lanthanide-
doped perovskite phosphors for efficient optoelectronics and scintillator applications.
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Abstract: A three-steps sol–gel method was used to obtain a Cu2O/SnO2/WO3 heterostructure pow-
der, deposited as film by spray pyrolysis. The porous morphology of the final heterostructure was
constructed starting with fiber-like WO3 acting as substrate for SnO2 development. The SnO2/WO3

sample provide nucleation and grew sites for Cu2O formation. Diffraction evaluation indicated
that all samples contained crystalline structures with crystallite size varying from 42.4 Å (Cu2O) to
81.8 Å (WO3). Elemental analysis confirmed that the samples were homogeneous in composition
and had an oxygen excess due to the annealing treatments. Photocatalytic properties were tested in
the presence of three pesticides—pirimicarb, S-metolachlor (S-MCh), and metalaxyl (MET)—chosen
based on their resilience and toxicity. The photocatalytic activity of the Cu2O/SnO2/WO3 heterostruc-
ture was compared with WO3, SnO2, Cu2O, Cu2O/SnO2, Cu2O/WO3, and SnO2/WO3 samples. The
results indicated that the three-component heterostructure had the highest photocatalytic efficiency
toward all pesticides. The highest photocatalytic efficiency was obtained toward S-MCh (86%) using
a Cu2O/SnO2/WO3 sample and the lowest correspond to MET (8.2%) removal using a Cu2O mono-
component sample. TOC analysis indicated that not all the removal efficiency could be attributed to
mineralization, and by-product formation is possible. Cu2O/SnO2/WO3 is able to induce 81.3% min-
eralization of S-MCh, while Cu2O exhibited 5.7% mineralization of S-MCh. The three-run cyclic
tests showed that Cu2O/SnO2/WO3, WO3, and SnO2/WO3 exhibited good photocatalytic stability
without requiring additional procedures. The photocatalytic mechanism corresponds to a Z-scheme
charge transfer based on a three-component structure, where Cu2O exhibits reduction potential
responsible for O2 production and WO3 has oxidation potential responsible for HO· generation.

Keywords: pesticides; wastewater; photocatalysis; metal oxides; semiconductors

1. Introduction

The agricultural sector is considered one of the larger water consumers. However,
due to population growth and climate change, the water shortage represents an important
challenge to overcome [1,2]. The recycled water used in crop irrigation usually contains
high quantities of pesticides, due to inefficient wastewater-treatment plant technologies.
The risk is even higher when the pesticides interfere with the food chain as a result of
transfer from water to soil and from soil to plants through roots [3–5].

Pesticide consumption in agricultural areas has significantly increased in the last
few years. Only in 2014 was the pesticide consumption reported by FAOSTAT (North
America was not included) above 3,000,000 tons [6]. Epidemiological studies have shown
the carcinogenic potential of certain pesticides able to produce birth defects, endocrine
deficiencies, cardiovascular diseases, or even disorders of the reproductive organs [7–9].
Traditional methods used to reduce pesticides form wastewater, such as ozonation or
chloride dioxide insertion, are effective ways to address the problem, but raise economic
and environmental issues [10,11]. Chlorine dioxide (ClO2) is considered an alternative
to NaClO products able to work as a disinfection agent for the wastewater reused in the
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agricultural sector. However, the ClO2
− and ClO3

− biproducts formed during the water
treatment can damage the thyroid gland and cause anemia [12,13].

Photocatalysis stands out as a modern and sustainable technology based on advanced
oxidation processes (AOPs). In terms of function of the photocatalytic materials involved
in the process, the wavelength may vary from UVA to the entire visible spectrum [14,15].
Under irradiation, the catalysts generate oxidative and superoxidative species that promote
a complex series of oxidation reactions, aiming to induce the complete mineralization
of the organic pollutants [16]. Monocomponent catalysts, such as TiO2 [17], CuO [18],
SnO2 [19], WO3 [20], ZnO [21], and Cu2S [22], exhibit a series of disadvantages, such as
limited light absorption, low chemical stability, and fast charge carrier recombination. In
order to overcome these issues, heterostructures and composite materials have been devel-
oped. Similar systems based on metal oxide heterostructures like TiO2/WO3/ZnO [23],
BiOI/BiOCl [24], BaTiO3/KNbO [25], TiO2/CuO [26], and CuO/Bi2WO6 [27] exhibit lower
charge recombination rates and high photocatalytic efficiency toward dye molecules. The
presence of sulfur compounds as part of heterostructure matrices, such as SnS2/ZnInS4 [28],
CoTiO3/ZnCdS2 [29], CdS/CeO2 [30], CoWO4/CoS [31], and ZnCdS2/MoS [32], extend
the light absorbance spectrum without solving the chemical stability issues in acid or alka-
line environments. Composite materials based on g-C3N4 [33], g-C4N6 [34], and r-GO [35]
exhibit high surface-active materials able to efficiently eliminate the pollutants using both
absorption and photocatalytic processes.

In this work, the photocatalytic activity of Cu2O/SnO2/WO3 was evaluated toward
three pesticides—pirimicarb (PIR; insecticide), S-metolachlor (S-MCh; herbicide) and meta-
laxyl (MET; fungicide)—used in the agricultural sector. The pollutants were selected based
on their toxicity and long-term persistence in soil and water. Pesticide diffusion into plants
is an important source of food contamination that then expands in the human body with
negative impacts on long-term health. A heterostructure powder was obtained by a three-
step sol–gel synthesis followed by spray deposition as film. Each component was chosen
based on its spectral absorbance and suitable position of the energy bands, able to reduce
the charge carrier’s recombination rate and improve long-term photocatalytic activity. The
synergic action of high Cu2O visible absorption and facile charge migration through the
heterostructure provides a good alternative for oxidative species generation required for
pollutant mineralization. Additionally, the study focused on free-titania photocatalysts
as an alternative to traditional materials. Crystalline composition influence on surface
composition and film morphology were studied. Photocatalytic efficiency considers the
mechanism of oxidative species generation and includes UV-vis and TOC/TN evaluation.
The results indicate that the Cu2O/SnO2/WO3 heterostructure is suitable for pesticide
removal and can be considered a sustainable future alternative.

2. Experimental
2.1. Material Synthesis and Heterostructure Deposition
2.1.1. Heterostructure Powder Synthesis

The heterostructure synthesis consisted of a three-step sol–gel (Figure 1) method
followed by thermal treatments to remove all the solvent content.

Step 1. WO3 powder was obtained from a precursor composed of tungsten hexachlo-
ride (99.8%, WCl6, AcrosOrganics, Gell, Germany) dissolved in a mixed solvent of absolute
ethanol (100%, C2H6O, Sigma Aldrich, Munich, Germany) and 2-propanol (100%, C3H8O,
Sigma Aldrich, Munich, Germany). The precursor was magnetically stirred at 140 rpm
for 240 min in the dark until a yellow homogeneous solution formed. Gel development
took place after the drop-by-drop addition of 0.24 mol sodium hydroxide (99.98%, NaOH,
Honeywell, Charlotte, NC, USA). The gel was kept in the dark for 12 h and the final
precipitate was centrifuged. The yellow powder (Figure 1, step1) was thermally treated at
410 ◦C for 4 h.
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Figure 1. Steps for heterostructure development.

Step 2. SnO2/WO3 powder was prepared by inserting the WO3 powder previously
obtained into a precursor based on tin tetrachloride (99.7%, SnCl4, Sigma Aldrich, Munich,
Germany) dissolved in absolute methanol (100%, CH4O, Sigma Aldrich, Munich, Germany).
The mixture was stirred at 140 rpm for 220 min in dark to ensure the uniform dispersion
of WO3 powder into the SnO2 precursor. By slowly adding 0.18 mol sodium hydroxide
(99.98%, NaOH, Honeywell, Charlotte, NC, USA) a yellowish white precipitate (Figure 1,
step 2) formed, which was centrifuged and annealed at 410 ◦C for 6 h.

Step 3. the Cu2O/SnO2/WO3 heterostructure was developed by adding the SnO2/WO3
powder previously obtained into a precursor composed of 0.03 mol copper acetate
(Cu(CH3COO)2, 97%, Sigma Aldrich, Munich, Germany) and deionized water. After 120 min
of magnetic stirring at 140 rpm in dark, a mixture of NaOH, glucose (C6H12O6, 99.8%, Sigma
Aldrich, Munich, Germany), and deionized water was slowly added until the precipitate
had formed. Due to the copper tendency to change from the +1 to +2 oxidation state, after
centrifugation the reddish powder (Figure 1, step 3) was dried for 12 h at room temperature.

2.1.2. Film Deposition

The heterostructure films (Figure 1, step 4) were obtained by cold spray deposition.
The deposition precursor was obtained by dispersing 50 mg Cu2O/SnO2/WO3 powder in
a 50 mL mixture of ethanol and 2-propanol by ultrasound bath. A small quantity (0.1 mL)
of Triton X was added to the precursor and magnetically mixed for 30 min. The 2 × 2 cm2

microscope glass substrate was firstly degreased and then cleaned by successive immersion
in acetone and ethanol. The clean substrate was preheated at 45 ◦C for 120 min and then
the precursor was sprayed at 0.5 bars. Breaks of 12 min were kept between each deposition
sequence in order to allow solvent evaporation.

2.2. Photocatalytic Experiments

The photocatalytic experiments were done using a rectangular photoreactor containing
4 UVA light sources (18 W, black tubes, T8, 320–370 nm, λmax = 360 nm, 3Lx flux intensity,
Philips) and 4 Vis sources (18 W, cold tubes, TL-D 80/865, 400–700 nm, λmax = 560 nm, 28 Lx
flux intensity), a ventilation engine to ensure stable humidity, and temperature sensors
required to keep a stable 25 ◦C during the experiments. The light sources were placed in
radial position to provide maximum light radiation and ensure uniform light distribution.
The energy of the incident light on the sample was 12.63 mW/cm2.

Pirimicarb (PIR; insecticide, C11H18N4O2, 98%, Sigma Aldrich, Munich, Germany),
S-metolachlor (S-MCh; herbicide, C15H22ClNO2, 98.5%, LGC, Augsburg, Germany), and
metalaxyl (MET; fungicide, C15H21NO4, 98%, Sigma Aldrich, Munich, Germany) were
used to prepare 50 mg/L aqueous solution. In 40 mL pesticide solution was inserted one
2 × 2 cm2 piece of microscopic glass covered with Cu2O/SnO2/WO3. Quartz recipients
were used during the experiments. The samples were kept in the dark for 120 min to
reach the k5 absorption–desorption equilibrium. Light exposure duration was 10 h and
photocatalytic evaluation was done hourly.
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2.3. Characterization

The crystalline composition was evaluated with an X-ray diffractometer (model D8
Discover, Bruker, Karlsruhe, Germany) using the locked-couple option. The scan step was
0.002 degree with a rate of 0.020 s/step from a 20 to 60 degree theta angle. The samples’
morphology was studied in a high-vacuum regime with scanning electron microscopy
(SEM; S–3400 N type 121 II, Hitachi, Tokyo, Japan) at an accelerated voltage of 10 kV. Field-
emission scanning electron microscopy (FESEM SU8010, Fukuoka, Japan) was also used for
morphological characterization, where the samples were covered with gold coating due to
the low surface conductivity. The changes in the specific absorbance for each pollutant were
registered by UV-vis spectrometry (Lambda 950, PerkinElmer, Waltham, MA, USA). The
optical band gap energy of the single-component samples was estimated by the Wood and
Tauc model. Pollutant mineralization was measured using a total organic carbon analyzer
(TOC-L, model CPN, Shimadzu, Kyoto, Japan) and a total nitrogen analyzer (TNM-L, model
RHOS, Shimadzu, Kyoto, Japan). The system was set to make three consecutive injections
and to provide a mediated value. This evaluation provides essential information regarding
the possible formation of by-products that are not identified during the UV-vis analysis.

The photocatalytic decolorization was evaluated by the UV-vis method. The changes
in pollutant concentration were measured by UV-vis spectrometry based on the calibration
curve corresponding to each pollutant. The absorption wavelength characteristics for
each pollutant were PIR 315 nm, S-MCh 274 nm, and MET 267 nm. The photocatalytic
efficiency was calculated based on the initial (C0) and the final concentrations (C) using the
following equation:

η =

[
(C0 −C)

C0

]
· 100 (1)

3. Results and Discussion
3.1. Composition and Morphology

The crystalline composition of each sample was evaluated by X-ray diffraction, and
the results are presented in Figure 2. All the analyses were done on films obtained from the
same quantity of precursor without additional thermal treatment. The monocomponent
sample contained WO3 with a monoclinic structure (ICCD 83-0951). The bicomponent
sample contained monoclinic WO3 and tetragonal SnO2 (ICCD 41-1445). After the last
synthesis step, the heterostructure exhibits all three metal oxides components: monoclinic
WO3, tetragonal SnO2, and cubic Cu2O (ICCD 71-3645). The synthesis procedure allows
WO3 and SnO2 to act as nucleation sites for the following component, which facilitates
the formation of crystalline structure. There was no indication of mixed metal oxide
formation, but the presence of amorphous compounds cannot be excluded [36,37]. Due
to the synthesis procedure, no preferential orientation was observed. In order to avoid
the formation of mixed copper oxides, the heterostructure powder was dried at room
temperature for 12 h and the films deposited at 45 ◦C. Without annealing treatment, the
persistence of carbonaceous species originating from the sol–gel synthesis is possible and
may influence the photocatalytic activity.

The changes in crystallite sizes were calculated with the Scherrer formula in Equation (2),
using the previous diffraction analysis [38]:

D =
0.9λ

β cos θ
(2)

where λ is the X-ray wavelength value (1.5406 Å for CuKα1), β is the angular width
measured at half-maximum intensity (FWHM) of the most representative peak, and θ is
represents the Bragg’s angle. The instrumental broadening was considered during the
calculations. The crystallite sizes are included in Table 1 for the WO3 and SnO2 components
annealed at the same temperature, but for different periods. Using WO3 as a substrate
for SnO2 development will have a negligible impact on the crystalline size of the first
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component. Both metal oxides exhibit similar crystallite size, which may be related to
the annealing process taking place at the same temperature. The annealing period was
higher for WO3, which shows the highest crystallite sizes. The same results are obtained
when SnO2/WO3 is used as substrate for Cu2O development. However, the absence of
annealing on the last synthesis step will induce the formation of lower crystallite size
values corresponding to the Cu2O component. This behavior was also reported in other
works [39,40], showing that if higher temperature is used the copper will pass in both
oxidation states.

Figure 2. XRD patterns of the photocatalysts.

Table 1. Photocatalyst crystallite size values evaluated based on Scherrer formula.

Photocatalyst Crystallite Size (Å)

WO3 SnO2 Cu2O

WO3 80.5 - -
SnO2/WO3 81.8 77.1 -

Cu2O/SnO2/WO3 81.6 77.3 42.4

Sample morphology was evaluated by SEM analysis, and the results are presented
in Figure 3. The monocomponent sample exhibits fiber-like morphology (Figure 3a) cor-
responding to WO3, which serves as substrate for SnO2 development. The fibers have a
random distribution in terms of diameter and length. The addition of the second component
(SnO2) will completely cover the WO3 fibers and the morphology resembles overlapping
pallets (Figure 3b). The final heterostructure containing all three components presents a
porous morphology (Figure 3c), with Cu2O uniformly distributed on the sample surface.
Due to the low surface conductivity and the presence of aggregates, it was difficult to
properly evaluate the grain size corresponding to the Cu2O/SnO2/WO3 sample. The WO3
and SnO2 provide preferential nucleation sites for the following component and preserve a
close interface contact between the components [41].

EDX analysis was used to evaluate the elemental composition of the samples and
to calculate the component ratio. The analyses were done in three different areas of the
samples and the results were similar (<2% abatement), which is an indicator of sample-
component homogeneous distribution. The results were compared with the theoretical
values calculated based on the stoichiometric compounds, and the results are presented in
Table 2. In all three samples, oxygen excess was identified due to the WO3 and SnO2/WO3
thermal treatment at 410 ◦C in oxygen-rich atmosphere. However, the heterostructure
oxygen excess decreases due to the Cu2O addition, which was not subjected to anneal-
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ing [42,43]. During the annealing treatment, the number of oxygen vacancies is diminished
due to the oxygen diffusion. The copper ratio compared with the other metal ions is similar
which confirms that the weight–ratio relationship between the components was maintained
during the synthesis and film deposition.

Figure 3. SEM images of (a) WO3, (b) SnO2/WO3, and (c) Cu2O/SnO2/WO3 samples.

Table 2. Photocatalyst elemental composition by EDX.

Samples Elemental Composition [at.%]

W Sn Cu O Oth
1

WO3 23.8 - - 76.2 71.4
SnO2/WO3 12.4 14.7 - 72.9 68.9

Cu2O/SnO2/WO3 10.6 11.9 13.3 64.2 62.2
1 Theoretic content calculated based on stoichiometry.

3.2. Photocatalytic Activity

Three pesticide molecules were chosen based on their toxicity and residual persistence
in water and soil. Pirimicarb (PIR) is an insecticide that can cause skin irritation, damage
to brain functions, and is suspected of causing cancer [44,45]. S-metolachlor (S-MCh) is a
herbicide inducing allergic skin irritation, anemia, and has a very toxic potential to aquatic
life with long-lasting effects [46,47]. Metalaxyl (MET) is a fungicide with direct impact on
the respiratory system and has long persistence in the aquatic environment [48]. This study
integrated the large spectrum of pesticide to compare the influence of the photocatalysts on
the pollutant molecule. It must be underlined that all the experimental conditions in terms
of pollutant concentration, photocatalyst dosage, radiation type, and exposure periods
were the same.
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3.2.1. Degradation Efficiency and Kinetics

The lowest photocatalytic efficiencies (Figure 4a,c,e) correspond to bare Cu2O sample,
which exhibit 10.5%, 11.7%, and 8.2% toward PIR, S-MCh, and MET, respectively. Similar
photocatalytic activities were obtained for SnO2 and Cu2O/WO3, where coupling Cu2O
with WO3 induced the presence of a high potential gap between the valence energy of
Cu2O and that corresponding to WO3. The WO3 monocomponent sample was able to
remove 29.8% of PIR, 32.5% of S-MCh, and 12% of MET. Due to this band-gap energy
(3.31 eV), the WO3 photocatalyst used only a small fraction of the light radiation found at
the border between UV and Vis spectra. When the second component is added, the coupled
SnO2/WO3 benefits from the synergic effect of simultaneous charge carrier photogeneration
in both semiconductors [49]. The photocatalytic removal efficiencies corresponding to
SnO2/WO3 sample increase at 41.5% for PIR, 53.1% for S-MCh, and 26.8% for MET. The
higher photocatalytic efficiencies correspond to the Cu2O/SnO2/WO3 heterostructure,
which uses the extended UV and Vis spectra due to the Cu2O insertion with a band gap
of 2.14 eV. In this case, the photocatalytic removal efficiency was 79.7% for PIR, 86.5% for
S-MCh, and 50.6% for MET. The heterostructure photocatalytic removal efficiency is not
a sum of the monocomponent sample efficiencies, as the contact between components
induces a shift of the energy bands with consequences on the charge carrier’s mobility. The
lower MET photocatalytic removal efficiency values compared with the other pesticides
indicate that the oxidation process is influenced by the pollutant molecule structure and
the chemistry compatibility with the photocatalyst surface [50].

The kinetic evaluation was done using the simplified Langmuir–Hinshelwood mathe-
matical Equation (3) and the results are presented in Figure 4b,d,f.

ln
C
C0

= −kt (3)

The results indicate superior constant rates for S-MCh removal compared with PIR
and MET pollutants. Additionally, for all three pollutants the photocatalytic activity of
the Cu2O/SnO2/WO3 heterostructure is 2× faster than that of SnO2/WO3 and 3× faster
than that of the WO3 monocomponent sample. As predicted, the lowest constant rates
correspond to bare Cu2O, which exhibits limited photocatalytic activity. However, when
Cu2O is put in contact with SnO2 the constant rates increase 3×, which is a clear indicator
of the heterostructure’s ability to decrease the recombination rates and efficiently use the
charge carries for oxidative species generation. These values indicate the contribution
of each heterostructure component on the overall photocatalytic efficiency toward the
pollutant’s molecules. The heterostructure synthesis method has allowed the formation of
stable interfaces that maintain high photocatalytic activity during the light irradiation [51].

In order to differentiate the mineralization induced by the photogenerated oxidative
species from the partial oxidation products, TOC and TN were investigated (Figure 5a,c,e),
as well as the corresponding kinetics (Figure 5b,d,f and Table 3). The TOC measurements
for PIR and S-MCh indicate small differences on the photocatalytic activity. The lowest
TOC reduction was registered for bare Cu2O, followed by Cu2O/SnO2 and bare SnO2. The
TOC reduction corresponding to the WO3 sample was 27.3% for PIR and 27.9% for S-MCh.
Similarly, SnO2/WO3 (39.3% for PIR and 46.7% for S-MCh) and Cu2O/SnO2/WO3 (73.4%
for PIR and 81.3% for S-MCh) recorded slightly TOC reduction efficiency, indicating that
not all the carbon components were mineralized. However, the TN evaluation confirms the
photocatalytic activity presented in Figure 4, meaning that the nitrogen removed during
the irradiation was completely mineralized. An interesting finding was observed for MET
pollutant, where both TOC and TN confirm that the photocatalytic removal efficiencies can
be attributed to mineralization. It must be outlined that more work must be done to increase
the photocatalytic efficiency above 86% for S-MCh, 80% for PIR, and 50% for MET in order
to have a significant impact on the long-term effects. The mineralization mechanism
of pesticides considers the following steps: (i) charge carriers’ development during the
irradiation (Equation (4)); (ii) oxidative species (HO·) production during the reaction
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between the photogenerated holes and water molecules (Equation (5)); (iii) superoxidative
species (·O2

–) development during the reaction between photogenerated electrons and
dissolved oxygen (Equation (6)), and (iv) interaction between the (super)oxidative species
and pesticide molecules (Equation (7)).

Heterostructure + hν→ e− + h+ (4)

h+ (Heterostructure) + H2O→ HO· + H+ (5)

O2 + e− (Heterostructure)→ ·O−2 (6)

Pesticides + HO· + ·O−2 → xCO2 + yH2O + NO2 (7)

Figure 4. Photocatalytic removal efficiency and the corresponding kinetics toward PIR (a,b), S-MCh
(c,d), and MET (e,f).
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Figure 5. TOC, TN (inset), and the corresponding kinetics toward PIR (a,b), S-MCh (c,d), and MET (e,f).

The kinetic evaluation indicates that the WO3 monocomponent sample has small and
similar constant rates for all three pollutant molecules, which is a consequence of reduced
light absorbance and high charge carrier recombination. Larger differences in the constant
rates were obtained for SnO2/WO3 and Cu2O/SnO2/WO3 samples, which confirm the
photocatalytic removal efficiency results. The insertion of an additional semiconductor
component will increase the photocatalytic efficiency where each partner will play a sig-
nificant role on the charge carrier photogeneration and mobility. These characteristics are
essential in order to produce oxidative (·OH) and superoxidative (·O2

−) species able to
induce pollutant mineralization [52–54].
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Table 3. Kinetic parameters for TOC and TN evaluation.

Kinetic Parameters
PIR S-MCh MET

TOC TN TOC TN TOC TN

WO3
k (s−1) 0.031 0.033 0.033 0.038 0.030 0.032

R2 0.997 0.998 0.998 0.999 0.998 0.994

Cu2O k (s−1) 0.010 0.009 0.011 0.009 0.006 0.005
R2 0.911 0.947 0.919 0.928 0.920 0.866

SnO2
k (s−1) 0.020 0.022 0.022 0.019 0.019 0.020

R2 0.978 0.989 0.982 0.965 0.981 0.969

SnO2/WO3
k (s−1) 0.049 0.047 0.062 0.074 0.045 0.043

R2 0.999 0.998 0.995 0.994 0.998 0.998

Cu2O/SnO2
k (s−1) 0.031 0.032 0.030 0.030 0.030 0.031

R2 0.998 0.998 0.998 0.989 0.999 0.999

Cu2O/WO3
k (s−1) 0.021 0.022 0.020 0.019 0.020 0.020

R2 0.972 0.987 0.975 0.978 0.973 0.963

Cu2O/SnO2/WO3
k (s−1) 0.135 0.137 0.168 0.195 0.120 0.119

R2 0.998 0.994 0.990 0.986 0.997 0.998

3.2.2. Reusability and Mechanism of Charge Carrier Generation

The mechanism of charge carrier generation through the heterostructure can explain
the role of each component in enhancing the photocatalytic efficiency toward the pesticide
molecules. The band energy diagram (Figure 6a) was constructed considering the experimen-
tal band gap corresponding to each heterostructure component based on the Wood and Tauc
model, as presented in Figure 6b–d. The methodology has been already presented in another
paper [55] and is in good agreement with the literature [56,57]. The band gap may submit mi-
nor shift during the heterostructure development. The methodology takes into consideration
the band-gap changes during the heterostructure’s internal energy field developed during
the irradiation. The diagram includes the energy band position based on Equations (8)–(11),
which consider several key parameters: Ee, representing the free electron energy vs. hydrogen,
χcation (eV), representing the absolute cationic electronegativity, χcation (P.u.) is the cationic
specific electronegativity, where P.u. corresponds to the Pauling units, Eg is the band-gap
energy, and χsemiconductor represents the electronegativity of each semiconductor.

EVB = χsemiconductor − Ee + 0.5Eg (8)

ECB = EVB − Eg (9)

χsemiconductor (eV) = 0.45 × χcation (eV) + 3.36 (10)

χcation(eV) =
χcation (P.u.) + 0.206

0.336
(11)

During the semiconductors’ interface development, the band gap may shift due to the
internal energy field. The diagram corresponds to a Z-scheme charge transfer mechanism
where the electrons generated during the light irradiation from the Cu2O conduction band
(−0.35 eV) will transit the SnO2 conduction band on the way to the WO3 conduction
band (+0.14 eV). The photogenerated electrons from SnO2 and WO3 conduction bands
and the photogenerated holes from the Cu2O valence band (+1.79 eV) are not involved in
oxidative species development, owing to their potential. In this case, some of the charge
carriers will recombine. However, the useful photogenerated electrons from the Cu2O
conduction band and the photogenerated holes from the SnO2 (+2.45 eV) and WO3 (3.44 eV)
valence bands possess stronger redox ability and cannot recombine due to the electric field
development in the charged separation region. The charge carrier’s mobility is sustained
by the combined drift and diffusion effect. Consequently, the synergic effect provided
by the heterostructure semiconductor components enhances the production of oxidative
and superoxidative radicals responsible for pollutant mineralization. The heterostructure
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requires further improvement in order to reduce the charge recombination and to increase
the overall photocatalytic efficiency toward pesticides.

Figure 6. Heterostructure mechanism (a) and component band-gap values (b–d).

The reusability evaluation (Figure 7) was performed on the samples with the highest
photocatalytic efficiency using a three-cycle assessment. The results indicate that for all
three pollutant molecules, the Cu2O/SnO2/WO3 exhibits good stability with negligible
photocatalytic changes between cycles. The WO3 and SnO2/WO3 show small abatement of
less then 5%, mostly on the second cycle. The changes can be induced by pollutant molecule
adsorption at the photocatalyst surface active centers, which may require a longer desorp-
tion/degradation period. The results indicate that the Cu2O/SnO2/WO3 heterostructure
can be used for multiple cycle assessment without influencing the photocatalytic activity
toward pesticide molecules.

31



Nanomaterials 2022, 12, 2648

Figure 7. Photocatalytic activity during the 3-cycle sample reusability for (a) PIR, (b) S-MCh and
(c) MET pesticides.

4. Conclusions

A heterostructure based on Cu2O/SnO2/WO3 was synthesized using a three-step
sol–gel method and deposited as films on glass substrate by spray deposition. The sample
contains tetragonal SnO2 and monoclinic WO3 with similar crystallite sizes (≈ 80 Å), while
cubic Cu2O exhibits significantly lower crystallite sizes (≈ 30 Å). The porous morphology
of the final heterostructure was constructed starting with fiber-like WO3, which serves as
substrate for SnO2 development, and SnO2/WO3 provides the nucleation and growing sites
for Cu2O formation. The elemental analysis confirms that the samples are homogeneous
in composition and exhibit oxygen excess due to the annealing treatments. The EDX
measurements were done on three different areas, indicating that the final heterostructure
preserves the component:weight ratio used during the synthesis.

Three pesticide molecules (pirimicarb, S-metolachlor, and metalaxyl) were used as
pollutants reference and were chosen based on their resilience and toxicity. The photocat-
alytic activity of the Cu2O/SnO2/WO3 heterostructure is superior to that of bare oxides
or tandem systems. The lowest photocatalytic activity (≈ 10%) corresponds to bare Cu2O,
followed by SnO2 and Cu2O/WO3. The highest photocatalytic efficiency was obtained
toward S-MCh (86%) using the Cu2O/SnO2/WO3 sample and the lowest corresponds to
MET (12%) removal using the WO3 monocomponent sample. However, the TOC analysis
indicates lower mineralization efficiencies that can be attributed to secondary product
formation. The photocatalytic mechanism corresponds to a Z-scheme charge transfer
where Cu2O exhibits reduction potential and WO3 oxidation potential. The charge car-
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rier’s mobility sustained by the combined drift and diffusion effect provides a synergic
effect where the heterostructure semiconductor components enhance the (super)oxidative
radicals’ production. The reusability tests indicate that Cu2O/SnO2/WO3 exhibits similar
photocatalytic efficiency after a three-cycle assessment, which recommends this material
for further experiments.
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Abstract: A TiO2 nanorod template was successfully decorated with a copper oxide layer with various
crystallographic phases using sputtering and postannealing procedures. The crystallographic phase
of the layer attached to the TiO2 was adjusted from a single Cu2O phase or dual Cu2O–CuO phase to
a single CuO phase by changing the postannealing temperature from 200 ◦C to 400 ◦C. The decoration
of the TiO2 (TC) with a copper oxide layer improved the light absorption and photoinduced charge
separation abilities. These factors resulted in the composite nanorods demonstrating enhanced
photoactivity compared to that of the pristine TiO2. The ternary phase composition of TC350 allowed
it to achieve superior photoactive performance compared to the other composite nanorods. The
possible Z-scheme carrier movement mechanism and the larger granular size of the attached layer
of TC350 under irradiation accounted for the superior photocatalytic activity in the degradation of
RhB dyes.

Keywords: microstructure; composites; photoactivity

1. Introduction

TiO2 nanorods are widely used as template for fabrication of photoexcited devices [1].
However, the main drawback of the intrinsic properties of TiO2 is its large energy gap,
which means that it only absorbs light in the ultraviolet region. Recent progress on coupling
the heterogeneous structure of TiO2 with visible light sensitizers has been demonstrated
as a promising approach to substantially improve the light harvesting ability of the TiO2
template. Several binary visible-light sensitizers, such as Bi2O3, Cu2O, CuO, Fe2O3, CdS,
and Bi2S3, have been adopted for coupling with TiO2 templates to achieve improved pho-
toactive performance [2–8]. Among these visible-light sensitizers, binary oxides provide a
better, more suitable process and chemical compatibility for integration with TiO2 templates
in comparison with most sulfides. Notably, in comparison with n-n heterostructures, the
construction of p-n heterostructures is a more promising approach for the enhancement of
the photoactivity of TiO2-based composites. The p-n junction generates an internal electric
field that can effectively suppress the recombination of photogenerated carriers in the
composite system [5,9]. In addition, in terms of charge transport mode, the Z scheme often
appears in organic degradation, CO2 reduction and photoelectric catalytic water splitting
in heterostructured systems [10].

Among the various p-type visible-light sensitizers, copper oxides are distinguished
by having diverse crystallographic phases and tunable band energy. Copper oxides are
non-toxic and low cost materials rich in earth elements. Due to their low energy gap values,
they have high optical absorption properties, resulting in excellent photoelectrochemical
(PEC) performance and high energy conversion efficiency [11,12]. Recent work on the
attachment of copper oxides onto TiO2 to enhance photoactive performance has attributed
this improvement to the formation of a p-n junction. For example, electrodeposition of
p-type Cu2O onto TiO2 nanoarrays improved the light absorption capacity and enhanced
the photocatalytic activity [13]. Furthermore, p-type CuO nanoparticles attached onto TiO2
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nanosheets effectively enhanced the photocatalytic activity for the oxidation of methanol
to methyl formate [14]. CuO–Cu2O co-coupled TiO2 nanomaterials synthesized through
chemical reduction and hydrolysis presented better charge separation rates and photocat-
alytic activity than those of pristine TiO2 [15]. The above examples show that attachment
of single CuO or Cu2O or dual phase CuO–Cu2O onto parent TiO2 induces the formation
of a p-n heterojunction between the copper oxide and the TiO2, resulting in the composites
possessing an internal electric field and suppressing the recombination of photogenerated
carriers. These phenomena can effectively increase the photocatalytic ability of the pristine
TiO2. However, most investigations of the photoactivity of copper oxide–TiO2 composite
systems are based on a fixed decorated oxide phase (one of the following: CuO, Cu2O, or
CuO–Cu2O); this is attributed to the fact that precise manipulation of the crystallographic
phase of copper oxide is still highly challenging using most chemical or physical synthesis
routes. Systematic investigations of the effects of phase evolution on the photoactivity of
copper oxide–TiO2 nanocomposite rods are still limited in number, and such information is
an important reference for the design and tuning of the photoactive performance of copper
oxide–TiO2 nanocomposites.

Thin copper oxide films can be synthesized via diverse chemical and physical routes [16–18].
Physical deposition of thin copper oxide films with adjustable crystallographic phases is a
promising approach to design copper oxide–TiO2 nanocomposites with desirable photoac-
tive performance for photoexcited device applications. It has been shown that the formation
temperature of the crystalline copper oxide has profound effects on the crystallographic
phases of the as-synthesized copper oxides [18,19]. However, such temperature-dependent
copper oxide phase evolutions are not always similar between different studies because
of the different copper oxide precursors initially formed and the different process param-
eters or routes used [20,21]. For example, a copper film was transformed into the Cu2O
phase after annealing at 250 ◦C under an atmospheric environment for 1 h. Moreover, a
mixed phase of Cu2O–CuO appeared when the annealing temperature was set between
250–350 ◦C. Finally, the CuO phase could be obtained with an annealing temperature
above 350 ◦C [22]. In this study, a thin metallic copper film was sputter-coated onto a
TiO2 nanorod template. The crystallographic phase of the copper oxide layer formed by
postannealing the pre-deposited copper film was tuned to manipulate the photoactive
performance of the copper oxide-decorated TiO2 nanorod composites. The approach used
by this work to produce copper oxide-decorated TiO2 composite nanorods differs from pre-
vious reference works [13–15]. Most copper oxide-decorated TiO2 is synthesized through
chemical routes. It is difficult to manipulate the copper oxide crystalline phase using these
routes. Only one copper oxide phase is attached onto the TiO2 template. In contrast, by
combining a sputtering process and postannealing procedures in this work, we could
easily design different copper oxide crystal phases on the TiO2 templates. The correlation
between the composition phase, microstructure, and photoactivity of the copper oxide
layer attached onto the TiO2 nanorod template was systematically investigated. The results
presented herein are important references for the design of copper oxide–TiO2 composite
systems with desirable photoactivity for photoexcited device applications.

2. Experiments

The preparation of TiO2 composite nanorods decorated with a copper oxide layer
can be divided into two steps. The first step was to prepare TiO2 nanorod arrays on F-
doped SnO2 glass substrates. The detailed preparation procedures have been described
elsewhere [23]. The second step included modification of the surfaces of TiO2 nanorods
with a copper oxide layer by sputtering. A metallic copper disc with a size of 2 inches was
used as the target. The metallic copper film was sputter-coated onto the surfaces of TiO2
nanorods at room temperature under a pure argon atmosphere. The working pressure was
20 mtorr, and the sputtering power was fixed at 30 W. The sputtering duration was 12 min.
The as-synthesized metallic copper layers on the TiO2 nanorods were further subjected
to an atmospheric annealing treatment for 1 h. The annealing temperature was varied
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between 200, 300, 350, and 400 ◦C to induce the formation of copper oxide from the metallic
copper layer. The sample codes for the composite nanorods formed after 200, 300, 350, and
400 ◦C annealing were TC200, TC300, TC350, and TC400, respectively.

The crystallographic structures of the various samples were characterized with graz-
ing incidence angle X-ray diffraction (GID; BRUKER D8 SSS, Karlsruhe, Germany) using
monochromatic Cu-Kα radiation. A field emission scanning electron microscope (SEM;
JSM-7900F, JEOL, Tokyo, Japan) equipped with an energy-dispersive X-ray spectrometer
(EDS) was used for further investigations into the morphology and elemental distribution
of the samples. A high-resolution transmission electron microscope equipped with EDS
(HRTEM; Philips Tecnai F20 G2) was used to investigate the detailed structure and compo-
sition of the composite nanorods. An X-ray photoelectron spectroscopy (XPS ULVAC-PHI,
PHI 5000 VersaProbe, Chigasaki, Japan) with Al Kα X-rays was used to detect the element
binding states of the samples. The optical absorption spectral information for the samples
was obtained with a UV-vis spectrophotometer (Jasco V750, Tokyo, Japan). Photoelectro-
chemical (PEC) performance and electrochemical impedance (EIS) were measured using
a potentiostat (SP150, BioLogic, Seyssinet-Pariset, France). In the photoelectrochemical
system, the effective area of the working electrode was 1.0 cm2. The reference and counter
electrodes were Ag/AgCl (in saturated KCl) and platinum wire, respectively. A 0.5 M
aqueous Na2SO4 solution was used as the electrolyte in the measurement system. During
the photoexcitation experiments, a 100 W xenon lamp was used as the light source. Rho-
damine B (RhB) solution (10−5 M) was used as the target pollutant for photodegradation
experiments, and residual RhB concentrations after different degradation durations were
estimated using a UV-vis spectrophotometer.

3. Results and Discussion

Figure 1a shows SEM micrographs of TiO2 nanorod templates. The TiO2 nanorods
have rectangular cross-section morphologies and smooth sidewalls. Figure 1b shows an
SEM micrograph of a TiO2 nanorod template coated with thin Cu films and postannealed
at 200 ◦C. In comparison with the diameter of pristine TiO2 nanorods, it can be seen that
the diameter of the TiO2 nanorods increased after copper coating and annealing at 200 ◦C.
Furthermore, the morphology of the decorated layer wrapped in the outer layer of the
TiO2 was film-like, and the sidewalls of the TC200 became rough. When the annealing
temperature increased to 300 ◦C, the morphology of TC300 differed from that of TC200.
The continuous film-like decorated layer of the composite nanorods formed with the lower
annealing temperature of 200 ◦C transformed into a layer consisting of numerous tiny
particles for the composite nanorods annealed at 300 ◦C (Figure 1c). As the annealing
temperature was further increased to 350 ◦C, a clearer granular surface morphology was
observed in the decorated layer for TC350 (Figure 1d). The surface morphology of the
decorated layer transformed from having small particle features initially into larger granular
features with the increase in temperature from 300 to 350 ◦C. Notably, when the annealing
temperature reached 400 ◦C, the surface granular crystals of TC400 were further coarsened
and aggregated, as revealed in Figure 1e. In a high temperature environment, the rapid
formation of crystal nuclei leads to nucleus aggregation between the crystal nuclei and the
coalescence of the crystal nuclei might occur. Furthermore, from a thermodynamic point of
view, the aggregation of surface particles and the growth of crystallites decrease the surface
energy to a stable condition. These factors account for the coarser surface granular features
in TC400 [24,25]. The corresponding SEM-EDS mapping images of the TC composite
nanorods are presented in Figure 1f–i. The Cu and O compositional distribution, which
presented the appearance of a column shape, is visibly displayed in all SEM-EDS mapping
images, preliminarily revealing the copper oxide layer homogeneously decorated onto the
TiO2 nanorods after the copper film coating and postannealing procedures. In contrast, the
Ti signal is distributed over a large area in the elemental mapping image and is not in a
distinguishable column shape; this might be associated with the underlying effect of the
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TiO2 nanorod template on the TC composite nanorods. The EDS analysis demonstrated
that the Cu/Ti atomic ratio of the representative sample (TC350) was 0.22.
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Figure 2 shows the XRD patterns of various TC composite nanorods. In Figure 2, in
addition to the Bragg reflection from the FTO substrate, several strong Bragg reflection
peaks can be seen stably distributed at approximately 27.45◦, 36.08◦, 41.22◦, 54.32◦, and
56.64◦, and they can be attributed to the (110), (101), (111), (211), and (220) crystal planes of
the rutile TiO2 phase, respectively (JCPDS 0211276). Figure 2a shows the XRD pattern of
the TC200. Three Bragg reflections centered at approximately 29.55◦, 36.41◦, and 42.29◦ can
be observed. These Bragg reflection peaks can be attributed to the (110), (111), and (200)
planes of cuprite Cu2O (JCPDS 05-0667), respectively. This confirms that the thin metallic
copper film coated on the surfaces of the TiO2 nanorods was thermally oxidized to form
cuprite Cu2O after annealing at 200 ◦C. This result is consistent with previous work on the
full transformation of Cu thin films into cuprite Cu2O after a 200 ◦C atmospheric annealing
procedure [21]. The high crystallinity of the Cu2O phase that appeared after the 200 ◦C
atmospheric annealing procedure was a result of the easy binding of the copper atoms to
oxygen atoms above 150 ◦C, which was mediated in accordance with Equation (1) [26]:

2Cu + 0.5O2 → Cu2O (1)
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Figure 2b,c show the XRD patterns of the TC300 and TC350. Compared with Figure 2a,
six additional Bragg reflections can be observed in Figure 2b,c. These Bragg reflections are
centered at approximately 32.50◦, 35.41◦, 35.54◦, 38.70◦, 38.90◦, and 48.71◦. These definite
peaks match the characteristic peaks of tenorite CuO (JCPDS 48-1548) and correspond to
(110), (002), (11-1), (111), (200), and (20-2), respectively. The characteristic peaks of Cu2O
and CuO coexist in Figure 2b,c, which proves that Cu2O was partially converted into CuO
when the sample was annealed above 300 ◦C. This result is very similar to that obtained
by Sh. R. Adilov et al. In their work, a CuO oxide phase began to form when metallic
copper films were annealed at 280 ◦C; furthermore, when the temperature was raised to
350 ◦C, a more obvious mixed phase of Cu2O and CuO was obtained in their thin-film
samples [27]. Comparatively, as the temperature was increased from 300 ◦C to 350 ◦C, the
characteristic peaks of CuO became more intense, revealing improved CuO crystalline
content and crystalline quality. Notably, the CuO layer initially formed on the thin-film
samples would decline the further oxidation rate was increased due to the thickening of
the oxide layer and the increased distance that ions have to diffuse. In order to keep the
oxidation rate stable and control the copper oxide phase, the annealing temperature was
further increased to 400 ◦C in this study. In Figure 2d, it can be clearly seen that a single,
pure CuO phase replaced the coexisting Cu2O and CuO phases in the films when the
annealing temperature was raised to above 400 ◦C. This is associated with the fact that
the initially formed Cu2O phase is converted into a CuO phase at higher temperatures
according to Equation (2) [28]:

Cu2O + 0.5O2 → 2CuO (2)

The evolution of the copper oxide phase above 400 ◦C described herein has also been
observed in previous work on the annealing temperature-dependent phase transformation
of chemically deposited copper oxide films [29].

Figure 3a shows a low-magnification TEM image of a single TC200 nanorod. The entire
TiO2 nanorod was uniformly covered by a continuous Cu2O film. Rough and irregular
surface features can be observed on the sidewalls of the nanorod. The decorated copper
oxide layer thickness was estimated to be approximately 32 nm. The feature that appeared
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corresponded to the previous SEM observations. High-resolution (HR) TEM images of
different regions of the TC200 nanorod are shown in Figure 3b,c. However, due to the
repeated stacking of TiO2 and Cu2O, the lattice fringe arrangements in the inner region of
the images cannot be easily distinguished. In contrast, clear lattice fringe arrangements can
be observed in the outer regions of the HRTEM images, indicating the crystalline features
of the decorated Cu2O layer. The spacing between these lattice fringes was measured to
be approximately 0.24 nm and 0.3 nm in different orientations, and these lattice spacings
corresponded to the interplanar spacings of the (111) and (110) planes of cuprite Cu2O,
respectively [30]. Figure 3d shows selected area electron diffraction (SAED) patterns of
several TC200 composite nanorods. It shows several diffraction spots arranged in concentric
circles with different radii. These concentric circles correspond to rutile TiO2 ((110), (101),
and (200)) and cuprite Cu2O ((111), (211), (110), and (200)). This confirms the formation
of a crystalline Cu2O layer on the TiO2 nanorod. Figure 3e shows the cross-sectional EDS
line-scan profiling spectra, in which the signal of Ti is distributed across the inner region of
the nanorod, the signal of O is uniformly distributed over the entire nanorod region, and
the signal of Cu is concentrated in the outer region of the nanorod. This indicates that the
main core of the nanorod was TiO2 and the surface was covered with a layer of copper
oxide. A TiO2 composite nanorod well-decorated with a Cu2O layer is visibly displayed.
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Figure 4a shows a low magnification TEM image of a single TC350 nanorod. Compared
with the TEM image of TC200 (Figure 3a), the copper film originally coated onto the
surface of the TiO2 nanorod was transformed into a discontinuously decorated layer after
the postannealing procedure. The discontinuous decorated layer consisted of numerous
granular crystallites with a particle size of approximately 37 nm. Figure 4b,c present
HRTEM images of different peripheral regions from Figure 4a. The decorated particles
were further analyzed using HRTEM. The lattice fringes arranged with spacings of 0.25 nm,
0.27 nm, and 0.24 nm could be measured in the different orientations. They corresponded to
the (002) and (110) crystal planes of the CuO phase and the (111) crystal plane of the Cu2O
phase, respectively. The HRTEM images showed that the crystalline features of the Cu2O
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and CuO phases coexisted in the decorated discontinuous layer. This further confirmed
the results for the previous XRD patterns. When the annealing temperature was raised
above 300 ◦C, the original pure copper film was transformed into two different oxides,
which coexisted on the surface of the TiO2 nanorods. Figure 4d shows the SAED patterns
of multiple TC350 composite nanorods. The contributions of the crystallographic planes of
cuprite Cu2O, tenorite CuO, and rutile TiO2 are visibly exhibited, proving that the ternary
phases of Cu2O, CuO, and TiO2 coexisted in the TC350 nanorods. Figure 4e presents
the cross-sectional EDS line-scan profiling spectra of the TC350 nanorods. The Cu signal
was very strong in the outer region, and the Ti signal was mainly distributed in the inner
region of the composite nanorod. The O signal was evenly distributed over the composite
nanorod. A TiO2 composite nanorod well-shelled with copper oxide is demonstrated
here, and the EDS analysis revealed that the Cu/Ti had an atomic ratio of 0.24. When the
annealing temperature was further increased to 400 ◦C, as the low-magnification TEM
image (Figure 5a) of the TC400 nanorod shows, the size of the particles wrapped over the
sidewall surface of the TiO2 nanorod changed significantly compared to TC350 (Figure 4a).
The size of the particles wrapped over the surface of the TiO2 nanorod was further increased
to 55–70 nm. These seriously agglomerated particles on the TiO2 with relative large sizes
can be attributed to the marked increase in the annealing temperature, which led to a
substantially increased rate of nucleation and accelerated crystal size growth under the
given annealing condition. During particle coalescence, the initially formed copper oxide
particles could migrate to the TiO2 nanorod template surface and coalesce if motion yielded
a reduction in overall system energy. Evidence for such a thermal annealing-induced
Ostwald ripening process has been provided in other heterogeneous catalyst systems [31].
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When the annealing temperature was further increased to 400 ◦C, as the low-magnification
TEM image (Figure 5a) of TC400 nanorod shows, the size of the particles wrapped over the
sidewall surface of the TiO2 nanorod changed significantly compared to TC350 (Figure 4a).
The size of the particles wrapped over the surface of TiO2 nanorod was further increased
to 55–70 nm. These seriously agglomerated particles with a relative large size on the
TiO2 can be attributed to the marked increase in the annealing temperature, which led
to a substantially increased rate of nucleation and accelerated crystal size growth under
the given annealing condition. During particle coalescence, the initially formed copper
oxide particles can migrate to the TiO2 nanorod template surface and coalesce if motion
yields an overall system-energy reduction. Evidence for such a thermal annealing-induced
Ostwald ripening process has been found in other heterogeneous catalyst systems [31].
Figure 5b,c show HRTEM images of the periphery of TC400 nanorod. Lattice spacings of
0.23 nm, 0.25 nm, and 0.27 nm in different orientations can be measured in Figure 5b,c,
which corresponded to the interplanar distances of CuO (111), (002), and (110), respectively.
These results confirm that the large-sized particles attached to the surface of TiO2 nanorod
after annealing at 400 ◦C were CuO crystallites. Figure 5d shows the SAED patterns
obtained from multiple TC400 composite nanorods. Obvious diffraction spots are arranged
in concentric circles with different radii. Several crystallographic planes of CuO (111), (002),
(11-2), (110), and (021) can be indexed in the SAED pattern. No other copper oxide phases
were identified, indicating a TiO2-CuO composite structure for the TC400 nanorods. The
TEM structural analyses showed the same results as revealed in XRD patterns. In addition,
the cross-sectional elemental profiling spectra shown in Figure 5e also demonstrated a
good compositional distribution for the copper oxide-decorated TiO2 nanorod composite
structure. The TEM analysis results demonstrate that the annealing temperature effectively
dominated the copper oxide phase and crystallite size on the TiO2 nanorod template.

Figure 6a displays the high-resolution Cu 2p XPS spectra for TC200. The distinct
peaks centered at approximately 932.4 eV and 952.4 eV can be attributed to Cu 2p3/2 and
Cu 2p1/2, respectively. The Cu binding energies matched the Cu+1 binding state in the
Cu2O phase, and this was consistent with the results from a report on the XPS analysis
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of a sol-gel-derived thin Cu2O film [32]. Figure 6b shows the high-resolution Cu 2p XPS
spectra for TC 350. The appearance of the XPS spectra is similar to that observed in a
study on CuO@Cu2O heterostructures derived using the solvothermal method [33]. In
contrast to the Cu 2p spectra for TC200, oscillating satellite peaks could be detected for
TC350 at the binding energies of approximately 942.2 eV and 961.8 eV, which further
indicated the existence of a CuO phase in TC350. This has also been demonstrated in the
Cu 2p spectra analysis of pristine Cu2O and CuO thin films, in which pure Cu2O and
CuO could easily be observed without and with the appearance of satellite peaks from
the XPS spectra, respectively [32]. The spectra detected herein were further separated into
several contributions. The intense fitted peaks located at 933.5 eV and 953.4 eV (blue line)
were attributed to Cu 2p3/2 and Cu 2p1/2 of the CuO phase, respectively. There was a
difference of approximately 20 eV between the Cu 2p3/2 and Cu 2p1/2 peaks of CuO, which
matches well with the reported results for hydrothermally derived CuO nanoflowers [34].
In contrast, two relatively weak peaks (green line) appeared at 932.6 eV and 952.2 eV,
corresponding to Cu 2p3/2 and Cu 2p1/2 of the Cu2O phase, respectively [35]. These
results verify the coexistence of Cu2O and CuO phases in the decorated copper oxide layer
in TC350. Figure 6c presents the high-resolution XPS spectra for Cu 2p in TC400. The
distinct appearance of the satellite peaks (located at 942.2 and 961.8 eV) was observed
(Figure 6c). The characteristic peaks centered at the binding energies of 933.3 eV and
953.3 eV corresponded to Cu 2p3/2 and Cu 2p1/2 of the CuO phase, respectively. These XPS
results demonstrate that an adjustable copper oxide phase was obtained in the decorated
copper film layer by varying the annealing temperature.
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Figure 6. High-resolution XPS Cu 2p spectra: (a) TC200, (b) TC350, and (c) TC400.

Figure 7a shows the referenced Ti 2p core-level doublet spectra for the TiO2 nanorod
template. The high-resolution XPS spectra were deconvoluted into four subpeaks. The more
intense subpeaks at 458.3 eV and 463.9 eV corresponded to Ti 2p3/2 and Ti 2p1/2 for the
Ti4+ valence state in TiO2, respectively. Furthermore, the subpeaks with weaker intensities
and smaller binding energies of 457.2 eV and 462.9 eV corresponded to Ti 2p3/2 and Ti
2p1/2 in the Ti+3 valence state [36,37]. The presence of the mixed Ti4+/Ti3+ valance state
indicates the possible presence of oxygen vacancies on the surfaces of the TiO2 nanorod
template. Figure 7b shows a comparison of the Ti 2p core-level doublet spectra for TiO2,
TC200, TC350, and TC400. It can be seen that the Ti 2p XPS spectra of the TC composite
nanorods demonstrated positive shifts in binding energy positions in comparison with the
binding energy position of pristine TiO2. The modification of TiO2 nanorods with copper
oxides described herein might have changed the electronic state of Ti in Ti-O because of the
formation of heterojunctions between the n-type TiO2 and p-type copper oxides. This has
been demonstrated with CuO@TiO2 powders and core–shell N-TiO2@CuOx heterojunction
composites formed using ball milling [38,39]. Notably, the Cu/Ti atomic ratio of TC350
was evaluated to be 3.6. The investigation depth of XPS is usually below 10 nm. This Cu/Ti
atomic ratio substantially differs from the Cu/Ti atomic ratios calculated from the EDS
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spectra of electron microscopes because of the different measurement depths of the various
analysis methods.
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Figure 8a shows the optical absorption characteristics of pristine TiO2 nanorods and
TC composite nanorods. A sharp absorption drop appeared at approximately 410 nm
for TiO2 nanorod template, and this absorption edge was consistent with the inherent
band-gap absorption of rutile TiO2 [1]. Notably, the TC composite nanorods demonstrated
a significant red-shift extension of the absorption edge in comparison with that of the
pristine TiO2. This can be attributed to the decoration of the TiO2 nanorods with Cu2O and
CuO visible-light sensitizers. These visible-light sensitizers helped to absorb the longer
wavelength spectra, making up for the inability of TiO2 to absorb visible light, and enhanced
the absorption in the visible light region. The higher annealing temperature resulted in a
larger size for the red-shift of the absorption edge of the TC composite samples; this was
associated with the fact that the CuO formed at the higher annealing temperature had a
narrower band-gap energy than that of Cu2O [40,41]. Figure 8b shows the Kubelka–Munk
function (F(R)) vs. energy plots for various nanorod samples [42]. Notably, the TiO2 and
copper oxides used herein were expected to exhibit a direct transition in the band-gap
measurements. Therefore, the band-gap energy of the TiO2 nanorods and TC composite
nanorods could be deduced from the (F(R)hv)2 vs. hv plots by extrapolating the straight
portion of the curves to the energy axis. The TiO2 nanorod template was estimated to
have an energy gap of approximately 3.03 eV. The energy gap values of TC 200, TC300,
TC350, and TC400 were estimated to be approximately 2.59 eV, 2.43 eV, 2.34 eV, and 2.27 eV,
respectively. The phase evolution of the decorated layer from Cu2O to CuO with increased
annealing temperature visibly demonstrated a decreased energy gap in the TC composite
nanorods. The band-gap energy variation in the copper oxides due to the phase evolution
was consistent with a report on electrodeposited Cu2O/CuO powder oxides [43]. The
UV-vis analysis demonstrated that the energy gap size of the TC composite nanorods could
be effectively tuned by varying the postannealing temperature. In addition, the energy
gaps of single CuO and Cu2O films were also estimated from the Tauc plot (Figure 8c). The
energy gap values for CuO and Cu2O were estimated to be 1.76 eV and 2.04 eV, respectively,
by extrapolating the curve tangent to the energy axis in Figure 8c. These values are similar
to those from previous work on Cu2O formed with copper foil annealing and sputtering
CuO [44,45].
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Figure 9a shows the transient photoresponses of various samples. Irradiation was
applied with the full-band spectrum, and a bias potential of 1.2 V was used to measure
the photocurrent. Photocurrent generation occurred entirely as a result of the on and off
responses to the irradiation. Seven cycles of on/off irradiation were repeated, as shown in
Figure 9a, and all samples could obtain a stable photogenerated current when the irradiation
was turned on, indicating that the samples were stable under cycling chopping irradiation.
A higher photocurrent indicates better efficiency for the separation of photogenerated
charges and better photocatalytic activity for the photoelectrode [46]. Comparatively, all
the TC composite nanorods exhibited improved photoresponses compared to that of the
pristine TiO2. This was attributed to the fact that decoration with Cu2O and CuO visible-
light sensitizers enhanced the light-harvesting ability of the TiO2 nanorod template, and the
formation of heterojunctions in the composite system resulted in improved photogenerated
carrier separation efficiency. Furthermore, compared to TC200, which had a single-phase
Cu2O decoration, TC400 (with single-phase CuO decoration) had a higher photocurrent,
which can be attributed to the narrower energy gap in CuO compared to Cu2O. This led to
TC400 absorbing across a longer wavelength range than TC200, as revealed in the previous
absorption analysis, thereby increasing light absorption and promoting the photoexcited
carrier density. This has also been demonstrated in previous work on the photoactive
performance of a Cu2O/CuO system [32,47]. Notably, TC300 and TC350 displayed the best
photoresponse abilities among the various nanorod samples, revealing that the composite
nanorod system decorated with dual Cu2O and CuO phases was a more efficient material
combination for enhancing the photoactivity of the copper oxide–TiO2 composite nanorods.
Figure 9b presents the Nyquist plots of various samples measured at the frequency range
from 100 kHz to 0.1 Hz and a potential amplitude of 10 mV. The radius of the semicircles
in Nyquist plots is associated with the interfacial charge transfer resistance [48]. Notably,
TC350 had the smallest semicircular radius, and the pure TiO2 nanorod template exhibited
the largest semicircular radius, indicating that TC350 had the smallest charge transfer
resistance and TiO2 the largest. The sizes of the semicircle radii from the Nyquist plots
for various samples were ordered in the following trend: TiO2 > TC200 > TC400 > TC300
> TC350. This result was also found with the transient photoresponse measurements.
The multi-interface heterostructures consisting of TiO2, CuO, and Cu2O in TC350 and
TC300 effectively helped to enhance the separation and transfer abilities of electron–hole
pairs, as revealed in the previous I-t curves (Figure 9a). Similar coexistence of ternary
phases leading to substantial improvements in PEC properties has also been demonstrated
in BiVO4/CdS/CoOx core-shell composites [49]. These improvements can provide an
opportunity to induce electron redistribution and synergistic effects at the interfaces for
heterogeneous catalysis consisting of two or more components connected by well-defined
interfaces [50,51]. The existence of multiple heterointerfaces in ternary phase composites
improves their PEC properties. The charge transfer resistance can be estimated by fitting
the arc radius of the Nyquist curves according to the proposed equivalent circuits in
Figure 9c. Rs, CPE, and Rct represent the series resistance, constant phase element, and
charge transfer resistance, respectively. Similar equivalent circuits have also been used in a

47



Nanomaterials 2022, 12, 2634

ternary Fe2O3–MoS2–Cu2O nanofilm system to determine the Rct [52]. The representative
fitting parameters for TC350 were Rct = 582 Ohm and Rs = 43.89 Ohm. After fitting
the Nyquist plots using the proposed equivalent circuits, the Rct values for the other
samples, TiO2, TC200, TC300, and TC400, were 3653, 1832, 702, and 1284 Ohm, respectively.
Notably, although the TC300 and TC350 were both ternary-phase composite nanorods,
lower interfacial charge transfer resistance in TC350 was observed in comparison to that of
TC300. This might have been associated with the fact that, as the annealing temperature
increases, the crystallite size of the decorated copper oxides increased, and this could have
reduced the grain boundaries in the decoration layer. Therefore, TC350 had a better charge
transport ability than TC300, and this was evidenced in the Rct.
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In order to further analyze and construct the energy-band structure of the composite
nanorods, measurements of the flat-band potential of the TiO2 nanorod template, Cu2O film,
and CuO film were carried out and presented in Figure 10a–c. The M-S curves exhibited a
positive slope for the TiO2 and negative slopes for the Cu2O and CuO, revealing the n-type
nature of the TiO2 and the p-type nature of the Cu2O and CuO. According to the M-S
equation [53], when 1/C2 is extrapolated to a value equal to 0, the X-axis intercept is equal
to the flat-band potential of the material [54]. The flat-band potential of pure TiO2 was
estimated to be about−0.11 eV (vs. NHE). The flat-band potential in n-type semiconductors
is closer to the conduction band (CB) and the CB position of an n-type semiconductor is
generally more negative (0.1 eV) than the flat-band potential [55]. After calculation, it
was deduced that the CB of TiO2 was −0.21 eV. In contrast, the flat-band potential of the
p-type semiconductor is closer to its valence band (VB) [56,57]. The flat-band potentials
of Cu2O and CuO were estimated to be approximately 0.46 eV and 0.71 eV, respectively,
as shown in Figure 10b,c. The VB positions of Cu2O and CuO were further calculated to
be 0.56 and 0.81 eV (vs. NHE), respectively. The VB positions assessed herein are close to
previously reported results for Cu2O and CuO [58,59]. Figure 10d shows the M-S curves
for various TC composite nanorods. Inverted V-shaped M-S curves were observed for the
all composite nanorods, demonstrating that the composites had both n-type and p-type
electronic properties and confirming the formation of p-n junctions in the TC composite
nanorods [60]. Construction of p-n junctions in composite systems has been posited to
be a sensible strategy to enhance photocatalytic activity. The formation of a p-n junction
with space charge regions at the heterointerface could induce the electric field-driven
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diffusion of electrons and holes and further inhibit the recombination of photogenerated
charges [54,61].
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The photocatalytic ability of the samples was further estimated by using the formula
whereby the percentage degradation = C/Co, where Co is the initial concentration of
RhB solution and C is the time-dependent concentration of RhB solution upon irradiation.
Figure 11a presents C/Co vs. irradiation duration plots for RhB solution with different
samples. Adsorption–desorption equilibrium was reached by placing the photocatalysts in
the RhB solution for 45 min in the dark before starting the photodegradation experiments.
Under dark equilibration conditions for 45 min, the C/Co values for TiO2, TC200, TC300,
TC350, and TC400 were approximately 3.1%, 4.2%, 6.8%, 7.9%, and 5%, respectively. This
indicated that the TiO2 nanorod template decorated with copper oxide had an improved
surface dye absorption capacity. After offsetting with a dark adsorption contribution, the
degradation rates of TC200, TC300, TC350, and TC400 were approximately 59%, 83%, 90%,
and 70%, respectively, with 60 min irradiation. The TC composite nanorods exhibited
improved photodegradation abilities towards RhB solution in comparison to the pristine
TiO2 nanorod template. Furthermore, among the various TC composites, TC350 had the
highest photodegradation ability towards RhB solution under the given test conditions.
In addition, the photodegradation kinetics of the RhB solution with all samples were
also investigated and presented in Figure 11b. The pseudo-first-order kinetic equation is
expressed as: kt = ln Co/C, where k represents the pseudo-first-order rate constant (min−1)
for the initial degradation [61]. All the TC composite samples displayed larger k values
than that of the pristine TiO2. Furthermore, TC350 had the highest k value of 0.04578 min−1.
The photodegradation abilities of the photocatalysts towards organic pollutants were
significantly related to the separation efficiency for electrons and holes. The magnitude
trends for the k values for the various samples investigated herein were consistent with
the previously measured PEC and EIS experimental results. In addition, the photocatalytic
reaction was closely related to the active species produced in the process. The role of
these species in the degradation reaction was investigated by measuring the variation
in the degradation performance of the RhB solution with TC350 through the addition of
various radical scavengers after 60 min irradiation. The radical capture experiments were
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performed using tert-butanol (TBA) as a hydroxyl radical (·OH) scavenger, ammonium
oxalate (AO) as a hole quencher, and benzoquinone (BQ) as a superoxide radical (·O2

−)
scavenger. As shown in Figure 11c, when 1 mM AO was added, the RhB degradation
efficiency slightly decreased to 69%, indicating that holes played a minor role in the
degradation process. In contrast, adding TBA or BQ scavengers resulted in a more intense
decrease in the photodegradation level of the RhB solution. This shows that ·O2

− and
·OH were the main radicals involved in the photodegradation process of the RhB solution
with TC350. Comparatively, the removal of the ·O2

− active species resulted in the most
significant decrease in the degradation efficiency.
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The band structures of pristine TiO2, Cu2O, and CuO were constructed according
to the M-S measurements and the UV-vis analysis results, as shown in Figure 12. As
shown in the previous scavenger experiments, the main active species involved in the
TC350 photodegradation process with RhB solution were superoxide and hydroxyl radicals.
Moreover, superoxide radicals demonstrated a greater contribution than hydroxyl radicals,
as seen from the constructed band alignment in the ternary TC350 composite nanorods. If
the electron–hole transfer route in the TC350 composite nanorods had followed the type II
transfer mode, superoxide and hydroxyl radicals would not have been formed according
to the relative band positions of the CB, VB, and redox potentials [62]. Therefore, none of
the electrons/holes at the CB/VB positions would reach the required redox potential, so
superoxide and hydroxyl active species would not have been produced with this mech-
anism. This contradicts the previous scavenger experiments. The Z-scheme mechanism
shown in Figure 12 is more appropriate to explain the movement of photogenerated elec-
trons/holes and the generation of active species for photodegradation. Under irradiation,
photoinduced carriers form in the composite system (reaction 3). Through the movement of
photogenerated carriers in the Z-scheme mechanism, the holes finally accumulated in the
VB of TiO2 (2.82 eV vs. NHE), which was significantly higher than the oxidation potential
of water or (–OH) molecules, which is 2.4 eV. Therefore, the holes were able to react with
water (or –OH) molecules and generate hydroxyl radicals (reaction 4) [63]. In contrast,
electrons accumulated in the CB of Cu2O (−1.48 eV vs. NHE). The electrons were located
significantly lower than the reduction potential of oxygen (−0.33 eV), and electrons could
react with oxygen to form superoxide radicals (reaction 5) [64]. These main reactive species
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could further react with RhB dye molecules and decompose into carbon dioxide and water
(reaction 6) [65]:

TiO2/CuO/Cu2O + hv(UV−visible) → TiO2
(
e−CB h+VB

)
/CuO

(
e−CB h+VB

)
/Cu2O

(
e−CB h+VB

)
(3)

TiO2
(
h+VB

)
+ H2O→ ·OH + H+ + TiO2 (4)

Cu2O
(
e−CB

)
+ O2 → · O−2 + Cu2O (5)

· OH + · O−2 + RhB→ product (ex : H2O + CO2) (6)
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Notably, from among the band alignments proposed for the TiO2, Cu2O, and CuO, multiple pho-
toinduced charger transfer routes could occur in the ternary TiO2–Cu2O–CuO composite system. The
p-n junctions formed between the n-type TiO2 and p-type copper oxides induced an internal electric
field at the heterointerfaces, promoting charge separation under irradiation. The stepped-band edge
arrangement in the composite system caused multiple Z-scheme transfer routes for the photoinduced
charges. This finally resulted in the accumulation of holes at the VB of TiO2 and of electrons at the
CB of Cu2O. A similar Z-scheme carrier movement was also exhibited in a ternary ZnO–Cu2O–CuO
photocatalyst system [66]. In the report by Wei et al., the composite material TiO2–Cu2O showed
carrier movement with a Z scheme under irradiation [67]. These examples echo the carrier movement
mechanism proposed in this work. In addition, the Z-scheme charge transfer in the composite
nanorods had an important contribution in preventing the photocorrosion of Cu2O. Photocorrosion
has been demonstrated in previous work on single-phase Cu2O photocatalysts [68]. The Cu2O phase
coupling with TiO2 (TC200) or TiO2–CuO (TC300 and TC350) in the composite system effectively
guided the photoexcited electrons and holes accumulated in the Cu2O and inhibited photocorrosion.
Therefore, a stable photocurrent curve could be observed in the previous photoresponse plots. This
is supported by work on introducing a protective layer of TiO2 in Cu2O–CuO heterojunction films
to prevent the photocorrosion effect [69]. The multiple charge transfer routes shown in Figure 12
explain the superior photoactive performance of TiO2–Cu2O–CuO composite systems (TC350 and
TC300) among the various TC composite nanorods. Finally, it should be mentioned that TC350
exhibited better photoactivity than that of TC300. This can be attributed to optical absorption and
the microstructural differences between the TC300 and TC350. The TC350 exhibited a better light
absorption ability than TC300, as revealed by the previous UV-vis absorption analysis, which en-
hanced the generation efficiency of photoexcited charges in TC350. Moreover, TC350 also had a larger
surface particle size in the decorated copper oxide layer in comparison to that of TC300. A larger
grain size reduces grain boundaries in the decorated copper oxide layer, resulting in enhanced charge
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transport [47]. The ternary phase and suitable microstructural and optical properties of TC350 mean
that it has excellent photoactivity compared to the other TC composite samples.

4. Conclusions
The morphology of copper oxide decorated on a TiO2 nanorod template changed from a

continuous layer morphology to granular aggregates when the postannealing temperature was varied
from 200 to 400 ◦C. The composite nanorods formed at 350 ◦C (TC350) exhibited superior photoactive
performance compared to the other composite nanorods. The larger particle size resulting from the
copper oxide modification in TC350 reduced the grain boundaries in the decorated layer, thereby
increasing the charge transport ability. Moreover, the surface-modified Cu2O–CuO mixed crystallites
on the TiO2 template could absorb sunlight more efficiently. These factors enhanced the photoactive
performance of the TC350 composite nanorods studied herein. The scavenger tests demonstrated
that the Z scheme was the possible carrier movement mechanism in TC350 under irradiation, and
that result explains the high photocatalytic degradation ability of TC350 towards organic pollutants.
The experimental results obtained herein demonstrate that regulation of the composition phase
and microstructure of the modified copper oxide layer through control of the thermal annealing
budget for the thin copper layer on TiO2 nanorod templates is a promising approach to design copper
oxide–TiO2 composite nanorods with satisfactory photoactive performance.
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Abstract: Fe3O4@ZnO nanocomposites (NCs) were synthesized to improve the stability of the worm-
like micelle (WLM) network structure of viscoelastic surfactant (VES) fracturing fluid and were
characterized by Fourier transform infrared spectrometry (FT-IR), scanning electron microscopy
(SEM), energy dispersive spectrometry (EDS), X-ray diffraction (XRD) and vibrating sample magne-
tometry (VSM). Then, an NC-enhanced viscoelastic surfactant solution as a fracturing fluid (NC-VES)
was prepared, and its properties, including settlement stability, interactions between NCs and WLMs,
proppant-transporting performance and gel-breaking properties, were systematically studied. More
importantly, the influences of the NC concentration, shear rate, temperature and pH level on the
stability of NC-VES were systematically investigated. The experimental results show that the NC-
VES with a suitable content of NCs (0.1 wt.%) shows superior stability at 95 ◦C or at a high shear
rate. Meanwhile, the NC-VES has an acceptable wide pH stability range of 6–9. In addition, the
NC-VES possesses good sand-carrying performance and gel-breaking properties, while the NCs can
be easily separated and recycled by applying a magnetic field. The temperature-resistant, stable and
environmentally friendly fracturing fluid opens an opportunity for the future hydraulic fracturing of
unconventional reservoirs.

Keywords: nanocomposite; worm-like micelle; viscoelastic surfactant; fracturing fluid; stability

1. Introduction

In recent years, unconventional oil and gas resources, especially shale gas and tight oil,
have become an important part of the world energy landscape and a substitute resource for
conventional oil and gas [1–5]. Hydraulic fracturing technology is one of the key technolo-
gies for the efficient development of unconventional reservoirs [6–8]. During the fracturing
operation, fracturing fluid (FF) is injected into the formation through the wellbore using a
high-pressure pump, forming high well pressure, and resulting in the fracture of the reser-
voir rock, which opens high-conductivity fracture channels for hydrocarbons migrating
from the reservoir to the wellbore [9,10]. Another function of the FF is to carry proppant
(such as quartz sand) into these channels to maintain their opening [11,12]. Therefore, FF
is a key component of the fracturing operation, and its performance directly affects the
success of the fracturing operation. Traditional FFs are mainly water-based fracturing fluids
based on polymer thickening compounds such as polyacrylamide (PAM), guar gum and
their derivatives [13–15]. However, these polymer thickeners cannot be completely broken
and degraded, and insoluble residues are preserved in the formation [16]. The residues
block rock pores, reducing reservoir porosity and permeability, resulting in extremely
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unfavourable conditions for subsequent exploitation of oil and gas resources [17,18]. To
effectively reduce damage to reservoirs, a viscoelastic surfactant (VES) fracturing fluid
called clean fracturing fluid was developed [19].

The structure of VES is a worm-like micelle (WLM) network structure with hydrophilic
groups facing outward and hydrophobic groups facing inward, which is self-assembled by
small molecular surfactants under the action of some organic or inorganic salts (such as
sodium salicylate, potassium chloride and sodium chloride) [20]. The viscoelastic surfactant
solution as a fracturing fluid (VESFF) shows excellent viscoelasticity and has the advantages
of good proppant-transporting performance, a strong drag reduction effect and low impact
on the environment [21]. Under the action of oil, gas or formation fluids, the WLM network
structure of VESFF can completely break without damaging the formation, which is ideal
compared to traditional FFs [22]. However, in harsh in situ conditions of unconventional
reservoirs such as high temperature and shear, the WLM network structure of VES is easily
destroyed, which greatly weakens the performance of the clean FF [23,24]. Encouragingly,
the rapid development and application of nanoparticles (NPs) provide new ideas to meet
these challenges. Some NPs have been used to improve the structural stability of VESFF to
withstand the complex environment during fracturing. Nettesheim et al. [25] found that
SiO2 NPs incorporated into a NaNO3/cetyltrimethylammonium bromide (CTAB) WLM
system could promote the entanglement of micelles to effectively improve the viscosity of
the fracturing fluid. Similarly, Zhang et al. [26] proposed a SiO2 NP-enhanced CTAB/NaSal
(sodium salicylate) WLM structure, while SiO2 NPs act as junctions of micelles to produce
a cross-linked micellar system. Philippova et al. [27] further found that NP-WLM with a
pseudo-crosslinking structure could increase the viscosity of the fracturing fluid by three
orders of magnitude. García et al. [28] studied the influence of Al2O3 NPs on the rheo-
logical behaviour of nanoparticle-enhanced VES and found that the Al2O3 NPs increased
the viscosity but not the elastic properties of the VES. In addition, some pyroelectric NPs
(such as BaTiO3 and ZnO NPs) were investigated to improve the rheological properties and
temperature resistance of VESFF, and they show good proppant-transporting performance
at high temperature [29,30]. However, the abovementioned NPs do not have external
response characteristics and are easily detained in the formation pores, which will damage
the formation. Moreover, these NPs mixed with oil and water are difficult to separate
and reuse, which not only pollutes the environment but also increases the application cost
and wastes nanomaterials [31–33]. Fortunately, magnetic NPs can respond to an external
magnetic field, which is easily separated from oil and water for reuse [34]. Magnetic NPs
(such as Fe3O4 NPs) have been reported in fracture and oil/water monitoring [35,36], frac-
turing drag reduction [37] and enhanced oil recovery [38]. What is more, the rheological
properties of magnetic NPs /WLM systems can be improved with a magnetic field [39,40].
Therefore, a nanomaterial with both magnetic and pyroelectric effects may be more suit-
able to improve the stability, proppant-transporting capacity, environmental protection
and reusability of VESFF with NPs in complex conditions for hydraulically fracturing
unconventional reservoirs.

Accordingly, this study aims to prepare a novel Fe3O4@ZnO nanocomposite-enhanced
viscoelastic surfactant solution as a fracturing fluid (NC-VES) using the interactions be-
tween nanoparticles and micelles, and gain further insights into the influence and mech-
anism of NC concentration, shear rate, temperature and pH on the stability of the NC-
VES. First, Fe3O4@ZnO nanocomposites were synthesized and characterized by Fourier
transform infrared spectrometry (FT-IR), scanning electron microscopy (SEM), energy
dispersive spectrometry (EDS) and vibrating sample magnetometry (VSM). Then, the NC-
VES was prepared, and its properties, including settlement stability, interactions between
NCs and WLMs, proppant-transporting performance and gel-breaking property, were
systematically studied.
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2. Materials and Methods
2.1. Materials

Ferric chloride (FeCl3) and ferrous sulfate heptahydrate (FeSO4·7H2O) with purities
of ≥99.5 wt.% were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Acetoxyzinc dihydrate (Zn(Ac)2·2H2O), triethanolamine (TEOA) and
sodium hydroxide (NaOH) with purities of ≥99.5 wt.% were manufactured by Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Octadecyl trimethyl ammonium chloride
(OTAC), ethyl alcohol and sodium salicylate (NaSal) with purities of ≥99 wt.% were
provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The Krafft points
of OTAC surfactant before and after addition of NaSal are 40 ◦C and 25 ◦C, respectively.
Polyacrylamide (PAM) and guar gum were provided by PetroChina Changqing Downhole
Technical Operation Company (Xi’an, China).

2.2. Synthesis of Fe3O4@ZnO NCs

First, Fe3O4 NPs were prepared by a chemical coprecipitation method, where 1.62 g
FeCl3 and 2.08 g FeSO4·7H2O were dissolved in 150 mL deionized water. Then, 0.1 mol/L
NaOH solution was slowly added to the mixed solution until the pH reached 10 and stirred
at constant speed mixer at 300 r/min for 3 h. The Fe3O4 precipitate was then washed with
ethanol and deionized water and dried at 60 ◦C for 10 h.

Second, ZnO NPs were synthesized by a hydrothermal method where 1.09 g Zn(Ac)2·2H2O
was dissolved in 100 mL deionized water. A total of 50 mL of 0.2 mol/L NaOH solution was
mixed in zinc acetate solution. Then, the mixed solution was placed in a high-pressure reactor at
160 ◦C with a mixing rate of 300 r/min for 8 h. The ZnO precipitate was subsequently washed
with ethanol and deionized water and dried at 60 ◦C for 10 h.

Finally, 0.25 g Fe3O4 NPs were dispersed in 50 mL deionized water with ultrasonic vi-
bration for 15 min. Then, 20 mL TEOA solution (1.6 mol/L) and 30 mL zinc acetate solution
(0.02 mol/L) were added into the previous solution at 90 ◦C with stirring at 300 r/min for
10 h. Thus, the composite nanoparticles were obtained after repeated purification more than
5 times through centrifugation (Centrifuge ST16, Thermo Fisher Scientific Inc., Osterode,
Lower Saxony, Germany), washing, drying and magnetic adsorption separation.

2.3. Preparation of the NC-VES

First, 2.87 mmol OTAC was dissolved in 80 mL deionized water at 40 ◦C. Fe3O4@ZnO
NCs were dispersed in the OTAC solution then ultrasonically vibrated for 15 min. Then,
20 mL NaSal solution (0.156 mol/L) was added into the previous suspension solution
at a mixing rate of 180 r/min for 10 min. NC-VES was obtained after standing for 12 h
at room temperature. Meanwhile, VES solution with Fe3O4 nanoparticles and without
nanoparticles were prepared with the same concentration (OTAC: 0.287 mmol/L; NaSal:
0.312 mmol/L) using the same methods.

2.4. Characterization of Nanoparticles

The main functional groups of the samples were examined by FT-IR with a Nicolet
6700 FT-IR instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA). The surface
morphology of the nanoparticles was observed by scanning electron microscopy (JSM-5800,
JEOL Ltd., Toyoshima, Tokyo, Japan). The elemental content of the nanoparticles was
examined with an energy dispersive spectrometer (JEOL Ltd., Toyoshima, Tokyo, Japan).
The size of the synthesized nanoparticles was measured by a Malvern laser particle size
analyzer (ZS90, Malvern Panalytical, Malvern, UK). The crystal structure of the synthe-
sized samples was measured by X-ray diffractometer (XRD, PANalytical B.V., Almelo,
The Netherlands). The magnetizing ability of the samples was evaluated through a vi-
brating sample magnetometer (Lake Shore 7400, Lake Shore Cryotronics Inc., Westerville,
OH, USA).
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2.5. Property Tests of the NC-VES

If the network structure of the NC-VES system is unstable or seriously damaged, some
or all of the NCs in the system will settle out due to the density difference between the
NCs and liquid phase. In this test, the settlement rate of NCs was used to characterize the
stability of the NC-VES system. The slower the settlement rate is, the better the stability of
the NC-VES. The settlement rates (Equation (1)) were measured by the weighing method
with a precision balance (the accuracy was 0.0001 g; Shanghai Fangrui Instrument CO.,
LTD., Shanghai, China). In this test, the settled NCs were separated from the liquid phase by
a magnet as seen in Figure 1a-(2), while the magnet did not suck out the unsettled particles
in the system as seen in Figure 1a-(1). Additionally, the effect of various factors on the
settlement stability of NC-VES were studied by changing the nanoparticle concentration,
shear rate, temperature and pH.

settlement rate =
W2 −W1

W0
× 100% (1)

where W0 is the total weight of the NCs added to the NC-VES, g; W1 is the weight of the
empty sample bottle, g; and is the total weight of the sample bottle and settled NCs after
being dried, g.
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Figure 1. Test of the settlement stability (a) and proppant-transporting performance (b).

Proppant-transporting performance is one of the key properties of fracturing fluid. In
the test, the settling velocity of proppant (quartz sand) in the NC-VES is used to characterize
the proppant-transporting performance. As shown in Figure 1b, the settling velocity was
calculated by the Formula v = h/t, where h and t were recorded as the vertical distance (cm)
and time (s) taken for quartz sand as proppant to settle from the surface to the bottom of
40 mL NC-VES.

3. Results and Discussion
3.1. Characterization of Fe3O4@ZnO Nanocomposites

Figure 2 shows the comparison of the chemical structures of Fe3O4, ZnO and Fe3O4@ZnO
based on the FT-IR spectra obtained over the wavenumber range of 400–4000 cm−1. The
stretching vibration peak at approximately 3410 cm−1 in all the IR spectra is attributed to
hydroxyl groups (O–H) due to the adsorbed water molecules on the surface of the samples.
The peak at approximately 570 cm−1 represents Fe-O bonds in spectra Figure 2a,b. The
stretching peak at approximately 450 cm−1 is related to Zn-O bonds in spectra Figure 2a,c.
Both the Fe-O bond and Zn-O bond existing in the synthesized Fe3O4@ZnO composite indicate
that ZnO was adsorbed on the surface of the Fe3O4 particles.
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Figure 2. FT-IR spectra of the samples, (a) Fe3O4@ZnO, (b) Fe3O4, (c) ZnO.

The SEM images with EDS analysis of the Fe3O4 (a), ZnO (b) and Fe3O4@ZnO samples
(c) are depicted in Figure 3. As seen from the SEM images, the average sizes of the synthe-
sized Fe3O4 NPs, ZnO NPs and Fe3O4@ZnO NCs are approximately 25 nm, 10 nm and
60 nm, respectively. As shown in Figure 4, the medium diameters of the three nanoparticles
with a narrow size distribution, were consistent with the observation results of the SEM
images. The pure Fe3O4 NPs appear to exhibit an octahedral structure (Figure 3a), while the
ZnO NPs display a spherical-like structure with smaller dimensions (Figure 3b). Figure 3c
clearly shows that ZnO NPs are successfully adsorbed on the surface of Fe3O4 NPs. Ad-
ditionally, the comparison results of the EDS analysis further showed that the composite
nanoparticles were successfully synthesized. Meanwhile, the mass ratio of Fe3O4 and ZnO
(5.14:1) in the Fe3O4@ZnO NCs was obtained from the EDS analysis. Besides, in all EDS
diagrams, the oxygen content higher than the theoretical value was mainly attributed to
the adsorption of water molecules.

XRD analysis of synthesized Fe3O4, ZnO and Fe3O4@ZnO nanoparticles and Rietveld
refinement of the XRD data of the Fe3O4@ZnO composite were shown in Figure 5. As
shown in Figure 5a, the characteristic peaks and Bragg lattice planes reported at 30.08◦

(220), 35.42◦ (311), 43.08◦ (400), 53.56◦ (422), 56.98◦ (511) and 62.63◦ (440) are related to
Fe3O4 structure, while the characteristic peaks and Bragg lattice planes reported at 31.72◦

(100), 34.44◦ (002), 36.21◦ (101), 47.49◦ (102), 56.51◦ (110), 62.81◦ (103) and 67.86◦ (112)
are related to ZnO structure, which are in accordance with the patterns of standard pure
Fe3O4 and ZnO, respectively [41,42]. Almost no obvious impurity peak was observed,
which confirmed the high purity for the synthesized samples. As shown in Figure 5b,
Rietveld refinement with good fit (goodness of fit x2 = 1.19) was carried out to obtain more
crystal phase information of the composite. Parameters for Fe3O4 (crystal structure: cubic;
lattice constant: a = 8.372 Å; space group: Fd3m) and parameters for ZnO (lattice constant:
a = 3.249 Å, c = 5.208 Å; crystal structure: hexagonal; space group: P63mc) were obtained.
Meanwhile, the mass ratio of Fe3O4 and ZnO (4.91:1) in the Fe3O4@ZnO NCs from the
Rietveld refinement is consistent with the EDS test within the range of allowable error. The
results revealed that Fe3O4@ZnO NCs with a high purity were successfully synthesized.
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the Fe3O4@ZnO composite (b).

Figure 6 shows the magnetization of the Fe3O4 and Fe3O4@ZnO samples. It is clearly
observed that the magnetization curves for the measured samples are S-shaped. When the
magnetic field is zero, the remanence and coercive force are close to zero, indicating that the
synthesized Fe3O4 NPs and Fe3O4@ZnO NCs possess good soft magnetic and practically
superparamagnetic properties. The saturation magnetization measured for pure Fe3O4
NPs is 76.03 emu/g, while the saturation magnetization of Fe3O4@ZnO NCs decreases
slightly but still maintains a high value of 62.26 emu/g. The high magnetization ensures
that the Fe3O4@ZnO NCs have strong magnetic response ability and are easily separated
from the liquid phase by magnetic field during quantitatively measuring the settlement
rate of NCs (seen in Section 2.5). On the other hand, Fe3O4@ZnO NCs is simply recycled
from the dispersed solution by using a magnet (seen in Section 3.3). What is more, the mass
ratio of Fe3O4 and ZnO calculated from the comparative saturation magnetization is 5.02:1,
consistent with the above tests (EDS analysis and XRD analysis), which further proves the
purity of the synthetic Fe3O4@ZnO NCs.
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3.2. Stability of the NC-VES
3.2.1. Effects of Shear Rate and NC Concentration

The shear rate-dependent viscosities of the VESFF for different NC concentrations was
studied with shear rates ranging from 0.1 to 1000 s−1 at 25 ◦C (tested with an Anton Paar
rheometer, Physica MCR 302, Anton Paar GmbH, Graz, Austria). Figure 7 shows that the
viscosity remains unchanged at low shear rates, while a notably reduced slope is observed
under high shear rates, and the shear-thinning phenomenon occurs in all samples. The
dependence of viscosity on shear rate is usually explained by shear banding behaviour,
which has been reported in previous research results [43–46]. It is found that the NCs
can improve the viscosity of the VES system. When the concentration of the NCs is low
(0.01 wt.%), the viscosity increases but is not clear compared with the VES without NCs.
When the NC concentration reaches 0.1 wt.%, the viscosity at 170 s−1 of the NC-VES is
higher than VES without NCs. However, when the NC concentration is higher (0.3 wt.%),
the viscosity of NC-VES decreases sharply at high shear rates.
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Dynamic modulus (storage modulus G′ and loss modulus G”) as a function of fre-
quency is shown in Figure 8. Within the measured test frequency range, the storage modu-
lus remains almost unchanged, while the loss modulus increases gradually. For NC-VES
systems, the storage modulus and loss modulus are greater than those of the VES system,
suggesting that the WLM network in VES is strengthened by NCs. Here, the nanoparticles
are incorporated into worm-like micellar systems to form nanoparticle-micelle junctions as
the connection point of WLMs, which improves the structural stability and viscoelasticity
of the WLM systems [47–49]. Combined with Figures 7 and 8, this indicates that the NC
concentration (0.1 wt.%) enables the NC-VES system to possess sufficient stability and
high viscosity, maintaining good proppant-transporting performance during fracturing
operations. Therefore, subsequent research on the influencing factors of fracturing fluid
focuses on the NC-VES system with a 0.1 wt.% NC concentration.

3.2.2. Effect of Temperature

All samples were heated to the corresponding experimental temperature by a water
bath and held for 10 h, then the settlement rate of NCs in each sample was obtained by
weighing and calculation, as shown in Figure 9. The results show that when the temperature
increased from 25 to 65 ◦C, the settlement rate of NCs increased from 0 to 0.1%, while
almost no sedimentation phenomenon occurred, indicating that the NC-WLM network
structure of the system was very stable in the low to medium temperature range. As the
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temperature continued to rise, the sedimentation rate increased slightly, but even at a high
temperature of 95 ◦C, the settlement rate was only about 2%, indicating that the temperature
resistance of the system was very good. Conventional VESFF is a WLM network structure
formed by the spontaneous aggregation and self-assembly of high-concentration surfactant
molecules, which has a specific viscoelasticity and can meet the needs of fracturing in
medium- and low–temperature reservoirs. However, the WLM structure in traditional
VESFF is easily broken at high temperatures, because the interaction between molecules
such as van der Waals forces and hydrogen bonding forces weakens and the stability of
aggregates decreases [23], leading to a sharp decrease in the viscosity of the system, which
severely weakens the performance of the fracturing fluid.

Nanomaterials 2022, 11, x FOR PEER REVIEW 9 of 15 
 

 

0.1 1 10 100 1000

100

1000

 

 

 VES

 NC-VES with 0.01wt.% NCs

 NC-VES with 0.1wt.% NCs

 NC-VES with 0.3wt.% NCs

V
is

c
o

s
it
y
 (

m
P

a
·s

)
Shear rate (s

-1
)

10,000

 

Figure 7. Viscosity as a function of shear rate at different NC concentrations. 

1 10
1

10

 

 

M
o
d
u
lu

s
 (

P
a
)

Frequency (rad/s)

 G＇(0% NCs)   G〞(0% NCs)

 G＇(0.01wt.% NCs)   G〞(0.01wt.% NCs)

 G＇(0.1wt.% NCs)     G〞(0.1wt.% NCs)

 G＇(0.3wt.% NCs)     G〞(0.3wt.% NCs)

 

Figure 8. Variations of storage modulus (G′) and loss modulus (G″) with frequency at 25 °C. 

3.2.2. Effect of Temperature 

All samples were heated to the corresponding experimental temperature by a water 

bath and held for 10 h, then the settlement rate of NCs in each sample was obtained by 

weighing and calculation, as shown in Figure 9. The results show that when the tempera-

ture increased from 25 to 65 °C, the settlement rate of NCs increased from 0 to 0.1%, while 

almost no sedimentation phenomenon occurred, indicating that the NC-WLM network 

structure of the system was very stable in the low to medium temperature range. As the 

temperature continued to rise, the sedimentation rate increased slightly, but even at a high 

temperature of 95 °C, the settlement rate was only about 2%, indicating that the tempera-

ture resistance of the system was very good. Conventional VESFF is a WLM network 

structure formed by the spontaneous aggregation and self-assembly of high-concentration 

surfactant molecules, which has a specific viscoelasticity and can meet the needs of frac-

turing in medium- and low–temperature reservoirs. However, the WLM structure in tra-

ditional VESFF is easily broken at high temperatures, because the interaction between 

molecules such as van der Waals forces and hydrogen bonding forces weakens and the 

Figure 8. Variations of storage modulus (G′) and loss modulus (G′′) with frequency at 25 ◦C.

Nanomaterials 2022, 11, x FOR PEER REVIEW 10 of 15 
 

 

stability of aggregates decreases [23], leading to a sharp decrease in the viscosity of the 

system, which severely weakens the performance of the fracturing fluid. 

The viscosities as a function of time at 95 °C with a constant heating rate of 3 °C/min 

and a shear rate of 170 s−1 are displayed in Figure 10. When the temperature is lower than 

60 °C, a slight increase in viscosity was observed in all three curves. However, as the tem-

perature continues to increase to 95 °C, the viscosity of the samples decreases sharply. The 

viscosity of VES with Fe3O4 NPs is lower than that without NPs at 95 °C. The reason is 

that a certain amount of surfactant molecules are adsorbed on the surface of Fe3O4 NPs, 

resulting in a decrease in the surfactant concentration involved in WLM structure in the 

liquid phase [50]. Compared with the other two systems, the high-temperature resistance 

of the NC-VES system is mainly attributed to the ZnO NPs on the surface of the NCs. As 

shown in Figure 11, the ZnO nanoparticles adsorbed on the surface of NCs possess a py-

roelectric effect, releasing charges with increasing temperature. The charged NCs easily 

adsorb micelles and play a role in the junction of the WLM network structure. The elec-

trostatic screening of charged WLMs promotes further growth of wormlike micelles, and 

maintains good stability of the WLM network structure [29]. Therefore, the NCs incorpo-

rated into the WLM network act as a skeleton-like structure, greatly improving the stabil-

ity of the NC-WLM system at high temperature. 

30 40 50 60 70 80 90 100

0.0

0.5

1.0

1.5

2.0

2.5

3.0

 
 

S
e

tt
le

m
e

n
t 

ra
te

 (
%

)

Temperature (℃)  

Figure 9. Settlement rate as a function of temperature, in which the insertions from left to right refer 

to the stable state of the NC-WLM system at 25 °C, 65 °C and 95 °C respectively.(OTAC: 0.287 

mmol/L; NaSal: 0.312 mmol/L). 

0 10 20 30 40 50 60

20

40

60

80

100

120

140

160

180

 

 

 NC-VES (0.1wt.% NCs)

 VES

 VES with 0.1wt.% Fe3O4 NPs

 Temperature

Time (min)

V
is

c
o

s
it
y
 (

m
P

a
·s

)

20

30

40

50

60

70

80

90

100

 T
e

m
p

e
ra

tu
re

 (
°C

)

 

Figure 10. Viscosity as a function of time at high temperature (heated to 95 °C). 

Figure 9. Settlement rate as a function of temperature, in which the insertions from left to right refer to
the stable state of the NC-WLM system at 25 ◦C, 65 ◦C and 95 ◦C respectively.(OTAC: 0.287 mmol/L;
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The viscosities as a function of time at 95 ◦C with a constant heating rate of 3 ◦C/min
and a shear rate of 170 s−1 are displayed in Figure 10. When the temperature is lower
than 60 ◦C, a slight increase in viscosity was observed in all three curves. However, as the
temperature continues to increase to 95 ◦C, the viscosity of the samples decreases sharply.
The viscosity of VES with Fe3O4 NPs is lower than that without NPs at 95 ◦C. The reason is
that a certain amount of surfactant molecules are adsorbed on the surface of Fe3O4 NPs,
resulting in a decrease in the surfactant concentration involved in WLM structure in the
liquid phase [50]. Compared with the other two systems, the high-temperature resistance
of the NC-VES system is mainly attributed to the ZnO NPs on the surface of the NCs.
As shown in Figure 11, the ZnO nanoparticles adsorbed on the surface of NCs possess
a pyroelectric effect, releasing charges with increasing temperature. The charged NCs
easily adsorb micelles and play a role in the junction of the WLM network structure. The
electrostatic screening of charged WLMs promotes further growth of wormlike micelles,
and maintains good stability of the WLM network structure [29]. Therefore, the NCs
incorporated into the WLM network act as a skeleton-like structure, greatly improving the
stability of the NC-WLM system at high temperature.
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3.2.3. Effect of pH

As shown in Figure 12a, in a highly acidic environment (pH = 1–5), the settlement
phenomenon of the system is very clear, while the settlement rate is as high as 94.9%.
This shows that the system cannot exist stably in strong acids, which can be attributed to
two aspects. On the one hand, in the presence of a strong acid, some NCs react with H+

(Fe3O4 + 8H+ = Fe2+ + 2Fe3+ + 4H2O, ZnO + 2H+ = Zn2+ + H2O) and are dissolved in the
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solution. The solution will then exhibit the crimson colour of the Fe2+ and Fe3+ aqueous
solutions. On the other hand, excessive H+ leads to an increase in the repulsive force
between the head groups of the OTAC molecule and destroys the WLM network structure,
which results in large settlement of NCs [51,52]. From the results, when pH = 1, the
settlement rate decreases, which does not mean that the settlement stability of the NC-VES
becomes better, but that more NCs have been dissolved in the solution. Therefore, it can be
considered that the stronger the acidity, the worse the settlement stability of the system.
When the pH is weakly acidic–neutral–weakly alkaline (pH = 6–9), the settlement rate
of the system is very small. Meanwhile, Figure 12b shows that it is difficult for NCs to
form stable suspension in water without WLMs even under neutral conditions, because
the particle density (about 5.26 g/cm3) is much greater than that of the liquid. In the
strongly alkaline environment (pH = 10–14), the settlement rate of NCs increases rapidly
with increasing pH. When pH ≥ 13, a large number of NCs settle out. On the one hand,
ZnO is dissolved by alkaline solution (ZnO + 2OH− + H2O = [Zn(OH)4]2−). On the other
hand, an excessive OH− destroys the self-assembly mechanism of surfactant molecules,
leading to micelles unsuccessful for connecting with each other and assembling into a
WLM network structure [53]. Therefore, the pH environment has a strong impact on the
stability of the NC-VES, with the system being able to maintain a good stability in a wide
range of pH = 6–9.
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3.3. Proppant-Transporting Performance and Gel-Breaking Property

In the process of a hydraulic fracturing operation, fracturing fluid is pumped into
the formation, cracking the rock formation and forming a fracture channel to improve the
oil and gas production efficiency. To prevent fracture closure, proppants (such as quartz
sand) are transported by fracturing fluid into the formation to prop fractures, keeping the
fracture open for a long time under formation pressure. Therefore, it is very important that
the fracturing fluid possess good proppant-transporting performance, which is one of the
key factors for the success of fracturing operations. In this work, the proppant-transporting
performance of four fracturing fluids was compared, and the results are shown in Table 1.
Compared with conventional fracturing fluids (Guar FF and PAM FF), the VES systems
(NC-VES and VESFF) show better proppant-transporting performance. The settlement
velocity of quartz sand in the NC-VES is only 0.52 × 10−3 cm/s, far less than 0.08 cm/s,
which displays superior proppant-transporting performance [54]. In addition, by adding a
small amount of kerosene to NC-VES, gel breaking occurs rapidly with no residue, and the
NCs can be easily recycled using a magnet to apply a magnetic field, as shown in Figure 13.
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The results imply that the NC-VES system is a low-damage, environmentally friendly and
cost-saving fracturing fluid.

Table 1. Settlement velocity of different FF samples at room temperature.

Samples Constituents (per 100 mL Water) Viscosity (mPa·s) Settlement Velocity (cm/s)

NC-VES 1 wt.% OTAC + 0.5 wt.% NaSal + 0.1 wt.% NCs 158 0.52 × 10−3

VESFF 1 wt.% OTAC + 0.5 wt.% NaSal 130 7.29 × 10−3

Guar FF 0.35 wt.% Guar 51 0.18
PAM FF 0.35 wt.% PAM 59 0.11
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4. Conclusions

In this study, the influence and mechanism of NC concentration, shear rate, tempera-
ture and pH on the settlement stability of the NC-VES fracturing fluid was systematically
investigated. First, NCs with good magnetic response ability were synthesized and acted
as junctions of micelles to improve the stability of the WLM network structure. The results
showed that the NC-VES system with the optimal concentration of 0.1 wt.% possesses
good shear and temperature resistance. At high temperatures (such as 95 ◦C), the ZnO NPs
with a pyroelectric effect on the surface of NCs can effectively reduce the decomposition of
the WLM network structure to prevent the NCs from settling out of the fracturing fluid.
Strong acid and strong alkaline solutions seriously damage the NC-VES network structure
by dissolving NCs and hindering the self-assembly behaviour of surfactant molecules,
resulting in an acceptable pH range of 6~9. In addition, the settling velocity of quartz
sand in the system at room temperature was only 0.52 × 10−3 cm/s, indicating that the
NC-VES has good proppant-transporting performance. Finally, no residue was found after
gel breaking of the NC-VES and the recovery of NCs by magnetic adsorption, implying no
damage to the formation and the environment. A new type of temperature-resistant, stable
and environmentally friendly fracturing fluid was thus provided for hydraulic fracturing
of unconventional reservoirs.
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Abstract: The nanostructure-based surface texturing can be used to improve the materials wettability.
Regarding oil–water separation, designing a surface with special wettability is as an important
approach to improve the separation efficiency. Herein, a ZnO nanostructure was prepared by a
two-step process for sol–gel process and crystal growth from the liquid phase to achieve both a
superhydrophobicity in oil and a superoleophobic property in water. It is found that the filter
material with nanostructures presented an excellent wettability. ZnO-coated stainless-steel metal
fiber felt had a static underwater oil contact angle of 151.4◦ ± 0.8◦ and an underoil water contact
angle of 152.7◦ ± 0.6◦. Furthermore, to achieve water/oil separation, the emulsified impurities in
both water-in-oil and oil-in-water emulsion were effectively intercepted. Our filter materials with a
small pore (~5 µm diameter) could separate diverse water-in-oil and oil-in-water emulsions with a
high efficiency (>98%). Finally, the efficacy of filtering quantity on separation performance was also
investigated. Our preliminary results showed that the filtration flux decreased with the collection of
emulsified impurities. However, the filtration flux could restore after cleaning and drying, suggesting
the recyclable nature of our method. Our nanostructured filter material is a promising candidate for
both water-in-oil and oil-in-water separation in industry.

Keywords: nanostructured surface; wettability; metal fiber felt; oil–water separation; emulsion

1. Introduction

Surface wettability is an important material property, and it is determined by surface
structure and surface chemical composition [1,2]. Based on existing theoretical methods, a
special material wettability can be achieved by modification of surface texture and surface
chemical composition [3,4]. During the last decades, there has been increasing interest in the
materials with unique functions due to their promising application in various fields such as
self-cleaning, antimicrobial, anti-icing, biocompatible materials, or oil transportation [4–9].
Particularly, depending on the different interfacial energy between organic compounds and
water in immiscible oil–water mixtures, the materials with special wettability have gained
widespread attention in oil–water separation [10,11]. As a simple preparation method,
the meshed membrane owned many advantages, such as high permeability of pore space,
good oil–water separation efficacy, and promising corrosion resistance [12,13]. Membrane
emulsification method attracted plenty of attention. The factors to affect the demulsification
performance have been systematically investigated, which included membrane pore size,
membrane thickness, transmembrane pressure, as well as emulsion composition [14–17].
In contrast, traditional methods such as gravity-driven separation, biological treatment,
adsorption, and electrochemical techniques have many flaws, such as low separation effi-
ciency, low separation capacity, long time cost, and noticeable secondary pollution [18–20].
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Furthermore, the structural parameters of filter membranes may play pivotal roles
in the performance of oil–water separation, such as pore size, porosity, and membrane
thickness [21–23]. To date, some simulation and experimental studies have provided clues
for filter membrane design. Some representative examples were introduced here. You
et al. utilized electrospinning techniques to prepare two fibrous membranes with different
nanopore diameters. They found that the physical cutting effect dominated the coalescence
process when oil droplets crossed a smaller pore on the membrane [24]. Zhu et al. found
that the oil droplets continuously separated emulsion via using squeezing coalescence
demulsification (SCD) within a narrow pore size. Their hydrogel nanofiber membranes
had a sustained separation capacity. More importantly, these results demonstrated that
the pore size, the membrane wettability, and the interfacial tension coefficient of oil–water
could control the SCD’s efficiency [25]. Recently, Wei et al. fabricated highly hydrophilic
and underwater oleophobic polytetrafluoroethylene membranes, which showed a high
oil–water separation efficiency and achieved a high oil–water separation flux. They found
that the emulsion separation may be an interfacial problem and may be related to the
pore structure of a filtration membrane [26]. Furthermore, Xi et al. manufactured under-
water superoleophobic paper-based materials with excellent wet intensity through green
papermaking techniques. They also demonstrated that the water flux could be increased
by controlling the average membrane pores’ size [27]. These preliminary studies could
provide an important basis for the design of filter membranes.

Among these structural parameters, the diameter of the liquid distributor and the hole
shape dominated the oil–water separation. To achieve a high demulsification efficiency, the
filtering precision should be improved accordingly [28,29]. For the highly precise filtering
materials at the submicron scale, a nanostructured membrane is an ideal candidate to
improve separation efficacy [30]. In addition, surface energy, a key material characteristic,
could only be modified by the coating on that material. Due to the limitation of coating
technology, these treatment approaches have been used to promote surface wettability
without achieving a satisfied performance in terms of coating combinations [31].

In addition, membrane filtration modified by organic polymer could achieve effective
separation of oil–water mixtures. Due to its poor stability in the aqueous medium, however,
it is hard to use the common polymer membranes with a special wettability in practice [32].
Therefore, the stable materials such as the inorganic membranes are promising alternatives.
To date, all previous studies just focused on the fabrication of hierarchical surface structures
without giving adequate attention to the substrate, which determines the material strength
and stability.

ZnO nanostructured pillars could be used in complex industrial oil–water mixtures [33–36].
In this study, the stable ZnO nano-pillars were prepared on a high-intensity metal fiber
filter by crystal growth, which had a good combination with the substrate. Therefore, the
modified filter material possessed stability of mineral coating and strength. Our method
promoted the surface wettability and achieved both a superhydrophobicity in oil and a
superoleophobic property in water. The filter membrane modified by nano-pillars could be
stably used in both water-in-oil and oil-in-water conditions. The filtration flux variation
with the collection of emulsified impurities was also investigated. This study provided a
novel strategy to achieve stability and strength of a mineral coating simultaneously and
might have wide application in separating water-in-oil and oil-in-water emulsions.

2. Materials and Methods
2.1. Preparation of ZnO Seed Layers

The stainless-steel fiber felts with the filtration precision of 5 µm were used as a
substrate in this study. To eliminate surface contamination, all substrate samples were ul-
trasonically cleaned with absolute ethanol and ultra-pure water for 10 min. (CH3COO)2Zn
(0.75 M (CH3COO)2Zn) (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and Mo-
noethanolamine ((CH3COO)2Zn and Monoethanolamine in the proportion 1:1) (Aladdin
Biochemical Technology Co., Ltd., Shanghai, China) were dissolved in a 2-methoxyethanol
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solution (Aladdin Biochemical Technology Co., Ltd., Shanghai, China). This solution was
magnetically stirred and heated in a temperature-controlled water bath (70 ◦C, 60 min).
The seed solutions were obtained by standing at room temperature for 24 h. Substrates are
submerged in the seed solution and lifted repeatedly. Finally, the substrates with the ZnO
nanostructured coating were sintered (350 ◦C, 20 min) to stabilize the coating.

2.2. Preparation of ZnO Nano-Pillar Coated Substrates

As shown in Figure 1, the seed layer coated substrates were first immersed in Zn(NO3)2
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)/hexamethylenetetramine (HMTA)
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)/DAP (Macklin Inc., Shanghai,
China) (0.05 M Zn(NO3)2, Zn(NO3)2, and DAP in the proportion 1:6) aqueous solution
(10 min) and then was heated in a constant temperature water bath (90 ◦C, 3 h). After the
reaction, the substrates were separated from the solution and washed with ultra-pure water
to obtain the substrates with ZnO nanostructures.

Figure 1. Schematic illustration of manufacturing ZnO modified metal fiber felt.

2.3. Characteristic Analysis

A field emission scanning electron microscope was used to examine the surface mor-
phology of the samples as they were developed (SEM, HITACHI-SU8220, Hitachi, Ltd.,
Tokyo, Japan). Chemical component was characterized by energy dispersive spectrometry
(EDS, Bruker, Billerica, MA, USA). Data-physics was used to characterize surface wettabil-
ity, including water contact angle (WCA), oil contact angle (OCA), underoil–water contact
angle (UWCA), and underwater–oil contact angle (UOCA) (Data-Physics, DataPhysics
Instrumente GmbH., Filderstadt, Germany). The liquid droplets utilized for WCA, UWCA,
CA and UOCA analyses had a volume of 4 µL. The amount of water remained in the
collected filtrates was determined by Karl Fischer Titrator (TP653, TimePower Measure
and Control Equipment Co. Ltd., Beijing, China). Total organic carbon (TOC) equipment
was used to measure the oil content of the filtrates (TOC-L, Shimadzu (Shanghai) Global
Laboratory Consumables Co. Ltd., Shanghai, China). The Zetasizer Nano ZS (Malvern
Instruments Ltd., Malvern, UK) was used to investigate the dispersion of water droplets in
oil and oil droplets in water. The microscopy pictures of W/O and O/W emulsions were
acquired by using an inverted microscope (Keyence Corporation, Osaka, Japan).

2.4. Oil–Water Separation

Here, 99.6 g of infused oils (Diesel, Decane, Dodecane, and N-tetradecane) were com-
bined with 0.4 g of water and ultrasonically agitated for 1 min to create water-in-oil(W/O)
emulsions. To prepare oil-in-water (O/W) emulsions, 0.4 g of oil (Diesel, Decane, Dode-
cane, and N-tetradecane) was combined with 99.6 g of ultra-pure water and ultrasonically
agitated for 10 min. The experiment of separation was performed by using a home-made
filter device that sandwiched the created membrane between two glass tubes. Before
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assembling the separation device, the prepared filter membranes were placed in ultrapure
water or oil solutions for 30 s, dependent on the types of emulsions. The pre-wetted filter
membranes were used in the separation experiments. A glass cylinder tube containing
metal fiber felt as a filter was placed at the position shown in Figure 2 to realize filtration of
oil–water emulsions under gravity. The filtrate was collected at the bottom of the vessel
after the emulsion was poured through the open end of the glass cylinder. The oil–water
emulsion was quickly poured into the home-made separation device. The liquid column
was sustained at a depth of 10 cm during the separation. The separation efficiency was
estimated by the following equation:

η = 1− C1

C0
(1)

where C0 represented the dispersed phase content in the initial W/O and O/W emul-
sions (ppm); C1 represented the water/oil content in the collected filtrate (ppm); and η
represented the separation efficiency. Meanwhile, the filtration flux (L) was calculated by:

L =
m

ρπr2t
(2)

where m was the mass of collected filtrate measured with a balance scale; ρ was the density
of water/oil (ρ = 103 kg/m3); r was the radius of a glass tube (the radius of the glass tube
in this study was 8 mm); t was the filtration duration, with the filtration flux computed by
measuring the quantity of filtrate 1 min per time.

Figure 2. Schematic diagram of experimental setup.

3. Results and Discussion
3.1. Surface Morphology and Chemical Composition of ZnO Coated Metal Fiber Felt

The seed layer was coated on a metal fiber felt substrate using the sol-gel method.
We fabricated ZnO-coated metal fiber felts by immersing the metal fiber felts with the
seed layer into the precursor solution for the liquid phase growth process (Figure 1). At
the initial growth stage, HMTA tardily decomposed to liberate OH− ions. The generated
OH− ions form insoluble ZnO precipitated at supersaturated Zn(OH)4

2− ions or Zn2+ ions.
As a polar crystal, ZnO (0001) exhibited a positive charge on the crystalline surface and
attracted OH− ions and Zn(OH)4

2− ions in the solution. As a result, ZnO had the highest
growth rate along the C-axis compared to other crystal planes and eventually forms ZnO
nanostructures [37–40]. The overall chemical reactions were presented as follows:
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C6H12N4 + 6H2O→ 6HCHO + 4NH3

NH3 + H2O→ NH4+ + OH−

Zn2+ + 2OH− → ZnO(s) + H2O

SEM images indicated that the raw stainless-steel fiber felt was composed of metal
fibers with an intricate arrangement and the surface of the metal fibers was smooth
(Figure 3a,b). The average metal fiber diameter of the fabricated substrates increased, and
the average pore size decreased after being coated with ZnO nanostructures (Figure 3c,d).
The zoomed-in imaging showed that ZnO had nano pillar-like structures. Furthermore, the
ZnO nanopillars in our growth experiments had hexagonal cross section with an average
top diameter of 185 ± 81 nm. Finally, ZnO nanostructures wrapped metal fibers’ surface
without blocking pores.

Figure 3. SEM images of original filter membrane (a,b). SEM images of ZnO-coated filter mem-
brane (c,d).

The liquid-phase ZnO growth had two stages: dissolution and crystallization. The
growth solution concentration was one of the critical parameters for ZnO’s nucleation and
growth. The effect of growth solution concentration on the formation of ZnO coating on
filter membrane was shown in Figure 4. We found that the surface was accumulated by
dense ZnO structures at low growth solution concentrations (Figure 4a). The nanostruc-
tures had a slight pitch and low ratio of length to neck diameter. During crystal growth, the
concentration of growth solution determined the solutions’ concentration at the center of
crystal growth face. As the concentration of growth solution increased, the supersaturation
of Zn-ions in the solution was enhanced. It led to apparent orientation growth behavior
and eventually formed nanoarray structures (Figure 4b). When the concentration increased
to 0.05 mol/L, the filter membrane surface presented arranged pillar-like structures. A
large gap between nanostructures facilitated the droplets’ immersion into nanostructures.
The average diameter of nano-pillars decreased from 314 ± 52 nm to 91 ± 24 nm, and the
average length of the nano-pillars just increased slightly. ZnO nanostructure transformed
from nano-pillars to nano-needles (Figure 4c). The decrease in the diameter of the nanos-
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tructures increased the size of structural interstices, resulting in a coating deficiency on
metal fibers and weakened stability of ZnO coatings. Energy-dispersive X-ray spectroscopy
(EDS) data were shown in Figure 4d–f. Zn and O element distribution and measurements in
coated metal fiber confirmed that the final coating was constituted of ZnO with an excellent
coverage density.

Figure 4. SEM imaging of ZnO-coated filter membranes manufactured with various growth solution
concentrations: (a) 0.025 mol/L (MF-0.025); (b) 0.05 mol/L (MF-0.05); (c) 0.1 mol/L (MF-0.1) (The
length of the white scalebar in (a–c) is 20 µm, and the size of scalebar in the zoomed picture is 2 µm);
(d,e) the original EDS mapping of Zn and O elements in a ZnO coated filter membrane; (f) EDS
elemental analysis.

3.2. Surface Wettability

The contact angle measurements were accustomed to analyzing the surface wettability
of as-prepared filter membranes, as illustrated in Figure 5. Additionally, the wettability
of the studied surface layers was evaluated using MF-0.05 as a test sample. A droplet of
water was dropped onto a ZnO-coated filter membrane in the air. It diffused rapidly within
80 ms, which suggested that the coated filter membrane had satisfactory hydrophilicity
(Figure 5a–c). Furthermore, the oil droplet swiftly spread on the as-prepared filter mem-
brane in the air, demonstrating a superoleophilicity (Figure 5e–g). However, the oil droplet
could not spread on the as-prepared filter membrane in the water, illustrating that the
coated filter membrane had an excellent oil repellency once submerged (Figure 5d). A
drop of water was also unable to spread on the filter membrane previously prepared,
which demonstrated the filter membrane’s outstanding repellence towards water underoil
(Figure 5h). ZnO coated filter membrane had a static underwater oil CA of 151.4◦ ± 0.8◦

and underoil water CA of 152.7◦ ± 0.6◦, respectively, exhibiting both superhydrophobicity
in oil and superoleophobic properties in water.

3.3. Separation of Oil-in-Water Emulsions

In contrast to a stratified oil–water mixture, an oil-in-water emulsion containing emul-
sified oil droplets with various sizes was difficult to be separated. To prevent emulsified
droplet penetration and achieve separation of O/W emulsions, the micropore size was
one of the important characteristics of separation membranes. Here, the capacity of ZnO
coated filter membrane to separate in the O/W emulsion was demonstrated. To ana-
lyze the separation efficacy of an as-prepared filter membrane, emulsions of diesel/water,
N-decane/water, dodecane/water, and N-tetradecane/water were invented. Figure 2

78



Nanomaterials 2022, 12, 740

illustrated that the apparatus utilized separate O/W emulsions. The cleaned water was
gravity-fed through the membrane and collected in the beaker underneath, while the
as-prepared emulsions were poured into the top tube. The electronic balance recorded
the mass of the collected filtrate in real-time. The separation findings of dodecane/water
emulsion were illustrated in Figure 6. As shown in the microscopic imaging, the prepared
water/dodecane emulsion contained a large amount of micron-sized oil droplets with an
average size distribution of 8 µm. The collected water was transparent after filtration across
the as-prepared filter membrane and there were no oil droplets revealed when observed
under an inverted microscope.

Figure 5. (a–c) Imaging of a water droplet spreading through coated filter membrane; (d) imaging
of an underwater oil droplet on a filter membrane with a 151.4◦ contact angle; (e–g) imaging of oil
droplets spreading through coated filter membrane; (h) imaging of an underoil water droplet on a
filter membrane with a 152.7◦ contact angle.

Figure 6. The microscopic and optical images of O/W emulsions (a) before separation and average
size of oil droplets; (b) filtered with filter membrane coated with ZnO.

Furthermore, other emulsions such as diesel/water, N-decane/water, and N-tetradecane/
water were successfully separated (Figure 7a,b). As expected, the as-prepared filter mem-
brane successfully separated the four emulsions, but only left minimal residual oil in the
filtrate. All the oil-in-water emulsions exhibited the promising permeation fluxes. The
highest flux of 3139 L·m−2·h−1 was obtained for diesel-in-water emulsion. These findings
suggested that the ZnO-coated filter membrane could separate a variety of O/W emulsions.
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Though the separation efficiency obtained in this study was similar with previous studies
using inorganic coating materials (Nano-ZnO and Nano-TiO2) to separate oil-in-water
emulsions, we obtained a higher separation flux performance than these studies [41–43].
In addition, the as-prepared filter membrane was evaluated by a ten-times recycling sep-
aration of the dodecane/water emulsion to indicate the characteristic of reusability. The
membrane was ultrasonic-assisted cleaned with absolute ethyl alcohol for 5 min after each
cycle of the experiment (collected filtrate volume was 80 mL), and it was immediately used
for the following filtration test. After 10 recycles, the TOC concentration was less than
72 mg/L and the separation efficiency remained higher than 98%, confirming its capability
for standing oil–water separation application (Figure 7c). Moreover, our results demon-
strated an excellent cyclic stability of the filter membrane coated with ZnO, although the
variations of flux in each cycle decreased with the increase in filtration duration (Figure 7d).

Figure 7. (a) The separation efficiency and TOC in the filtrates of oil-in-water emulsions; (b) var-
ious oil-in-water emulsion separation fluxes; (c) the recycling separation of the as-prepared filter
membrane for O/W emulsions; (d) separation flux stability in 10-cycle experiments.

3.4. Separation of Water-in-Oil Emulsions

The ZnO-coated filter membrane could separate O/W emulsion and O/W emulsion.
The water content in the filtrate, separation flux, and corresponding separation efficiency
were used to analyze the separation performance of the as-prepared filter membrane. As
demonstrated in Figure 8a, the appearance of the W/O emulsion was cloudy and contained
sufficient micron-sized water droplets with an approximate average size of 10 µm. There
were no water droplets in the liquid filtered by the ZnO-coated filter membrane (Figure 8b).

Figure 9a demonstrated that the as-prepared filter membrane was capable of accu-
rately separating various W/O emulsions, such as water/diesel, water/N-decane, wa-
ter/dodecane, and water/N-tetradecane. The efficiency of separation of the as-prepared
filter membrane for various water-in-oil emulsions were more than 98%. Furthermore, the
water concentration for the filtrates of different emulsions was less than 80 ppm. The follow-
ing Equation (2) was used to estimate the filtration flux of the as-prepared filter membrane,
and fluxes (L) for different emulsions were evaluated for each minute. The separation fluxes
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for water/diesel, water/N-decane, water/dodecane, and water/N-tetradecane emulsions
were about 392, 663, 960, and 744 L·m−2·h−1, respectively (Figure 9b). The separation
efficiency obtained in this study was similar to existing studies about inorganic coating
materials, which were used to separate water-in-oil emulsions. However, the separation
flux obtained here was lower than in all these studies [44,45].

Figure 8. The microscopic and optical images of surfactant-stabilized water-in-oil emulsions
(a) before separation average size of water droplets; (b) filtered with filter membrane coated with ZnO.

Figure 9. The separation efficiency and water content in (a) water-in-oil emulsions filtrates;
(b) filtration fluxes of various water-in-oil emulsions; (c,d) the recycling separation performance of
ZnO coated filter membrane for water-in-oil emulsions.

As an example, the reusable separation capability of the as-prepared filter membrane
was accessed by the separation experiment of water/N-decane. The separation of each
cycle lasted for 8 min, followed by a 5 min ultrasonically cleaned with absolute ethyl
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alcohol. Figure 9c showed that even after 10 cycles of use, the efficiency of separation of
the as-prepared filter membrane was always greater than 98%, and the water content in
the filtrates was lower than 80 ppm, suggesting that the as-prepared filter membrane was
more recyclable. Furthermore, during the reusability experiment, the filtration flux did not
change appreciably, suggesting the filter membrane had excellent separation efficiency and
splendid stability (Figure 9d).

3.5. Demulsification Mechanism in Oil-in-Water and Water-in-Oil Emulsion

ZnO nanostructures had achieved both a superhydrophobicity in oil and a superoleo-
phobic property in water. As shown in Figure 10a–c, the separation mechanism could
be concluded as follows: it was due to the excellently amphiphilic property in air; the
as-prepared filter membrane was extensively wetted by the water phase when it interacted
with an oil-in-water emulsion, allowing the water phase to easily infiltrate through. The
emulsified oil droplets were then intercepted and adsorbed on the filter membrane in the
second step. Finally, oil droplets attracted and coalesced with other emulsified droplets,
allowing oil-in-water emulsions to be separated efficiently. Moreover, these water droplets
captured by the membrane during the separation process were rapidly coalesced and
demulsified to create bigger droplets (Figure 10e–g).

Figure 10. Mechanism of demulsification process of oil-in-water and water-in-oil emulsions;
(a–c) coalescence and demulsification of emulsified oil droplets; (e–g) coalescence and demulsi-
fication of emulsified water droplets; (d,h) suppositional separation process of oil-in-water and
water-in-oil emulsions.

Despite the above results and analysis, the flux change in separation process deserves
further study. The oil droplets constantly agglomerated and adsorbed to the fibers during
oil-in-water emulsion separation. As illustrated in Figure 11a,b, the oil phase was inter-
cepted to access the filter membrane’s surface. The oil–water flux through the membrane
was determined by membrane porosity, pore size, as well as pore distribution. Current
study found that relatively large pore size leads to a high separation flux. Some parts of
porous structures would be blocked by the absorbed oil droplets on the membrane, which
resulted in a decreased porosity and a shortened effective separation area of the membrane.
In other words, the oil–water separation was saturated with the duration, which signifi-
cantly decreased the oil–water separation flux. As envisioned, our results suggest that the
variations of permeation flux decreased with the increase in filtration duration. The flux
decline was in the range of 45–55% (Figure 11c). The same trend was observed during the
separation of a water-in-oil emulsion (Figure 11d–f). In addition, the fluxes in separation
process varied with the time (Figure 11c,f). As the accumulation of droplets increased on
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the surface, the pore size decreased and eventually changed the influx during the emulsion
separation process. Our observations were consistent with the previous studies with simi-
lar focuses. For example, the separation flux of membranes with different pore sizes was
reported at a range between 250 and 4300 L·m−2·h−1 [15,41]. We need to point out that
the data obtained from a single moment may not accurately describe the flux change in
the separation process. It will be more practical if we focus on a general description of the
entire separation process or the average data shown in Figures 7d and 9d. Finally, it was
needed to point out that the filter membrane could continue to adsorb emulsified droplets
even after a simple cleaning.

Figure 11. Image of metal fiber felt surface in the separation process of (a) oil-in-water emul-
sions and (d) water-in-oil emulsions; (b,e) the performance oil–water separation through one hour;
(c,f) variation of separation fluxes with each minute.

4. Conclusions

Herein, the surfaces with special wettability were achieved by ZnO nanostructures,
which could improve oil/water separation efficiency. In this study, ZnO nanostructures
were fabricated by a two-step process for the sol-gel process and crystal growth from the
liquid phase to achieve both a superhydrophobicity in oil and a superoleophobic property
in water. Our study demonstrated an excellent wettability of nanostructured stainless-steel
fiber felt. The ZnO coated filter membrane had a static underwater oil contact angle of
151.4◦ ± 0.8◦ and underoil water contact angle of 152.7◦ ± 0.6◦, respectively.

In oil–water separation, the emulsified impurities in both water-in-oil and oil-in-water
emulsion liquid were effectively intercepted to achieve an oil–water separation. The filter
material with small pores (~5 µm diameter) could separate diverse water-in-oil and oil-
in-water emulsions with a separation efficiency higher than 98%. Based on the oil–water
separation mechanism, we could predict that the blocking of filter materials was caused
by the collection of emulsified impurities. Thus, the effect of filtering quantity on the
separation efficacy was investigated to analyze the influence of impurities. The investi-
gation results showed that the filtration flux decreased with the collection of emulsified
impurities. However, the filtration flux could restore after cleaning and drying, suggesting
the recyclable nature of our strategy. The nanostructured filter material is a promising
candidate for separating both water-in-oil and oil-in-water emulsion in industry. The
proposed filter materials in this study may be repetitively used without any treatments,
secondary pollution, and low energy consumption. Therefore, our methods may have wide
application in the future.
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Abstract: The effect of a Cu2O substrate on the photoinduced alteration of the hydrophilicity of
TiO2 and ZnO surfaces was studied. It was demonstrated that the formation of heterostructures
Cu2O/TiO2 and Cu2O/ZnO strongly changed the direction of the photoinduced alteration of surface
hydrophilicity: while both TiO2 and ZnO demonstrate surface transition to superhydrophilic state
under UV irradiation and no significant alteration of the surface hydrophilicity under visible light
irradiation, the formation of Cu2O/TiO2 and Cu2O/ZnO heterostructures resulted in photoinduced
decay of the surface hydrophilicity caused by both UV and visible light irradiation. All observed
photoinduced changes of the surface hydrophilicity were compared and analyzed in terms of pho-
toinduced alteration of the surface free energy and its polar and dispersive components. Alteration
of the photoinduced hydrophilic behavior of TiO2 and ZnO surfaces caused by formation of the
corresponding heterostructures with Cu2O are explained within the mechanism of electron transfer
and increasing of the electron concentration on the TiO2 and ZnO surfaces.

Keywords: photoinduced hydrophilicity; surface energy; heterostructures; charge transfer; work
function; adsorbed water

1. Introduction

Surface wettability is an important property of modern functional materials [1,2].
The self-cleaning, anti-fogging and anti-corrosive action of photoactive coatings and pho-
tocatalytic materials is based on a light-controlled surface hydrophilicity effect [3]. The
photoinduced alteration of the surface wettability possesses a number of advantages com-
pared to other methods based on the application of electric potential, mechanical stress,
thermal or chemical action on the surface, etc. Photostimulated alteration of the surface
hydrophilicity is easily controllable, environmentally friendly, energetically beneficial, safe
and non-destructive.

Since the discovery of the effect of photoinduced superhydrophilicity for the titanium
dioxide surface [4], fundamental studies of the mechanism and key factors of the process of
the photoinduced alteration of the surface hydrophilicity are still in progress. Nowadays,
it is established that electronic photoexcitation of the coating material plays the key role
in this surface process, which is confirmed by numerous experimental data obtained by
different research groups [4–11]. Particularly, it is assumed that the trapping of photo-
generated charge carriers by active surface sites leads to further rearrangement of the
hydroxyl-hydrated layer. As a result of such reconstruction, the surface free energy (SFE)
changes. Then, the hydrophilicity of the surface changes accordingly: the higher the SFE is,
the more hydrophilic the surface becomes.

Recently, we proposed a mechanism of photoinduced hydrophilic conversion, which
includes elementary steps associated with the photoactivation and photodeactivation of
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the active surface sites responsible for the transition of the surface from one hydrophilic
state to another [5,6]. It is represented as follows:

S + h(e)→ S* k1, (1)

S* + e(h)→ S k2, (2)

S*→ H k3, (3)

H + e(h)→ S k4, (4)

H→ S k5, (5)

and a solution of the corresponding set of differential kinetic Equations (1)–(5) gives the
expression for the rate of the photoinduced hydrophilic conversion (Equation (6)):

∆H(t) = H(t)−H0 =

(
A
B

S0 −H0

)(
1− e−(

C
B )t

)
, (6)

where A = k1·k3·n1, B = k2·n2 + k3 and C = k1·k3·n1 + k2·k4·n2
2 − k3·k4·n2; ki is the rate

constant of the i-th stage; S0 is the initial concentration of the surface sites (S) acting as either
hole or electron trap; and n1 and n2 are the surface concentrations of the photocarriers
(electrons and holes), participating in activation (1) and deactivation (2) of the active
surface sites.

The direction of the photoinduced alteration of the surface hydrophilicity is deter-
mined by the sign of the ∆H(t) value: for a positive value, the surface becomes more
hydrophilic, and, for a negative value, it becomes more hydrophobic. Analyzing the kinetic
Equation (6), one can see that the rate and direction of the process on the surface of the
same material is dictated by the ratio of the concentration of photocarriers of opposite sign
(n1/n2) [5,6]. Upon photoexcitation of a solid, the ratio between concentrations of electrons
and holes can be changed by two means.

The first method is achieved by varying the spectral composition of the acting light,
namely by the photoexcitation of the material in the region of its intrinsic or extrinsic
absorption. The change in surface wettability with a change in the spectral composition of
the irradiating light has been demonstrated for various coatings [5,7,9,12–15].

The second way to change the n1/n2 ratio is to create a layered heterostructured
coating, the components of which form a type II heterostructure. In the literature on self-
cleaning materials, the formation of composite, or heterostructured, coatings is primarily
mentioned as an effective method for improving their self-cleaning properties due to the
enhanced photocatalytic oxidative ability [3,16–18]. It is well known that the formation of
the type II heterojunctions promotes the charge separation, which reduces electron–hole
recombination, thus improving the photocatalytic efficiency of such systems compared to
single photocatalysts [3,15,19–21]. At the same time, it has been shown that this approach
is also promising and productive both for fundamental studies of photoinduced super-
hydrophilicity of the surface and for application of self-cleaning coatings with controlled
wettability [5,6,22–24].

In this study, the effect of the Cu2O substrate on the photoinduced hydrophilic behav-
ior of TiO2 and ZnO thin films was studied and interpreted using the proposed approach
(Equations (1)–(6)). For this purpose, the “layer-by-layer” thin films of TiO2/Cu2O and
ZnO/Cu2O, with TiO2 and ZnO layers on the top of the sandwich-like heterostructures,
were synthesized. These pairs of photoactive metal oxides were chosen due to suitable
relative alignment of their conduction and valence band edges to form type II, staggered
heterojunctions: the conduction-band edge and the valence-band edge of cuprous oxide are
higher in energy than the corresponding band edges of either titanium dioxide or zinc oxide.
As a result, for both TiO2/Cu2O and ZnO/Cu2O heterostructures, electrons are confined
in the titanium and zinc oxides, while holes can be accumulated in Cu2O. Due to such an
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effective charge separation, the considered composite materials have already demonstrated
their high efficiency in both photoelectrochemical and photocatalytic processes [25–37].

In this study, we demonstrated that the formation of TiO2/Cu2O and ZnO/Cu2O
heterojunctions drastically changes the surface hydrophilic properties of TiO2 and ZnO
surfaces under UV irradiation. In addition, it was shown that selective photoexcitation
of Cu2O with visible light also affects the surface hydrophilicity of the TiO2 and ZnO
components due to electron transfer in heterostructures.

2. Materials and Methods

The individual ZnO and Cu2O films were formed by a sol-gel dip coating method (KSV
Nima dip coater, Espoo, Finland) on SiO2-coated glass substrates to prevent the diffusion
of sodium ions from the glass during thermal treatments. The velocity of withdrawing
from solution was 100 mm/min for all coatings.

For the copper oxide sol, 15 mL of diethanolamine (99%, Fluka, Seelze, Germany),
used as a stabilizer, were intensively stirred in 150 mL of isopropanol (99.8%, Ecos-1,
Moscow, Russia), and then 14.9 g of copper (II) acetate hydrate Cu(OAc)2·H2O (99.0%,
Vekton, Saint-Petersburg, Russia) were added at room temperature. A dark blue solution
with a concentration of 0.5 M was kept for 24 h before further procedure [38]. To form
Cu2O films, the obtained Cu(II)-containing layers were annealed at 300 ◦C on a hot plate in
a nitrogen atmosphere for 40 min.

For the zinc oxide sol, 2.5 mL of ethylene glycol (99.5%, LenReactiv, Saint-Petersburg,
Russia) and 10 g of zinc acetate dihydrate Zn(OAc)2·2H2O (99.0%, Vekton, Saint-Petersburg,
Russia) were mixed in a round-bottomed flask and heated at 100 ◦C for 15 min to obtain
a uniform transparent mixture. After cooling down to room temperature, 150 mL of
isopropanol (99.8%, Ecos-1, Moscow, Russia) and 6.4 mL of triethylamine (99.5%, PanReac
AppliChem, Darmstadt, Germany) were added to the mixture to promote the hydrolysis
of the zinc acetate. Then, 0.5 mL of glycerin (99.5%, LenReactiv, Saint-Petersburg, Russia)
were added dropwise to improve the film quality. The obtained clear and homogeneous
solution previously stirred at 60 ◦C for 1 h was aged for 24 h at room temperature [39]. The
formed ZnO layers were annealed at 280 ◦C in ambient atmosphere for 60 min.

The TiO2 thin film was formed by the atomic layer deposition (ALD) method (“Nanosurf”
installation produced by “Nanoengineering Ltd.”, Saint-Petersburg, Russia, RC “Centre for
Innovative Technologies of Composite Nanomaterials”, Research Park, Saint-Petersburg State
University) on SiO2-coated glass substrate. Titanium tetrachloride (CAS №7550-45-0, quality
level MQ200, Merck, Darmstadt, Germany) and deionized water were used as titanium
precursor and hydrolysis agent, respectively. The deposition was carried out on the substrate
at 200 ◦C.

The “layer-by-layer” TiO2/Cu2O and ZnO/Cu2O systems were formed by deposition
of TiO2 and ZnO layers, respectively, on a thin Cu2O film formed as described above.

The surface morphology and film thickness of all synthesized coatings were explored
by scanning electron microscopy (Zeiss Supra 40 VP system, Oberkochen, Germany).
The smoothness of the film surface was assessed by the AFM method. X-ray diffraction
measurements with Bruker “D8 DISCOVER” high-resolution diffractometer (CuKa X-ray
radiation, within the angle range of 20◦ ≤ 2θ ≤ 80◦ with a scanning speed 5.0◦/min,
Germany) were used for the crystal phase determination. Structural reference data were
taken from the ICSD database. The transmittance spectra were recorded in the 250–800 nm
spectral range at ambient conditions using Lambda 650S spectrophotometer (PerkinElmer,
Inc., Shelton, CT, USA). The XPS spectra were recorded using a Thermo Fisher Scientific
Escalab 250Xi spectrometer (Thermo Scientific™, Waltham, MA, USA).

Work function measurements were performed with a scanning Kelvin probe system
SKP5050 (KP Technology, Wick, Scotland) versus a golden reference probe electrode (probe
area 2 mm2). The probe oscillation frequency was 74 Hz, and the back potential was
7000 mV. Work function values were obtained by averaging 50 data points for four different
sites of each sample. Estimated experimental error does not exceed ±0.06 eV.
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The contact angle values were measured using optical tensiometer (Bioline Theta
Lite, Biolin Scientific, Gothenburg, Sweden). The surface energy was calculated by the
Owens–Wendt–Rabel–Kaelble (OWRK)/Fowkes approach using the two-liquid method
(water contact angle versus methylene iodide contact angle) [40]. Ultrapure water has
initial pH of 5.5. An experimental error of contact angle measurements was determined
using 5 data points measured at different spots of the coating and did not exceed 2◦.

The work function and contact angle were measured after each step of the surface
treatment procedure. After annealing at 200 ◦C for 30 min, the state of the film surface
is designated as “as prepared”. After wetting in the ultrapure water with pH of 5.5 and
drying at 80 ◦C, the surface state is denoted as either “after wetting” or “initial state”.
The third step was irradiation of the coatings: the surface state of the samples irradiated
by ultraviolet (UV) or visible light is mentioned as “after UV irradiation” or “after Vis
irradiation”, respectively.

The irradiation of the films by UV or visible light was carried out using 150 W Xenon
lamp (LOMO) equipped with a water filter and UV band pass (250 nm < λpass < 400 nm) or
Vis cutoff color filter (λcut = 420 nm). The irradiance was 1.19 and 12.3 mW for UV and Vis
irradiation, respectively. For all sample surfaces, the kinetics of the photoinduced water
contact angle alteration was presented as a dependence of the water contact angle on the
irradiation time.

3. Results
3.1. Surface Characterization

The analysis of experimental data obtained by XRD, XPS, SEM and AFM methods (see
the Supplementary Materials) confirmed the formation of coatings with desired structures.
Indeed, XRD patterns of metal oxide coatings indicate the presence of the corresponding
crystal phases of TiO2 (anatase), ZnO (zincite) and Cu2O (cuprite) (see Figures S1 and S2).

SEM images demonstrate that coatings were formed by closely packed nanoparticles
with average sizes about 50 nm for TiO2 and about 15 nm for ZnO (see Figures S3 and S4).
AFM data show that the roughness of the coating surfaces does not exceed ±5 nm (see
Figures S5 and S6), which indicates a nice smoothness of the surface, and, therefore, the
surface hydrophilicity of the coatings is not significantly affected by the surface profile. All
major characteristics of the prepared nanocoating surfaces are summarized in Table 1.

Table 1. Characterization of the morphology.

Sample Crystalline Phase Thickness, nm Particle Diameter, nm Smoothness, nm

TiO2 Anatase 55 50 3
TiO2/Cu2O Anatase/Cuprite 45/85 40 3

ZnO Zincite 100 15 4
ZnO/Cu2O Zincite /Cuprite 120/80 15 5

3.2. Electronic Properties of the Nanocoating Components

XPS spectra recorded in low binding energy region (see Figure 1) were used to de-
termine positions of the valence bands of the components of heterostructured coatings.
Corresponding values in vacuum scale are given in Table 2.
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2, TiO2; and 3, ZnO.

Table 2. Positions of the conduction and valence bands and band gap energies of the coating
components with respect to vacuum energy level.

Sample Ebg *, eV EVB, eV ECB, eV EF, eV

TiO2 3.2 −7.4 −4.2 −5.24
ZnO 3.3 −7.8 −4.5 −5.14

Cu2O 2.2 −6.2 −4.0 −5.04
* The Ebg values were determined using transmittance spectra of nanocoatings and corresponding Tauc plots (see
Figures S7 and S8).

The Kelvin probe method was applied to measure work function characteristics of the
nanocoatings to estimate the positions of the corresponding Fermi levels. The results of the
measurements are given in Table 2. Based on the obtained parameters, one can sketch the
energetic diagrams of the components forming heterostructured nanocoating, particularly,
assuming that energy level of the bottom of conduction band (ECB) is a sum of the energies
corresponding to the top of the valence band (EVB) and optical band gap energy (Ebg) of
the corresponding components:

ECB = EVB + Ebg (7)

The corresponding energy diagrams of the semiconductor components forming the
heterostructured nanocoatings including Fermi level positions are presented in Figure 2.

According to the energy diagrams shown in Figure 2, the formation of Cu2O/TiO2
and Cu2O/ZnO heterostructures should result in electron transfer from Cu2O to either
TiO2 or ZnO, both in the dark and under photoexcitation.
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Figure 2. Energy diagrams of the positions of the top of the valence bands and the bottom of
the conduction bands and Fermi level positions of the individual components of the heterostruc-
tured coatings.

3.3. Effect of Light Irradiation on the Photoinduced Hydrophilicity of Heterostructured
Nanocoating Surfaces

Electron transfer from Cu2O to either TiO2 or ZnO in the dark caused by formation of
the corresponding heterostructures should lead to the establishment of new equilibrium
states of the heterostructures characterizing by new Fermi level positions located between
the Fermi level positions of the individual components. Experimental data of new Fermi
level positions of Cu2O/TiO2 and Cu2O/ZnO heterostructures indicate a successful for-
mation of heterostructures (see Figure 2 and the experimental data in Table 3). The effect
of photoinduced alteration of the surface hydrophilicity of nanocoatings was studied for
strongly hydrated surface. As noted in the Experimental Section, such state of the surface
is characterized by good reproducibility and considered as the “initial” surface state for
studies of photostimulated alteration of the surface hydrophilicity.

Table 3. Work function values (WF) after different treatments for all studied coatings.

Coatings WF, eV
as Prepared

WF, eV
after Wetting

WF, eV after
UV-Irradiation

WF, eV after Vis
Irradiation

Cu2O 5.04 4.94 4.99 5.14
TiO2 5.24 6.79 5.40 6.92

TiO2/Cu2O 5.17 5.64 4.59 4.98
ZnO 5.14 5.49 4.99 5.64

ZnO/Cu2O 5.09 5.35 5.06 5.36

Particularly, strong surface wetting leads to alteration of the work function values due
to the formation of the multi-layered hydroxyl-hydrated structure of adsorbed water on
the surfaces. As evident from experimental data, the effect of surface wetting decreases
as follows: TiO2 > TiO2/Cu2O > ZnO > ZnO/Cu2O > Cu2O. That indicates that the
most significant interaction between adsorbed water and metal oxide surface resulting in
formation of the surface dipole moment affecting work function takes place on the TiO2
surface, while the Cu2O surface is practically unaffected by wetting.

Irradiation of the “initial” state of the coating surfaces with either UV or visible light
results in alteration of the surface hydrophilicity (see Figures 3 and 4). To observe the effect
of Cu2O substrate on photoinduced alteration of the surface hydrophilicity of TiO2 and
ZnO, the kinetics of water contact angle alteration measured for heterostructured coating
are compared with the corresponding kinetics for pristine TiO2 and ZnO coatings.
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As evident from the presented dependencies, both TiO2 and ZnO single component
coatings demonstrate a surface conversion to superhydrophilic states under UV irradiation
and no significant alteration of the surface hydrophilicity under visible light irradiation.
However, the presence of the Cu2O substrate in the heterostructured coatings drastically
changes the photoinduced hydrophilic behavior of both TiO2 and ZnO surfaces. Indeed,
under UV irradiation, both surfaces do not demonstrate any tendency to transform to
superhydrophilic state.

Conversely, both surfaces show decrease of the surface hydrophilicity: stronger for
TiO2 and weaker for ZnO. At the same time, a pronounced decrease of the surface hy-
drophilicity is also observed under visible light irradiation for both surfaces when neither
TiO2 nor ZnO is photoexcited but Cu2O only (see data on their band gaps in Table 2). In
general, a main reason and a driving force for alteration of the surface hydrophilicity is the
alteration of the surface energy. Therefore, we estimated the total surface energy and its
polar and dispersion components using the “two-liquid” approach. The corresponding
values of the total surface free energy and its polar and dispersion components for the
“initial” surface states of the heterostructured coatings and ZnO and TiO2 coatings and
after UV and visible light irradiation are presented in Table 4. The graphical presentation
of the tendencies of SFE alteration caused by irradiation is shown in Figures S9–S11.

93



Nanomaterials 2021, 11, 1526

Table 4. Total (t), polar (p), and dispersive (d) surface free energies (SFE) for all coatings studied after
different treatments.

SFE, mJ/m2 After Wetting After UV Irradiation After Vis Irradiation

t p d t p d t p d

TiO2 73.4 42.9 31.4 79.7 47.3 32.4 74.1 42.5 31.6
TiO2/Cu2O 74.4 41.6 32.8 56.3 30.3 26 67.8 42.9 24.9

ZnO 74.0 46.2 27.8 78.3 44.2 34.1 71.5 45.4 26.1
ZnO/Cu2O 75.3 44.2 31.1 73.7 47.2 26.5 71.4 39.6 31.8

Thus, as evident from the presented data, the transformation of TiO2 and ZnO surfaces
to superhydrophilic state caused by UV irradiation is accompanied by an increase of the
total surface free energy with a major impact from its polar component for TiO2 and from its
dispersive component for ZnO, while visible light irradiation induced only minor alteration
of the total surface free energy and its components, which results in very weak changes
in the surface hydrophilicity. At the same time, the surfaces of both Cu2O/TiO2 and
Cu2O/ZnO heterostructured coatings demonstrate a significant decay of the total surface
energy caused by both UV and visible light irradiation, resulting in a decrease of the surface
hydrophilicity. Note that the impact of the alteration of polar and dispersive components
on changes of the total surface energy and surface hydrophilicity for heterostructured
coatings is different for ZnO and TiO2 surfaces and depends on the spectral region of
photoexcitation. Indeed, UV irradiation of the Cu2O/TiO2 system results in decay of both
polar and dispersive components of TiO2 total surface energy, while, for Cu2O/ZnO, the
major impact on the surface energy decay originates from the decrease of the dispersive
component, which completely compensates the slight increase of the polar component. At
the same time, visible light irradiation (resulting in photoexcitation of Cu2O only) causes
mainly the decrease of the dispersive component for Cu2O/TiO2 heterostructure and the
decay of the polar component for Cu2O/ZnO system.

In turn, the alteration of the work function values induced by either UV or visible light
irradiation (see Table 3 and Figure S12) demonstrates strong decrease of the work function
for Cu2O/TiO2 coating and practically no significant alteration for Cu2O/ZnO system.

4. Discussion

Both Cu2O/TiO2 and Cu2O/ZnO systems represent type II heterostructures, which
provides a condition for charge separation at the corresponding heterojunctions, particu-
larly, electron transfer from Cu2O to either TiO2 or ZnO (see Figures 5 and 6).
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Consequently, both UV and visible light irradiation of heterostructures results in
the increase of the electron concentration compared to the concentration of holes in both
TiO2 and ZnO. According to our proposed model described in the Introduction (see
Equations (1)–(6)), the alteration of the ratio between electrons and holes at the surface,
n1/n2, can result in a significant alteration of the surface hydrophilicity and turn it, particu-
larly, from a more hydrophilic state to a less hydrophilic state. Therefore, we may conclude
that a higher concentration of electrons on the TiO2 and ZnO surfaces induced by electron
transfer from Cu2O results in the surface transformation to a less hydrophilic state.

Remarkably, the formation of Cu2O/TiO2 and Cu2O/ZnO heterostructures also
strongly affects the surface free energy behavior under their photoexcitation. Indeed,
UV irradiation of the individual TiO2 and ZnO surfaces leads to an increase of the SFE and,
particularly, its polar component, which is a main reason for the surface transformation
to the superhydrophilic state. However, photoexcitation of heterostructures and electron
transfer from Cu2O to either TiO2 or ZnO results in the decay of the total SFE and its polar
component. This observation may indicate that excess of electrons at the coating surfaces
can destroy the order of the hydroxyl-hydrated multi-layer structure of adsorbed water
and, thus, decrease the total surface energy of the system, resulting in a decreasing of the
surface hydrophilicity. This conclusion was confirmed by the effect of visible light irradia-
tion when only the Cu2O component of the heterostructures was excited, and, therefore,
only electron transfer from Cu2O to TiO2 and ZnO components could affect both SFE and
surface hydrophilicity. Photoinduced destruction of the order in the hydroxyl-hydrated
multi-layer structure of adsorbed water is also (indirectly) confirmed by the decrease of
the work function of the heterostructures under irradiation, which might be caused by a
decrease of the surface dipole moment due to the disorder of the adsorbed water structure
in the hydroxyl-hydrated multilayer.

Summing up, we may conclude that the electron transfer realized in Cu2O/TiO2 and
Cu2O/ZnO heterostructures under photoexcitation leads to an increase of the concentration
of electrons on the TiO2 and ZnO surfaces that causes a higher disorder in the hydroxyl-
hydrated multi-layer structure of the adsorbed water, thus resulting in the decay of the SFE
and the surface hydrophilicity.

5. Conclusions

We demonstrated the effect of Cu2O substrate on the effect of the photoinduced
alteration of the surface hydrophilicity of TiO2 and ZnO surfaces under both UV and
visible light irradiation. Particularly, it was shown that under UV light both surfaces can
be transformed to the superhydrophilic state, while both UV and visible light irradiation of
the heterostructured coating results in a decrease of the surface hydrophilicity. This effect of
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the Cu2O substrate on the photoinduced hydrophilic behavior of TiO2 and ZnO surfaces is
explained in terms of charge separation at corresponding heterojunctions and enrichments
of TiO2 and ZnO surfaces with electrons transferred from Cu2O. Consequently, we may
conclude that an increase of the free electron concentration on the surface of both TiO2 and
ZnO leads to the decay of their surface hydrophilicity. Thus, the purposeful formation of a
certain type heterostructures may help to control the surface hydrophilicity at the desired
level and the direction of its photostimulated alteration.
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heterostructured coating and its components, Figure S8: Tauc plots for 1 – Cu2O, 2 – ZnO, and
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Figure S10: Alteration of the SFE polar component caused by irradiation with visible and UV light,
Figure S11: Alteration of the SFE dispersive component caused by irradiation with visible and UV
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Abstract: Nitrogen-doped ZnO (ZnO:N) thin films, deposited on Si(100) substrates by RF magnetron
sputtering in a gas mixture of argon, oxygen, and nitrogen at different ratios followed by Rapid
Thermal Annealing (RTA) at 400 ◦C and 550 ◦C, were studied in the present work. Raman and
photoluminescence spectroscopic analyses showed that introduction of N into the ZnO matrix
generated defects related to oxygen and zinc vacancies and interstitials. These defects were deep
levels which contributed to the electron transport properties of the ZnO:N films, studied by analyzing
the current–voltage characteristics of metal–insulator–semiconductor structures with ZnO:N films,
measured at 298 and 77 K. At the appliedtechnological conditions of deposition and subsequent RTA
at 400 ◦C n-type ZnO:N films were formed, while RTA at 550 ◦C transformed the n-ZnO:N films to
p-ZnO:N ones. The charge transport in both types of ZnO:N films was carried out via deep levels in
the ZnO energy gap. The density of the deep levels was in the order of 1019 cm−3. In the temperature
range of 77–298 K, the electron transport mechanism in the ZnO:N films was predominantly intertrap
tunneling, but thermally activated hopping also took place.

Keywords: RF magnetron sputtering; ZnO:N thin films; Raman spectroscopy; photoluminescence
spectroscopy; electrical characteristics; charge carrier transport properties

1. Introduction

Zinc oxide possesses remarkable optical and semiconductor properties, such as a
direct wide gap around 3.3 eV at room temperature and a large exciton binding energy
of about 60 meV [1]. Because of these properties, ZnO has huge prospects in applications
such as optoelectronic devices [2], homojunction LEDs [3,4], solar cells [5], sensors [6,7],
and other devices and structures. However, the use of ZnO films in these applications
requires the ability to control the majority-carrier type and concentration. An asymmetry
exists between n- and p-type doping of ZnO thin films. While it is possible to prepare
stable n-type ZnO films even without the introduction of donor dopants during the ZnO
film deposition, obtaining p-type ZnO film requires thermal activation of acceptor dopants
incorporated into the ZnO film during its deposition [8]. In some cases, an additional
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problem is the subsequent transformation of the p-type ZnO films into n-type ZnO films [9].
This is why producing stable and qualitative p-type ZnO films is still a challenge facing the
technologies of the above-listed devices and structures.

Much effort has been made to obtain p-type ZnO films by applying different advanced
deposition methods [10–14] and introducing different elements into ZnO as additives [15].
Among the acceptor dopants, nitrogen is considered themost promising [9]. The nitrogen
atom possesses three 2p valence electrons, while the oxygen atom has four 2p valence
electrons. The size of the nitrogen atom and the energy of the N 2p valence electrons are
closest to the corresponding values of the oxygen atom [16]. Therefore, one might expect
the replacement of some O anions in the anion sublattice with N anions and the formation
of shallow acceptor levels in the ZnO energy gap. However, to prepare a stable p-type
ZnO film by N doping is rather difficult due to the low solubility of nitrogen, and thus
the low concentration of holes in the films. Another obstacle to effective p-type doping
via the replacement of O by N in the anion sublattice is the simultaneous generation of
shallow and deep donor-type defects in the ZnO energy gap, such as oxygen vacancies in
the O sublattice, VO, and zinc interstitials, Zni [17–19], which leads to self-compensation of
N acceptors in ZnO [20]. Difficulties in the preparation of p-type ZnO films have provoked
interest in the studies of ZnO heterojunctions, mainly ZnO–Si heterojunctions. The purpose
of these investigations is to expand the applications of ZnO thin films in photoelectron
devices and structures, especially in solar cell structures.

Zinc oxide is also the subject of our research. As a pathway for ZnO thin film deposi-
tion, we applied a radio frequency (RF) magnetron sputtering technique. This deposition
technique combines the relative easiness of both nitrogen doping of the growing layers
by the simple introduction of N2 into the process chamber with control of the deposition
parameters (such as gas pressure, substrate temperature, scattering power, and deposition
rate). The ability to precisely maintain these parameters during film deposition determines
the reproducibility and efficiency of this method. Because of this, RF magnetron sputtering
is one of the most widely used methods for thin-film deposition. In order to improve the
properties of our ZnO:N films, we applied postdeposition rapid thermal annealing (RTA) in
a nitrogen atmosphere at different temperatures. The choice of RTA was due to the fact that
it is more technologically relevant than conventional thermal treatments that take much
longer and are more highly energy consuming. Moreover, during the RTA process, nitrogen
release from the ZnO:N layer is less probable. It has been shown that the RTA method is a
particularly suitable method for improving the structural, optical, and electrical properties
of ZnO films [21,22].

In order to use nitrogen-doped ZnO films in ZnO homo- and heterojunctions and/or
as transparent conductive oxide films, a detailed characterization of their structural, opti-
cal, and electrical properties is required. It is particularly important to understand, and
hence to tailor, the charge transfer processes in these materials. Accordingly, detailed
structural studies including X-ray Diffraction (XRD), Transmission Electron Microscopy
(TEM), Atomic Force Microscopy (AFM), and Scanning Electron Microscopy (SEM) were
preliminarily conducted on the RF-sputtered N-doped ZnO films [23–25]. We established
that RTA treatment in N2 at moderate temperatures essentially improves the crystalline
state of the ZnO films, magnetron sputtered onto crystalline silicon [23], or fused silica [24]
substrates, yielding a polycrystalline columnar structure with nanocrystallites of 9–13 nm,
preferentially oriented in the (002) direction. In these studies, the ZnO films were deposited
in a gas mixture of Ar:O2:N2 = 50:40:10 and at a total pressure of 0.66 Pa (5 m Torr). Further,
we collected the same measurements as mentioned above on ZnO films deposited under
increased amounts of N2 and a constant amount of Ar. It was established that variation of
the Ar:O2:N2 mixture to 50:25:25 and 50:10:40 weakly affected the films’ crystallinity and
surface morphology (the root-mean-square roughness values being lower than 5 nm), but
influenced the optical properties [25], and hence alteration in the electrical properties is
also expected.
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The main purpose of the present research was to investigate the electrical properties of
RF magnetron-sputtered nitrogen-doped ZnO films and to elucidate the charge transport
mechanism in these films. There are few data in the literature concerning the charge carrier
transport through N-doped ZnO films and, peculiarly, the charge transport parameters.
For this purpose, we prepared Al–ZnO:N–Si–Al structures and their electrical properties
were studied in detail. In addition, Raman and Photoluminescence (PL) measurements
were carried out, aiming to establish the origin and nature of the deep levels associated with
inherent defects in the polycrystalline ZnO:N films. This could shed more light on electron
transitions and charge carrier transport involving N-induced defective centers. The final
goal of the research was elucidation of the electron transport properties of zinc-oxide-
based films, which would expand their application area in optoelectronics, for example as
transparent ZnO:N n-p homojunctions.

2. Materials and Methods
2.1. Film Preparation

The nitrogen-doped ZnO thin films were deposited by RF magnetron sputtering em-
ploying Nordiko RFG-2500 equipment (Nordiko Technical Service Ltd., Havant, Hampshire,
United Kingdom). Commercially available zinc nitride target (Testbourne Ltd., Basingstoke,
Hampshire, UK), Zn:N = 1:1, purity 99.9%, 6 in diameter ×0.25 in thick) was sputtered in a
gas mixture of Ar, O2, and N2 onto p-type Si(100) substrates with specific resistivity over
100 Ω cm. In general, the substrates never occupied an area bigger than ~12 cm2 on the
holder. The distance between the target and substrates was 11 cm.

The substrates were ultrasonically cleaned in acetone and isopropanol, rinsed in deion-
ized water, and dried in flowing nitrogen gas. The native oxide on the Si surface was
etched in HF solution before the substrates were introduced into the sputtering system.
After reaching the base pressure of 1.33 × 10−5 Pa (10−7 m Torr) and prior to deposition,
the target was presputtered for at least 15 min (Ar plasma, 0.66 Pa (5 m Torr), 100 W
RF power) to remove any contaminants from the target surface and to enable equilib-
rium conditions to be reached. The RF power was kept at 100 W. The sputtering was
carried out at a total pressure of 0.66 Pa (5 m Torr) in a gas mixture of Ar:O2:N2, keeping
Ar constant at 50% and varying the ratio of O2 and N2 percentages: (i) O2:N2 = 40:10,
(ii) O2:N2 = 10:40, and (iii) O2:N2 = 25:25. During deposition, no external heating was
applied to the substrates. At the given technological conditions, the deposition rate of the
ZnO films was 0.83 nm/min for the films made in the oxygen-rich plasma and 0.32 nm/min
for the films made in oxygen-deficient plasma.

After deposition, and following our previous investigations concerning postdeposition
annealing conditions as mentioned above [23–25], the ZnO:N samples were subjected to
RTA at temperatures of 400 ◦C and 550 ◦C for 1 min in N2 atmosphere. The annealing
temperature of 550 ◦C was not exceeded in order to avoid any possible release of nitrogen
from the structure of the films [26].

The denotations of the ZnO:N–Si samples prepared under different technological
conditions are presented in Table 1. In the table, we have included the thicknesses of the
corresponding films, which were determined with an accuracy of ±0.2 nm from the spectral
ellipsometric measurements. The scatter of the as-deposited films’ thickness resulted mainly
from the low deposition rates and different sputtering durations. It should be pointed
out that the thickness uniformity of the films deposited on given Si samples was ~96%, as
established by the ellipsometric mapping [25].
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Table 1. Technological conditions and corresponding sample number of ZnO:N films with the given
layer’s thickness.

ZnO:N Sample
Number

Gas Mixture of
Ar:O2:N2(%)

RTA Temperature
(◦C)

ZnO:N Film
Thickness (nm)

1.1
50:40:10

as-deposited 214.8
1.2 400 183.8
1.3 550 185.7

2.1
50:10:40

as-deposited 206.6
2.2 400 180.7
2.3 550 202.2

3.1
50:25:25

as-deposited 106.4
3.2 400 127.0
3.3 550 124.4

The bandgap energy values of ZnO:N films deposited under the same technological
condition as were used in the present work have been determined from the ellipsometric
data analysis published elsewhere [25]. It was found that for the as-deposited ZnO:N
films, the bandgap energy value was 3.25 ± 0.025 eV, while for the 400 ◦C and 550 ◦C RTA
samples there was a slight reduction toward 3.20 ± 0.025 eV. These optical bandgap energy
values are in good agreement with the literature reports [17,19,27,28].

2.2. Characterization Methods

Raman scattering spectra of the films were recorded on a complex configuration Bruker
Vertex 70 FTIR/FT-Raman instrument (Bruker, Ettlingen, Germany). The spectrometer
equipped with a RAM II module using a Nd:YAG laser (1064 nm) with variable power
(1–500 mW) and LN2 cooled Ge detector. The Fourier-transform Raman spectra were
registered between 200 and 600 cm−1 with 512 scans and 4 cm−1 spectral resolution, and a
laser power of 1 mW.

The photoluminescence (PL) measurements were carried out on a Carry Eclipse
(Agilent Technologies, Melbourne, Australia), fluorescence spectrometer, with the slits set
at 20 nm. The photoluminescence at room temperature was excited by the 325 nm line from
a Xe bulb lamp. The PL spectra were taken with a scan rate of 120 nm/min and spectral
resolution of 0.5 nm.

The electrical measurements were conducted on metal–ZnO:N–silicon capacitors
(further denoted as metal–insulator–semiconductor (MIS) structures) formed by vacuum
thermal evaporation of Al dots with 1.96 × 10−3 cm2 area onto the ZnO top surface through
a metal mask, while continuous Al film was evaporated as a contact to the silicon backside.

The electrical properties of the MIS structures were examined from the current–voltage
(I–V) characteristics, measured in two ways. In the first way, the I–V characteristics were
automatically measured at room temperature in a dark chamber using a Keithley 4200 Semi-
conductor Characterization System with a ramp rate of 0.1 V/s. In the second way, the
I–V curves were measured point by point with a cycle sequence starting from 0 V toward
negative or positive voltages, with maximal amplitude applied to the top Al–dot contact
followed by a voltage reversal toward zero voltage. The first measurement cycle starting
from zero up to maximal applied voltage, Va, is denoted further as the initial stage. The
duration of each measurement cycle was approximately 20–25 min. This kind of I–V mea-
surement was applied to samples 2.1 and 2.3 at temperatures of 298 and 77 K. In this way,
the presence and behavior of deep levels in the ZnO:N films could be examined and their
concentrations determined.

In addition, the impedance of the MIS structures with ZnO layers 2.1 and 2.3 was
measured at room temperature with a Tesla BM-507 impedance meter (TESLA, Praha,
Czechoslovakia) applying test voltage frequencies in the range of 0.5–500 kHz. Herein, we
consider only the parallel conductance, Gm, values, calculated from the measured |Zm|
and ϕm quantities using the expression Gm = cos(ϕm)/|Zm|.
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3. Results and Discussion

The structural and morphological properties of the ZnO:N films (Table 1), as well as
their chemical compositions, were reported in our previous papers [23–25]. XRD investiga-
tions revealed that all ZnO:N films were crystallized in a hexagonal ZnO wurtzite phase
(JCPDS data card 36-1451), (002) oriented, and exhibited an improvement in crystallinity
after RTA. There was no noticeable change in the XRD patterns induced by the variation of
the nitrogen content in the sputtering reactor atmosphere during ZnO:N film deposition,
but the values of the crystallite size, estimated using the Scherrer formula, increased with
the RTA temperature and with N2 content in the sputtering atmosphere, from 14.4 nm
(10% N2) to 15.7 nm (40% N2) for the ZnO:N films after RTA at 550 ◦C [25]. From a
topographic point of view, all ZnO:N–Si samples (Table 1) showed a homogeneous distri-
bution of small and rounded superficial grains, with an average diameter in the range of
40–70 nm, all surfaces being smooth, with a root-mean-square (RMS) roughness of lessthan
5 nm. From TEM investigations, it was found that the morphology of the ZnO:N films was
columnar, with the grain column axis oriented nearly parallel with the hexagonal <001>
axis of the ZnO structure. The columnar structures had variable diameters from 10 nm at
the bottom to 50 nm at the top (for the films sputtered under 40% nitrogen), so that the
surface had larger grains which were well faceted, as seen by AFM. The columns of the
as-deposited films contained a lot of defects and pores which diminished after RTA. The
presence of the nitrogen inside the ZnO:N films was not detected by XRD analysis due to
its very small amount, but was evidenced in Energy-dispersive X-ray spectroscopy (EDX)
observations conducted in a ratio of 1/6 (nitrogen/oxygen) for the films deposited on Si,
regardless of the RTA treatment. However, the presence of nitrogen was clearly pointed
out by X-ray photoelectron spectroscopy (XPS) in the RTA samples only as zinc nitride
and diluted zinc oxynitride, as reported previously [23,24]. Nevertheless, the uniformity of
thickness deposition, determined by ellipsometric mapping, was found to be around 96%
for the ZnO:N films deposited on silicon [25].

3.1. Analysis of FT-Raman Spectra

In Figure 1, as a representative illustration, the Raman spectra of the ZnO:N film
deposited in gas mixture of Ar:O2:N2 = 50:10:40, (sample 2.1) and RT annealed at 550 ◦C
(sample 2.3) are given. The nonsymmetrical shape of the Raman peaks is due to the multiple
contributions from the polycrystalline nature of the ZnO:N [25]. The vibrational bands of
Si–Si bonds are also indicated, appearing as a strong peak at 523 cm−1 and as a weak and
broad peak in the 303–308 cm−1 spectral range. The kind and position of the observed
vibrational modes of ZnO:N films in dependence on the oxygen/nitrogen content and RTA
temperature are summarized in Table 2.

Pure, crystalline ZnO has eight sets of optical phonon modes at the Γ point in the
Brillouin zone, Γopt, expressed as Γopt = A1+ E1 (IR, R) + 2E2 (R) + 2B1 [29]. The A1 and E1
modes are both Raman and infrared active and split into transverse optical (TO) and longi-
tudinal optical (LO) phonon modes. The E2 modes are Raman active and nonpolar at low-
(E2

(low)) and high-frequency (E2
(high)) phonon modes. The E2

(low) mode involves mainly
Zn sublattice motion while E2

(high) is associated with the vibration of oxygen atoms [30].
There are also two B1 modes, B1

(low) and B1
(high), which are inactive Raman modes but can

be activated by introducing defects or by doping with other elements [29,31,32].
The recorded FT-Raman spectra exhibited the state of molecular Zn–O bonds in the

ZnO:N films under changing technological conditions. The increase of the peaks’ inten-
sity after RTA treatment implies the increase of defects related to O and Zn vacancies
and interstitials. The bands that appeared at 230–240 cm−1 and 330 cm−1 correspond
to (2TA and 2E2

(low)) and E2
(high)-E2

(low), respectively, and are assigned to the contribu-
tion of second-order vibrations, two-phonon modes which become activated in thin films.
The peak around 377 cm−1 was identified as the A1(TO) mode, which indicates the dis-
placement of Zn2+ and O2− ions parallel to the c-axis, near the center of the Brillouin zone
(Γ point) [30,33,34]. In comparison to the pure crystalline ZnO, the position of the wide

103



Nanomaterials 2022, 12, 19

E2
(high) peak at 410–420 cm−1 was significantly shifted in the doped ZnO:N films, indicating

that nitrogen doping mainly affected the oxygen bonds. The peak at 550 cm−1 was assigned
to the inactive A1(LO) mode, activates by introducing defects or by doping with other
elements [25,31–33]. The observed peak at 590 cm−1 was attributed to the E1(LO) mode
that appeared due to oxygen vacancies VO, zinc interstitials Zni, and free carriers [35,36]
existing in the analyzed ZnO films. The Raman study proved that the incorporation of
nitrogen into the films caused disordering of the ZnO lattice. Considering that the spectra
were taken with a resolution of 4 cm−1, the close positions of the corresponding peaks
indicated similar structure and chemical bonding. The exceptions were the peaks around
402–412 cm−1, confirming that the change in the oxygen/nitrogen ratio in the Ar:O2:N2
mixture predominantly affectedthe oxygen bonds in the ZnO lattice.
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Figure 1. Representative Raman spectra of ZnO:N films, deposited in a gas mixture of
Ar:O2:N2 = 50:10:40 (sample 2.1) and after RTA at 550 ◦C (sample 2.3).

Table 2. Position of the Raman phonon modes in the ZnO:N thin films.

Gas Ratio of Ar:O2:N2 (%) RTA Temperature
(◦C)

Raman Molecular Vibration Modes
(cm−1)

50:40:10
as-deposited 221 332 373 411 555 589

400 224 338 377 415 555 590
550 234 334 378 409 557 595

50:25:25
as-deposited 237 336 376 412 553 594

400 233 329 372 402 552 590
550 236 330 376 418 551 593

50:10:40
as-deposited 236 330 376 402 552 593

400 238 335 375 407 554 591
550 239 337 376 411 550 595

3.2. Photoluminescence Analysis

In general, in the PL spectra of ZnO films, two emission bands can be observed: one is
in the UV region within the 361–369 nm range and the second band is in the visible range
of 450–550 nm [32,37]. As the excitation source (Xe bulb lamp) was not intense enough to
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excite the transitions associated with the optical band gap energy, the first characteristic
band was not observed. In Figure 2, typical PL spectra in the spectral range of 400–560 nm
are presented for a ZnO:N film deposited in gas mixture of Ar:O2:N2 = 50:10:40 (sample 2.1)
and after RTA annealing at 550 ◦C (sample 2.3).
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Figure 2. Representative PL spectra of the ZnO:N films deposited in a gas mixture of
Ar:O2:N2 = 50:10:40: (a) as-deposited (sample 2.1) and (b) after RTA at 550 ◦C (sample 2.3).

The representative PL spectra of the studied ZnO:N films were characterized by a
weak band around 455–460 nm and more strong and broad bands around 412 nm and
500 nm. Due to the broad PL peaks, their locations were difficult to resolve accurately.
For·this reason, we tried to find the Gaussian components until the best fit was achieved.
The dominant 500 nm band was deconvoluted into two Gaussian components as the peaks
were situated around 490 and 524 nm.

The emission peak from the band-to-band recombinations was expected to appear
around 382 nm, the wavelength corresponding to the bandgap energy (3.25 ± 0.025 eV)
of our ZnO films. However, in the measured PL spectra, the emission peak was centered
within the 410–420 nm region, and hence it originated most probably from defect states
close to the ZnO bandgap edges. Previous research suggests that zinc interstitial defects,
Zni, creating shallow states underneath the conduction band edge, are a possible reason for
the appearance of this PL peak [38]. The emission peak at ~490 nm (2.53 eV) was a typical
blue green emission of ZnO, which may be attributed to a high density of point defects such
as zinc vacancy, VZn, oxygen vacancy, VO, and interstitial oxygen, Oi, in the polycrystalline
structure of ZnO [39]. The green emission peak at ~525 nm (2.36 eV) resulted from radiative
recombination of holes with electrons at the singly ionized intrinsic oxygen vacancies [40,41].
These kinds of defects are deep levels, which contribute to the electron transport properties
and were considered further at the data analysis of electrical measurements.

The positions of emission peaks obtained by Gaussian deconvolution of the PL spectra
of ZnO:N films are summarized in Table 3. It can be observed that for the as-deposited
films, the increase of the nitrogen content from 10 to 40% resulted in a shift of the Gaussian
peaks’ position from 493 nm and 524 nm to 498 nm and 530 nm, respectively. This could
be attributed to the increased defect generation and disordering of the ZnO lattice by
nitrogen doping, as detected by the Raman measurements above. During heat treatment,
these defects were partially annealed and, as a consequence, the Gaussian peaks moved to
smaller wavelengths with increasing RTA temperature.
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Table 3. The positions of the PL Gaussian emission peaks of the ZnO:N films.

Gas Ratio of
Ar:O2:N2

(%)
RTA Temperature (◦C)

Blue Green
Spectral Range

(nm)

Green
Spectral Range

(nm)

50:40:10
as-deposited 493 524

400 497 522
550 497 525

50:25:25
as-deposited 495 527

400 495 523
550 495 522

50:10:40
as-deposited 498 530

400 496 525
550 490 524

The above Raman and PL measurements show that inherent structural defects and
N-induced defect centers were present in the ZnO films. These can be associated with
localized states in the energy gap of ZnO, which are traps for electric charge carriers.
For example, it has been established that the dominant defect centers of oxygen vacancy
(PL peak at ~ 492 nm) develop deep energetic levels of 1.4 eV for electrons and 1.6 eV for
holes in the ZnO bandgap [42].

3.3. Electric Charge Transport Properties

In order to prove the role of deep levels in the conduction mechanism and to study the
current via these deep levels, we conducted a detailed study of the I–V characteristics of the
MIS structures formed with the ZnO:N films. The I–V characteristics of the MIS structures
with the ZnO:N films, automatically recorded at room temperature, are summarized in
Figure 3. A schematic representation of the studied MIS structures is shown as the lower
left inset in Figure 3a.
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to smaller wavelengths with increasing RTA temperature. 

The above Raman and PL measurements show that inherent structural defects and 
N-induced defect centers were present in the ZnO films. These can be associated with 
localized states in the energy gap of ZnO, which are traps for electric charge carriers. For 
example, it has been established that the dominant defect centers of oxygen vacancy (PL 
peak at ~ 492 nm) develop deep energetic levels of 1.4 eV for electrons and 1.6 eV for holes 
in the ZnO bandgap [42]. 

Table 3. The positions of the PL Gaussian emission peaks of the ZnO:N films. 

Gas Ratio of 
Ar:O2:N2 

(%) 
RTA Temperature (°C) 

Blue Green 
Spectral Range 

(nm) 

Green  
Spectral Range 

(nm) 

50:40:10 
as-deposited 493  524  

400 497  522  
550 497  525  

50:25:25 
as-deposited 495  527 

400 495  523  
550 495  522 

50:10:40 
as-deposited 498  530  

400 496  525 
550 490  524  
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Figure 3. Automatically recorded I–V characteristics of MIS structures with ZnO:N films, deposited 
at different gas ratios: Ar:O2:N2 = 50:40:10 (a), Ar:O2:N2 = 50:10:40 (b), and Ar:O2:N2 = 50:25:25 (c). 
The corresponding sample numbers are given in the insets. The lower left inset in (a) shows the 
schematic structure of the measured samples. 

Figure 3. Automatically recorded I–V characteristics of MIS structures with ZnO:N films, deposited
at different gas ratios: Ar:O2:N2 = 50:40:10 (a), Ar:O2:N2 = 50:10:40 (b), and Ar:O2:N2 = 50:25:25 (c).
The corresponding sample numbers are given in the insets. The lower left inset in (a) shows the
schematic structure of the measured samples.

In the case of as-deposited ZnO:N films (samples 1.1, 2.1, and 3.1) and those after RTA
treatment at 400 ◦C (samples 1.2, 2.2 and 3.2), the current at positive voltages applied to the
top Al-dot electrode was higher than the current in the case of negative voltage applied
to the same contact. These MIS structures had diode-like properties. At absolute voltages
of 8–10 V, the rectification ratios were ~4600, 7055, and 2500 for the as-deposited films
obtained at 10%, 25%, and 40% N2 in the gas mixture, respectively. This ratio decreased
after 400 ◦C RTA but still remained in the order of 103. The strongest rectification effect was
observed in ZnO:N films grown at 25% N2 in the gas mixture. The existence of asymmetry
between the currents at positive and negative voltage values confirms the formation of
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n-ZnO–p-Si heterojunction. From these observations, it follows that the nitrogen-doped
ZnO films were initially n-type and remained n-type after 400 ◦C annealing. In the case
of the films deposited at gas ratios of Ar:O2:N2 = 50:40:10 and Ar:O2:N2 = 50:25:25, the
comparison of the measured I–V curves of the as-deposited ZnO:N films with those of
the corresponding ones after RTA at 400 ◦C showed close current values, which suggests
similar concentrations of the N dopants.

For the samples after RTA at 550 ◦C (Figure 3, samples 1.3, 2.3, and 3.3), the current
through the ZnO film was higher when negative voltage was applied to the top Al-dot
electrode. The asymmetry between the currents at positive and negative voltage values
was less pronounced, which was expressed in considerably smaller rectification ratios. At
absolute voltages of 8–10 V, their values were 230, 534, and 24 for the films deposited at
10%, 25%, and 40% N2 in the gas mixture, respectively. These results imply that RTA at
550 ◦C transformed the nitrogen-doped ZnO films to p-type ZnO ones. In accordance
with the Anderson heterojunction rule, the ZnO valence band offset at the p-ZnO–p-Si
was close to 2.6 eV [17]. Because of this valence band offset, the contribution of holes in
the p-Si to the forward current in the p-ZnO–p-Si MIS structure was negligible. Therefore,
the forward current in these films was accompanied by electron-hole generation at the
p-ZnO–p-Si interface.

It is known that acceptor dopants introduced into ZnO films are self-compensated by
donor localized states generated in the ZnO lattice during the dopants’ incorporation in
ZnO [20,43]. From the results in Figure 3, we can conclude that during RTA at 550 ◦C, the
concentration of donor-like defects decreased in the ZnO:N films in such a way that the
concentration of nitrogen-acceptor states exceeded that of the remaining donor-like defects.
As a result, the n-type as-deposited ZnO:N film was transformed to a p-type one during
550 ◦C RTA. The I–V characteristics of the same MIS structures, measured after a year,
showed only minor changes and still exhibited p-type conductivity in these ZnO:N films.
Therefore, the transformation of n-type ZnO film into p-type by 550 ◦C RTA treatment is a
stable process.

The transformation of ZnO:N film from n-type to p-type by 550 ◦C RTA is similar to
the appearance of p-type regions in N-implanted ZnO single crystals after annealing at
500 ◦C, observed by deep-level transient spectroscopy (DLTS) measurements [44]. Similar
transformations of N-implanted n-type ZnO films to p-type ones have been observed after
RTA treatment at 900 ◦C [45].

The current densities in the ZnO:N films deposited with nitrogen contents of 10 and
25% in the vacuum chamber were similar (Figure 3). Deposition of ZnO:N films at the
highest nitrogen content of 40% resulted in lower current density, and it remained lower
in comparison to the other ZnO:N films even after RTA treatment at 550 ◦C. This result
is a consequence of already mentioned self-compensation of acceptor dopants by the
simultaneously created donor-like deep levels during the acceptor doping of ZnO.

In ZnO films doped with nitrogen, the n-type conduction can be attributed to donors
formed by interstitial zinc, Zni, and oxygen vacancies, VO, whereas the p-type conduction
can be related to the acceptors formed by zinc vacancies, VZn, oxygen interstitial, Oi, and
nitrogen substituting oxygen in the O sublattice [18,46,47]. We have confirmed the presence
of these kinds of defect states in ZnO:N films by the analysis of IRSE and FTIR spectra [25]
and also by the Raman and PL spectroscopic results presented and discussed above in
Sections 3.1 and 3.2.

The specific resistivity, ρ(V), values of the ZnO films were calculated from the I–V
characteristics shown in Figure 3, in the forward direction with accumulation conditions at
the ZnO–p-Si interface, using the relations Rdif = dV/dI and ρ(V) = RdifS/df, where Rdif
is the differential resistance, df is the film thickness, and S is the Al-dot contact area. The
obtained ρ(V) values for the studied ZnO:N films are summarized in Figure 4.
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For the as-deposited and 400 ◦C RTA n-ZnO:N films (Figure 4a,b), the specific resistiv-
ity decreased sharply by more than four orders of magnitude upon increasing the applied
voltage from 1 to 8 V. After 550 ◦C RTA (Figure 4c), the ρ(V) values of the p-ZnO:N films
decreased more gradually, as the reduction was approximately two orders of magnitude
in the same voltage interval of 1–8 V, but as a whole, they remained above the range of
106 Ω cm. In comparison with the as-deposited ZnO:N films, the smaller change of the
specific resistivity in the 550 ◦C RTA-treated films as a function of the applied voltage is
connected with the smaller increase of the current density in the 550 ◦C RTA films.

In order to elucidate the role of deep levels in the ZnO:N energy gap, we further
measured manually, pointbypoint, the I–V characteristics of the MIS structures with
ZnO:N films. For these experiments, we chose the sample series 2.1–2.3 with maximal
concentration of nitrogen in the ZnO film, expecting a larger effect of N doping on the
electrical characteristics.

The room-temperature I–V characteristics of the MIS structure with ZnO:N films
deposited at Ar:O2:N2 = 50:10:40 (sample 2.1) (a) and after RTA at 550 ◦C (sample 2.3) (b)
are presented in Figure 5. To reveal the participation of deep levels in the ZnO energy gap,
two-stage I–V measurements were performed. For the as-deposited n-type ZnO films of
sample 2.1 (Figure 5a), the initial stage was measured in 20–25min increments starting
from zero up to the maximal applied voltage, Va, and the second, return stage was carried
out immediately after the initial one, down from Va to zero also in 20–25min increments.
The corresponding I–V curves in the reverse direction are given as an inset in Figure 5a.
The considerable asymmetry between the currents at positive and negative voltage values
confirmed the formation of the n-ZnO:N–p-Si heterojunction. The forward current in
the return stage was higher than the forward current in the initial stage, resulting in a
counterclockwise hysteresis in the measured I–V curves. Some of the electrons injected
into the ZnO film during the initial stage were captured at deep levels with time constants
higher than the time needed for measuring the initial stage, and their release during the
return stage led to the observed excess, higher forward current in the return stage. Thus,
the hysteresis in the I–V characteristics indicates that deep levels in the ZnO energy gap
take part in the charge transport mechanism through the n-ZnO:N films.
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Figure 5. Room temperature I–V characteristics of MIS structures with ZnO:N films, deposited
at Ar:O2:N2 = 50:10:40 (sample 2.1) (a) and after RTA at 550 ◦C (sample 2.3) (b). The initial and
return stages of the I–V measurements are denoted with empty and full triangles, respectively. The
corresponding I–V curves in the reverse direction are given as insets.

The forward I–V characteristics of the MIS structures with ZnO:N films annealed at
550 ◦C (sample 2.3) are shown in Figure 5b, withthe corresponding I–V curves in reverse
direction are given as inset. As expected, the forward current was with negative voltages
applied to the Al-dot contact on the ZnO:N surface. As shown in Figure 5b, the forward
current in the return stage was also higher than the forward current in the initial stage,
leading to the appearance of counterclockwise hysteresis in the forward I–V characteristics.
This counterclockwise hysteresis shown in Figure 5b, as the one in Figure 5a, also confirms
that the deep levels in the ZnO energy gap take part in the charge transport mechanism in
the p-ZnO:N films.

The room-temperature dependences of ln(J) versus ln|V| in the forward direction
and in the initial stage are presented in Figure 6. For the MIS structures with as-deposited
ZnO:N films, the slope of the plots is about 8 in the dominant parts of the plots and, around
2 for the other parts. This means that the charge transport in these ZnO:N films is carried
out via deep levels in the ZnO energy gap. This transport mechanism is described as trap
charge limited current (TCLC) (see for example [48]) or trap-assisted space charge limited
current (see for example [49]). For the MIS structures with 550 ◦CRT-treated ZnO:N films,
the slope of the lnJ versus ln|V| plot (Figure 6) is around 2.5 in the range of 2–18 V. Since
this slope is also higher than 2, this means that the charge transport in the p-type ZnO:N is
also carried out via deep levels in the ZnO energy gap.
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Figure 6. Logarithm of room-temperature forward current density as a function of logarithm absolute
voltage for the MIS structures with ZnO:N films, deposited at Ar:O2:N2 = 50:10:40 (sample 2.1) and
after RTA at 550 ◦C (sample 2.3).
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The AC conductance, Gm, of these ZnO:N films, measured in the 0.5–500 kHz test
frequency range, is plotted in Figure 7 as lnGm against lnω, where ω is the angular
frequency. The slope of the plot for the as-deposited n-ZnO:N film (sample 2.1) is equal
to 0.66. This value is close to the most widespread value 0.7 of the power exponent in the
Jonscher universal power law for AC conductance in the case of hopping or tunneling of
charge carriers via deep levels near to the Fermi level in the semiconductor energy gap [50].
For the annealed p-ZnO:N films (sample 2.3), the slope of this plot is equal to 0.24.
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In the case of intertrap tunneling, the current density J is given by 

J = J0 sinh[B(V − Vfb)] (1)

Figure 7. Logarithm of AC conductance, Gm, versus logarithm of angular frequency, ω, of MIS
structures with ZnO:N films deposited at Ar:O2:N2 = 50:10:40 (sample 2.1) and after RTA at
550 ◦C (sample 2.3).

In order to reveal the character of the charge transport mechanism through the ZnO:N
film, current–voltage measurements must be done at different temperatures. In Figure 8a,
the I–V characteristics of the MIS structure with as-deposited n-ZnO:N, measured at
298 and 77 K, are given as the logarithm of the forward current density versus applied
voltage. The averaged current density measured at 298 K under high applied voltages
was 2.53 times higher than the current density measured at 77 K. Using the expression
ln(J298/J77) = (qϕa/k) (1/77–1/298), the effective activation energy, qϕa, of these current
densities was estimated. For the as-deposited n-ZnO:N film, it was equal to qϕa = 8.3 meV.
This small qϕa value indicates that the current in this film was carried out predominantly
by electron tunneling from the occupied deep level to the nearest unoccupied one in the
ZnO energy gap. The current at 77 K was carried out by intertrap tunneling mechanism [43].
The measured excess current at 298 K is a consequence of the appearance of thermally
activated carrier hopping in these ZnO:N films at temperatures higher than 77 K [51].
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In the case of intertrap tunneling, the current density J is given by

J = J0 sinh[B(V − Vfb)] (1)

where J0 = 2qν{exp[−2(2m*q)1/2ϕt
1/2w/h̄]}/w2 and B = (2m*q)1/2w2/h̄ϕt

1/2df [52]; w is
the mean distance between deep levels situated around the quasi-Fermi level; ν is the
electron attempt to escape frequency from deep levels; and qϕt is the energy position of
deep levels in the ZnO energy gap. The electron effective mass, mn* for n-type ZnO is taken
as equal to 0.23 me [53]. The electron attempts to escape frequency, ν = 8.54 × 1012 s−1, is
estimated from the relation hν = kTD [54], where the Debye temperature, TD, for wurtzite
ZnO is 410 K [55], and all other symbols have their common meaning. From Equation (1) it
follows that the values of w and qϕt can be determined from the slope of the plot lnJ versus
V and the intersection of the extension of this plot toward the lnJ axis at V = 0. These values
of w and qϕt determined from the lnJ-V plot in Figure 8a at 77 K were 4.71 × 10−7 cm and
1.48 eV, respectively. The density of deep levels Nt in the ZnO energy gap was estimated by
the expression Nt = 1/w3 and it was equal to Nt = 9.62 × 1018 cm−3. Because of the energy
position of deep levels is qϕt = 1.48 eV, the position of electron quasi-Fermi level in these
n-ZnO MIS structures was 0.12 eV above the middle of the ZnO energy gap.

When the concentration of deep levels is known, one may calculate the mobility µt
for this intertrap tunneling charge transport by the relation µt = J/(qNtE), where J is the
current density at the applied voltage V and E is the electric field across the ZnO film. In the
accumulation conditions at the ZnO/Si interface, E is given by V/df, where df is the ZnO
film thickness. The calculated low value of µt = 1.04 × 10−6 cm2V−1s−1 is characteristic for
charge transport via deep levels in the semiconductor band gap.

The excess of the current at 298 K over that at 77 K (Figure 8a) is evidence for thermally
activated carrier hopping in these n-ZnO MIS structures. N.F. Mott [51] has proposed that
in the case of variable range hopping (VRH), the temperature-dependent conductivity
can be expressed by σ(T) = σ0exp{−(T0/T)1/4}, where σ is the specific conductivity and
T0 is the characteristic temperature. This dependence is appropriate for the Mott VRH
in ZnO [56–58]. One may calculate the value of characteristic temperature T0 by using
the expression ln(J298/J77) = T0

1/4[1/(77)1/4 − 1/(298)1/4], where the current density is
averaged over high applied voltages. For the as-deposited n-ZnO MIS structures (Figure 8a)
this value was T0 = 8.45 × 103 K.

The localization length, Bohr radius, aB,ZnO, of the localized states in the ZnO energy
gap is given by the expression aB,ZnO = (4πεZnOh̄2)/(m*q2), where εZnO is the dielectric
constant of ZnO, m* is the effective electron mass in ZnO, and other symbols have their
usual meanings. In the corresponding 1 MHz C-V curve of sample 2.1 (not shown in this
paper), the measured maximal capacitance value in the accumulation regime was equal
to Cmax = 98 pF. As Cmax is expressed by Cmax = εε0S/df, the dielectric constant εZnO of
the ZnO:N film was determined as εZnO = εε0 = 1.03 × 10−12 F/cm. Knowing εZnO and
mn* = 0.23 me [53] quantities, the calculated value of aB,ZnO was equal to
aB,ZnO = 2.674 × 10−7 cm.

The density of localized states, N(ε), in the case of hopping mechanism is given by
the expression N(ε) = 16α3/kT0, where the decay constant α is the inverse of the Bohr
radius (α = 1/aB,ZnO). The numerical factor 16 is taken from Ambegaokar et al. [59]. With
α = 3.74 × 106 cm−1 and T0 = 8.449 × 103 K the calculated value of N(ε) was equal to
1.15 × 1021 cm−3.eV−1. When N(ε) is known, the most probable hopping distance Rm can
be estimated by the expression Rm = (9/8παN(ε)kT)1/4 [60,61]. At the temperature of
187.5 K, taken as the middle value of temperature range of 77–298 K, Rm was calculated,
and it was equal to Rm = 2.677 × 10−7 cm. This Rm value is practically equal to the
localization radius aB,ZnO = 2.67 × 10−7 cm, and it is 14 % higher than the half-distance
w = 2.35 × 10−7 cm between adjacent deep levels obtained from the I–V measurement at
77 K. The most probable energy difference of deep levels, ∆W, taking part in the electron
hopping is given by ∆W = (3/4πRm

3N(ε)) [60,61]. The calculated value of ∆W = 10.78 meV
for this hopping in the n-ZnO–p-Si MIS structures was close to the effective thermally
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activation energy qϕa = 8.3 meV in the as-deposited n-ZnO films. Therefore, in addition to
temperature-independent intertrap tunneling, thermally activated hopping also took place
in these n-type ZnO films in the temperature range of 77–298 K.

In Figure 8b, the forward I–V characteristics, measured at 298 and 77 K, of the MIS
structures with ZnO:N films after RTA at 550 ◦C (sample 2.3) are given as the logarithm
of the current density versus applied voltage. The averaged current density measured
at 298 K under high applied voltage was 17.21 times higher than the current density
measured at 77 K. The effective activation energy of the current densityof this p-ZnO:N
film, obtained from the expression ln(J298/J77) = (qϕa/k)(1/77 − 1/298) was equal to
qϕa = 25.46 meV. This value shows that the current in these p-ZnO:N films was also
carried out predominantly by tunneling of holes from the occupied deep level to the nearest
unoccupied one in the ZnO:N energy gap. Because of that, at 77 K the current density J is
also given by the equation (1), where the electron effective mass, mn* = 0.23 me, is replaced
with the hole effective mass, mh* = 0.59 me [62].

The values of qϕt and w, calculated from the slope of the plot lnJ versus V in Figure 8b
and the intersection of the extension of this plot toward lnJ axis at V = 0, were qϕt = 1.27 eV
and w = 3.724 × 10−7 cm, respectively. Under high forward bias the concentration of injected
holes in the annealed at 550 ◦C p-ZnO film was equal to Nt = 1/w3 = 1.94 × 1019 cm−3. Taking
into account that our previous EDX studies have shown a nitrogen/oxygen ratio of 1/8 in
both RF-sputtered and annealed ZnO:N films [25], the total concentration of nitrogen in the
550 ◦C RTA p-ZnO film (sample 2.3) was 1.82 × 1021 cm−3. The comparison between the
concentration of acceptor deep levels (Nt = 1.94 × 1019 cm−3) with the total concentration
of N atoms incorporated into ZnO:N films (1.82 × 1021 cm−3) shows that less than 1% of
acceptor levels were not compensated. Because of this strong charge compensation, it is
difficult to achieve an increase in the conductivity of ZnO by introducing a larger amount
of nitrogen into a ZnO:N film.

Assuming that temperature-dependent current in these p-type ZnO:N films is also
governed by the Mott VRH [51], the characteristic temperature T0 obtained from the
relation ln(J298/J77) = T0

1/4[1/(77)1/4 − 1/(298)1/4] was equal to T0 = 7.44 × 105 K. The
values of the Bohr radius aB,ZnO, the decay constant α, the density of localized states,
N(ε), the most probable hopping distance, Rm, and the most probable hopping energy
difference, ∆W, were calculated in the same way as the corresponding parameters for the
n-type ZnO:N films. The obtained values were, respectively, aB,ZnO = 1.042 × 10−7 cm,
α = 9.59 × 106 cm−1, and N(ε) = 2.2 × 1020 cm−3.eV−1, and at 187.5 K the Rm and ∆W
values were 3.2 × 10−7 cm and 33.07 meV, respectively. These results reveal that in the
p-type ZnO films, the most probable hopping distance Rm was about three times larger
than the Bohr radius aB,ZnO and this relation confirms that Mott variable range hopping
of holes occurred in these p-type ZnO:N films. Therefore, the additional current at 298 K
compared to that at 77 K in these p-type ZnO:N films was carried out by charge carrier
hopping, close to the Fermi or the quasi-Fermi level in the ZnO:N energy gap.

For better insight, the above calculated charge transport parameters of the intertrap
tunneling and variable range hopping mechanism in ZnO:N films deposited at a gas ratio of
Ar:O2:N2 = 50:10:40 (sample 2.1) and treated by RTA at 550 ◦C (sample 2.1) are summarized
in Table 4.
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Table 4. Intertrap tunneling and variable range hopping parameters of ZnO:N films deposited at gas
ratio of Ar:O2:N2 = 50:10:40 (sample 2.1) and treated by RTA at 550 ◦C (sample 2.1): qϕa—effective
thermally activation energy; w—mean distance between deep levels; qϕt and Nt—energy position
and density of deep levels, respectively, in the ZnO energy gap; T0—characteristic temperature;
aB,ZnO—Bohr radius of the localized states in the ZnO energy gap; N(ε)—density of localized states;
Rm and ∆W—most probable hopping distance and energy difference of deep levels, respectively.

Parameters As-Deposited
ZnO:N After RTA at 550 ◦C

Intertrap tunneling

qϕa (meV) 8.3 25.46
w (cm) at 77 K 4.70 × 10−7 3.724 × 10−7

qϕt(eV) at 77 K 1.48 1.27
Nt(cm−3) at 77 K 9.62 × 1018 1.94 × 1019

Variable range hopping

T0(K) 8.45 × 103 7.44 × 105

aB,ZnO(cm) 2.67 × 10−7 1.04 × 10−7

N(ε)(cm−3.eV−1) 1.15 × 1021 2.2 × 1020

Rm (cm) at 187.5 K 2.677 × 10−7 3.2 × 10−7

∆W (meV) at 187.5 K 10.78 33.07

The decrease of the ZnO band gap density of localized states from
N(ε) = 1.15 × 1021 cm−3eV−1 for the as-deposited ZnO:N (sample 2.1) to
N(ε) = 2.2 × 1020 cm−3eV−1 for the p-ZnO:N after 550 ◦C RTA (sample 2.3) correlates
well with the observed decrease in the slope values of lnGm versus lnω plots (Figure 7)
from 0.66 to 0.24, respectively. The decrease of the density of localized states in the ZnO
bandgap by the 550 ◦C RTA is evidence that the concentration of donor-like defects de-
creased during this treatment. The densities of localized states N(ε) given in Table 4 are
within the range of 9.93 × 1019–2.08 × 1022 cm−3eV−1 reported for VRH conduction in
n-type polycrystalline ZnO films [63]. Values of N(ε) = 2×1020 cm−3eV−1 and ∆W = 29 meV,
close to ours, for the densities of localized states and corresponding characteristic energies,
respectively, have been obtained from the current–voltage characteristics of amorphous
ZnON thin film transistors [64].

The established transformation of n-type conduction to p-type in the studied ZnO:N
films viaannealing the samples at 550 ◦C suggests that if the deposition could be accom-
plished at such elevated temperatures as 550 ◦C, the density of localized states could be
reduced below N(ε) = 2.2 × 1020 cm−3.eV−1, as was obtained in the 550 ◦C RTA-treated
ZnO:N films. In this way, it would be possible to obtain nitrogen-doped ZnO films with
weaker N-acceptor self-compensation and a smaller density of localized states in the p-type
ZnO band gap than that we observed herein.

4. Conclusions

Nitrogen-doped ZnO thin films were deposited onto Si substrates by RF magnetron
sputtering in nitrogen-containing ambient gas, followed by rapid thermal annealing at
400 ◦C and 550 ◦C in nitrogen. Raman and PL spectroscopic analyses revealed defects due
to O and Zn vacancies and interstitials, which are related to carrier traps in the ZnO:N films.

Detailed analyses of the I–V characteristics of the MIS structures with the ZnO:N films
revealedn-type conduction in both as-deposited and annealed at 400 ◦C ZnO:N films. The
reason for n-type conductivity in these ZnO:N films is a result of the self-compensation
of the N-acceptor levels by donor-like defects generated during N doping. RTA at 550 ◦C
decrease the concentration of donor-like defects below the concentration of N acceptors and,
as a consequence, the n-type ZnO:N films transformed into p-type ZnO:N ones. Repeated
measurements after a year proved that the resulting conduction-type transformation at the
annealing stage at 550 ◦C is a stable process.
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The observed counterclockwise hysteresis in the measured point-by-point I–V charac-
teristics of both n- and p type ZnO:N films confirms the presence of deep levels in the ZnO
energy gap which participate in the charge transport through these ZnO:N films. The slope
of the lnJ versus lnV plots reveals that the current in both n- and p-type ZnO:N films is trap
charge limited current (TCLC), while the slope of the lnGm versus lnω plots confirms the
tunneling or hopping of charge carriers via deep levels in the ZnO energy gap.

At 77 K, the current in both n- and p-type ZnO:N films is carried out by intertrap
tunneling via deep levels in the ZnO energy gap. The higher forward averaged current
density at 298 K than that measured at 77 K reveals additional thermally activated variable
range carrier hopping in these ZnO:N films.
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Abstract: The development of delivery systems for the immobilization of nucleic acid cargo molecules
is of prime importance due to the need for safe administration of DNA or RNA type of antigens and
adjuvants in vaccines. Nanoparticles (NP) in the size range of 20–200 nm have attractive properties as
vaccine carriers because they achieve passive targeting of immune cells and can enhance the immune
response of a weakly immunogenic antigen via their size. We prepared high capacity 50 nm diameter
silica@zirconia NPs with monoclinic/cubic zirconia shell by a green, cheap and up-scalable sol–gel
method. We studied the behavior of the particles upon water dialysis and found that the ageing of
the zirconia shell is a major determinant of the colloidal stability after transfer into the water due to
physisorption of the zirconia starting material on the surface. We determined the optimum conditions
for adsorption of DNA building blocks, deoxynucleoside monophosphates (dNMP), the colloidal
stability of the resulting NPs and its time dependence. The ligand adsorption was favored by acidic
pH, while colloidal stability required neutral-alkaline pH; thus, the optimal pH for the preparation of
nucleic acid-modified particles is between 7.0–7.5. The developed silica@zirconia NPs bind as high as
207 mg dNMPs on 1 g of nanocarrier at neutral-physiological pH while maintaining good colloidal
stability. We studied the influence of biological buffers and found that while phosphate buffers
decrease the loading dramatically, other commonly used buffers, such as HEPES, are compatible with
the nanoplatform. We propose the prepared silica@zirconia NPs as promising carriers for nucleic
acid-type drug cargos.

Keywords: nanocarrier; nanoparticle; age-dependent adsorption; Langmuir isotherm; deoxynucleoside
monophosphate; silica@zirconia; core@shell; solution NMR; buffer interference with adsorption

1. Introduction

With the rapid emergence of third-generation vaccines, nucleic acids are increasingly
deployed both as coding for antigenic proteins as well as adjuvants in immunity-inducing
preparations. This strategy has been particularly successful in fighting the worldwide
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epidemic caused by SARS-CoV-2, for which several nucleic acid-based vaccines have been
developed in a spectacularly short amount of time, with multiple further preparations in the
pipeline [1]. In third-generation vaccines, antigens are encoded by genetically engineered
plasmid DNA in DNA vaccines [2] or by messenger RNA in mRNA vaccines [3], both
of which induce expression of the target protein in the cell in situ. Nucleic acid type
adjuvants [4–6], such as CpG motif-containing oligodeoxynucleotides (CpG ODNs) [7],
are sequences with immune-modulating properties and are needed to induce and direct
the immune response of the vaccine. However, nucleic acid delivery is not only relevant
in prophylactic vaccines against viral diseases but also in the development of therapeutic
cancer vaccines [8] and in gene therapies [9].

Due to their polyanionic nature, nucleic acids cannot easily permeate the cell mem-
brane, and they are susceptible to enzymatic degradation by nucleases. For these reasons,
therapeutic nucleic acid molecules can vastly benefit from delivery systems. Indeed, one
of the major stumbling blocks for the mass deployment of SARS-CoV-2 mRNA vaccines
is the requirement of ultra-low temperature storage needed for their stability in cationic
lipid nanoparticle formations [1]. Since DNA and RNA are negatively charged, delivery
systems based on electrostatic interactions for immobilization can be used for both types
of molecules. Particle-mediated in vivo delivery options [10] includes cationic lipids and
polymers, cell-penetrating peptides and biological and inorganic particles. [11] The devel-
opment of suitable nanocarriers for the immobilization of nucleic acids requires cheap,
non-toxic, biodegradable materials available in large quantities that are able to adsorb
nucleoside–phosphate-containing molecules with high capacity. Furthermore, the process
leading to the nanocarriers should be controllable, reproducible and up-scalable to be of
industrial interest. The size of the nanocarrier is of importance as the 20–200 nm size range
was shown to enhance the immunogenic effect of the vaccine formulation [12].

Zirconia is a material studied extensively as a dental and orthopedic implant coating
because of its biocompatibility and favorable osseointegration [13]. Some research groups
studied its potential as a drug delivery nanocarrier [14–16]. However, as the size and
shape control of sol–gel-derived pure and colloidally stable zirconia particles has only been
achieved for diameters <10 nm [17–20] and >200 nm [21], researchers started to use organic
(such as bacterial or polymeric) or inorganic templates for zirconia deposition [15,22–27]. In
the last step of the template removal, these procedures all apply a thermal treatment to the
particles, which was, however, shown to lower the amount of ligand-adsorbing sites on the
surface of zirconia due to recrystallization into a tetragonal form and decrease the number
of surface defects [16,28]. Moreover, as we were aiming at the preparation of core@shell
particles in the 20–100 nm diameter range, which is smaller than those formerly described
in the literature, it was crucial to avoid the sintering effect. Thus, here in our wet chemical
synthetic route, very mild conditions were used to avoid recrystallization and sintering,
and extreme care was taken to control the colloidal stability of the resulting materials.

As a proof of concept, we aimed at the elucidation of the optimal conditions for DNA
building blocks using deoxynucleoside monophosphate (dNMP) adsorption at the surface
of the silica@zirconia core@shell NPs. The steps of the chemical synthesis are visualized
in Scheme 1a. The strategy used for the optimization of dNMP sorption is shown in
Scheme 1b.
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the optimal aging time before transfer into the water was defined to get maximal stability of the shell (middle panel); 
finally, the best surface modification strategy, leading to the highest cargo was chosen by the characterization of the four 
surface-modified samples (right panel). The silica core is depicted in blue; the deposited zirconia shell is in grey and the 
adsorbed dNMPs are shown in green. Batches SZ1, SZ2, SZ3 and SZ4 are native silica@zirconia NPs with increasing sizes 
in the 10-100 nm range; samples Iw, IIw and IIIw are NPs transferred into water by dialysis at day 1, 7 and 21, respectively; 
samples INu, IINu and IIINu are NPs modified using the ethanolic surface modification procedure at the age of 0, 6 and 
20 days after dialysis, and finally, the IIwNu sample is treated by the aqueous surface modification procedure 7 days after 
synthesis. 

  

Scheme 1. A summary of the chemical synthesis steps (a) and sorption optimization strategy (b). According to our
strategy, the optimal nanocarrier size was chosen first to achieve the highest possible specific surface area (left panel),
then the optimal aging time before transfer into the water was defined to get maximal stability of the shell (middle panel);
finally, the best surface modification strategy, leading to the highest cargo was chosen by the characterization of the four
surface-modified samples (right panel). The silica core is depicted in blue; the deposited zirconia shell is in grey and the
adsorbed dNMPs are shown in green. Batches SZ1, SZ2, SZ3 and SZ4 are native silica@zirconia NPs with increasing sizes
in the 10-100 nm range; samples Iw, IIw and IIIw are NPs transferred into water by dialysis at day 1, 7 and 21, respectively;
samples INu, IINu and IIINu are NPs modified using the ethanolic surface modification procedure at the age of 0, 6 and
20 days after dialysis, and finally, the IIwNu sample is treated by the aqueous surface modification procedure 7 days
after synthesis.
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First, we optimized the synthetic conditions of the core@shell nanoparticles for the
different size ranges (left panel in Scheme 1b) and characterized their morphology and
size by transmission electronmicroscopy (TEM) and dynamic light scattering (DLS). We
studied the time-dependent structural changes of the native NPs during the condensation
step of the zirconia deposition. TEM and nuclear magnetic resonance (NMR) revealed
details of the evolution of the zirconia shell composition showing a physisorbed layer
of zirconia starting material on the surface in addition to a solid zirconia shell. X-ray
diffraction (XRD) also indicated changes over time in the composition of the crystalline
phases. Fourier-transform infrared (FTIR) gave insight into the number and the state of the
potential surface binding sites via monitoring the surface attached carbonate species [16,29]
by quantifying the number of hydrogenocarbonate, monodentate and bridged carbonate
molecules in the solution of the synthesis.

In the following, we monitored the behavior of the particles during and after dialysis
into the water (the middle panel in Scheme 1b). DLS measurements and TEM pictures
were used to monitor aggregation upon dialysis into the water for samples with different
aging times of the zirconia shell. FTIR and NMR spectroscopies were indispensable for
characterizing the surface chemistry at the solid-solution interface. We used the NMR
toolbox [30] to confirm the presence of a physisorbed layer of zirconia starting material
on the surface, which rapidly hydrolyzed upon dialysis into water and was found to be
a major determinant of colloidal stability versus aggregation during this process. Zeta
potential versus pH curves of the native NPs established the pH ranges, in which the
particles are electrostatically stabilized by surface charges. FTIR revealed that the smallest
size NPs did not retain their zirconia shell by monitoring the silica vibrational bands and
also provided further insight into the overall adsorption capacity of the surface and the
acid-base nature of the adsorption sites after transfer into the water.

We intended to understand how and under which conditions the adsorption takes
place (right panel of Scheme 1b) and how it affects the colloidal stability of the particles.
A shift of the isoelectric point (IEP) of the NPs under the effect of dNMP chemisorption
in combination with the determination of the free ligand content in the solution revealed
that the adsorption of ligands is favored at acidic pH. This enabled us to pinpoint the
pH range optimal for both colloidal stability and ligand binding. We compared different
surface modification methods by DLS, TEM, FTIR and zeta potential measurements and
also studied the effect of the aging time of the zirconia shell onto the adsorption.

In view of the desired biological application, we inspected the effect of several buffers,
such as phosphate, HEPES, PIPES, MES, MOPS and MOPSO—usually referred to as non-
interfering buffers [31]—on the adsorption phenomenon. We established the adsorption
isotherms of dNMP equimolar mixtures at the surface of the silica@zirconia NPs in four
of the chosen buffers and derived the maximum adsorption capacity at pH 7.4 under
equilibrium conditions. In parallel, we measured the dNMP content of 50 nm diameter
nanocarriers surface modified using two different procedures by thermogravimetric analy-
sis (TGA). In this way, we could define the optimal procedure for the surface modification
of the nanocarriers whereby the dNMP load was found to be very close to the theoretical
maximum obtained by Langmuir isotherms. The zirconia surface showed microporosity as
determined by N2 adsorption-desorption isotherms, which were also used to determine
specific surface areas.

As a result of this development process, we were able to establish the optimum
conditions for a procedure that yielded colloidally stable silica@zirconia NPs with the
ability to absorb DNA-type molecules with high capacity.

2. Experimental
2.1. Materials

Tetraethyl orthosilicate (TEOS, 99%, abcr), ammonia solution (fresh, 32%, EMPLURA,
Merck, Darmstadt, Germany), absolute ethanol (LiChrosolv®, gradient grade for liquid
chromatography, water content <0.1%, Merck, Darmstadt, Germany), zirconium(IV) bu-
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toxide solution (TBOZ, 80% in n-butanol, Sigma-Aldrich, St. Louis, MO, USA, kept under
argon,) were used for the NP synthesis. The biomolecules adsorbed at the surface of
the NPs were: 2′-deoxyadenosine-5′ monophosphate (dAMP, 98–100%, Sigma grade, 2′-
deoxycytidine-5′ monophosphate (dCMP, ≥95.0%, Sigma grade), 2′-deoxyguanosine-5′

monophosphate disodium salt hydrate (dGMP, ≥98.0%, Aldrich), thymidine-5′ monophos-
phate disodium salt hydrate (TMP, ≥99.0%, Sigma) and 2′-deoxyadenosine monohydrate
(≥99%, Sigma-Aldrich, St. Louis, MO, USA).

High-purity deionized water (Sartorius, Göttingen, Germany, Arium 611, 18.2 MΩ·cm)
basified with 1 M KOH solution (Titripur® Reag. Ph Eur, Reag. USP, EMD Millipore, Burling-
ton, MA, USA) was used for the transfer of NPs into the water by dialysis. Buffers were
prepared using 3-(N-morpholino) propane sulfonic acid (MOPS, BioPerformance certified,
>99.5%, Sigma-Aldrich, St. Louis, MO, USA), β-hydroxy-4-morpholinepropanesulfonic acid
(MOPSO, Pharma grade, Sigma-Aldrich, St. Louis, MO, USA), 1,4-piperazinediethanesulfonic
acid (PIPES, Bioperformence certified, Sigma-Aldrich, St. Louis, MO, USA), 2-(N-morpholino)
ethane sulfonic acid hydrate (MES, 99.5%, Sigma-Aldrich, St. Louis, MO, USA), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, 99.5%, Sigma-Aldrich, St. Louis,
MO, USA), potassium phosphate dibasic trihydrate (99+%, Acros Organics, Waltham, MA,
USA) and potassium phosphate monobasic (p.a., Acros Organics, Waltham, MA, USA).
Deuterium oxide was added to samples prior to NMR measurements (99.96%, Euriso-top,
Tewksbury, MA, USA).

2.2. Preparation of Silica@zirconia NPs

Silica sols of different particle sizes were prepared by the Stöber method [32]. Briefly,
125 mL abs. ethanol was poured in a tall form beaker, and 7.0, 6.0, 5.0 or 3.5 mL ammonia
solution was added. The mixture was stirred at 330 rpm covered with parafilm. 5.0 mL
TEOS was quickly added, and the reaction mixture was being stirred at room temperature
for 24 h. Thereafter, the parafilm was discarded, and additional ethanol (~70 mL) added to
the sample prior to the removal of ammonia at 70 ◦C under vigorous stirring in a ventilated
fume hood. The pH of the ethanolic mixture was controlled with a wet pH paper, and
the evaporation of ammonia was stopped at pH 8. The solid content of the sample was
determined on 3 × 1 mL sol dried out at 85 ◦C, 10 h. The sol was stored at 4 ◦C.

The deposition of zirconia at the surface of 100 nm diameter silica cores was carried
out by a controlled hydrolysis-condensation of the metal organic precursor. The process
was based on Kim and coworkers’ method [33,34]. We applied 8-fold dilution to 50 mL of
the silica sol and put the ethanolic reaction mixture under argon bubbling and stirring at
50 ◦C. Based on TEM mean diameters, 0.11 mmol TBOZ/m2 silica surface was added to
25 mL ethanol in the dropping funnel, and dropwise addition was performed. After 2.0 h,
the reaction mixture was cooled down and stored at 4 ◦C. In our optimized procedure for
50 nm diameter NPs, 10-fold dilution was found to be more suitable, and 4–7 days of aging
was applied prior to the surface modification or the dialysis into water.

2.3. Solvent Exchange and Surface Modification of the Silica@zirconia NPs

In the case of dAMP, 2 mg/mL ligand solutions were prepared in water using heating
to reach complete dissolution of the solid material. The four-component mixture of dNMPs
was obtained by adding equal volumes of dAMP, dCMP, dGMP and TMP. The native pH
of dNMP solutions were: dAMP (3.1), dCMP (3.4), dGMP (8.2), TMP (7.8) and dNMP
mixture (4.9). For controlled adsorption conditions, the pH of all the ligand solutions and
mixtures were set to 6.0 ± 0.1.

2.3.1. Surface Modification in Ethanol

The ligand was added to an aliquot of the freshly prepared silica@zirconia core@shell
sol at a ligand-to-NP surface ratio of 0.8 µmol/m2 to 22.7 µmol/m2 (calculation based on
the TEM mean particle size). The excess of ligands was removed by dialysis against pure
or neutralized water (CelluSep dialysis tubing, MWCO 10.000 Da, 50 mm flat width).
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2.3.2. Surface Modification in Water

An aliquot of the ethanolic core@shell sol was filled into a dialysis bag and was
dialyzed against cold (4–8 ◦C), basified pure water (pH 8.5–9.5). The ligand solution was
added in a ratio of 50 µmol/m2, and further dialysis was done against pure water.

2.4. Characterization

Morphological investigations of the NPs were carried out on a JEOL JEM-2200FS
transmission electron microscope operated at 200 kV with a Cs corrector. Diluted samples
were dropped and dried on holey carbon-coated copper grids (200 mesh).

DLS and zeta potential measurements were performed at 25 ◦C on a Malvern Zetasizer
Nano ZS (Malvern, Worcs, UK) equipped with He-Ne laser (λ = 633 nm) and backscatter
detector at a fixed angle of 173◦. The pH of the samples was measured using an extended
length pH electrode with micro-bulb together with a 9126 pH/ORP meter (HANNA
Instruments Ltd., Leighton Buzzard, UK). The parameters used for the measurement were:
RISiO2 = 1.475, RISiO2@ZrO2 = 2.152, absorption for both oxides: 0.001, RIethanol = 1.364,
RIwater = 1.330, Viscosityethanol = 1.0740 mPa.s, Viscositywater = 0.8872 mPa.s and dielectric
constantwater = 78.5.

The solid content of the samples was assessed on 3 × 1 mL aliquots dried out at 85 ◦C
(for samples in ethanol) or 95 ◦C for samples in water in a Binder ED53 drying oven.

FTIR absorption spectrum was recorded using a Perkin-Elmer Frontier MIR Spectrom-
eter equipped with a deuterated triglicine sulfate (DTGS) detector and a single reflection
attenuated total reflection (UATR) unit (SPECAC “Golden Gate”) with diamond ATR
element. Records of 32 scans and a 4 cm−1 resolution were applied.

One-dimensional and two-dimensional NMR spectra were recorded on a Bruker
Avance II 700 MHz (frequency for protons) NMR spectrometer equipped with a Prodigy
cryoprobe. During sample preparation, we applied samples with an 8-fold ligand to NP
ratio using an Eppendorf centrifuge 5415R (14.000 rpm, 5 min), followed by the addition of
10% D2O and filling into 5 mm diameter quartz tubes or Shigemi tubes.

Powder X-ray diffraction patters of the adsorbents were collected on a Thermo Scien-
tific ARL XTra diffractometer, operated at 40 kV, 40 mA using Cu Kα radiation of 0.15418 nm
wavelength. Pas Academic V4.1 software was used for Rietveld refinement.

The Brunauer–Emmett–Teller (BET) specific surface area and micropore volume were
evaluated from the N2 adsorption-desorption isotherm. Nitrogen physisorption measure-
ment was performed at 77 K (−196 ◦C) using a static volumetric apparatus (Quantachrome
Autosorb 1C analyzer). The samples were previously degassed at 373 K (100 ◦C) for 24 h.
Nitrogen adsorption data were obtained using ca. 0.05 g of sample and successive doses
of nitrogen until p/p0 = 1 relative pressure was reached. Only the nitrogen adsorption
volumes up to a relative pressure of 0.1 were considered in the micropore size distribution.
The micropore volume was obtained from the DR (Dubinin–Radushkevich) plot.

TGA was performed in a NETZSCH STA 449 F3 Jupiter instrument. Powder samples
were heated to 800 ◦C at a rate of 10◦/min in air flow.

The adsorption of biomolecules to the silica@zirconia NP surface was monitored
by zeta potential measurements of the particulate samples complemented by the UV-
visible study of their supernatant as a function of the pH. First, a large batch of native
NP suspension was prepared in water with a solid content set to 1 mg/mL. For each
run, 10 mL aliquot of this suspension was added 2 or 3 µmol/m2 ligand solution (and
eventually 10 mM buffer) in a stirred vessel. The pH of the suspension was controlled in
the range of pH 9–4 using 1 M NaOH and 1 M HCl, and at every step, a 730 µL sample
was placed in a disposable folded capillary cell. After recording the zeta potential in
3 measurements, the sample was transferred into an Eppendorf tube for centrifugation
at 12.000 rpm, 3 min. Finally, the UV spectrum of the supernatant was recorded in 5-fold
dilution in quartz cuvette in the wavelength range of 200–400 nm (Perkin-Elmer, Waltham,
MA, USA, Lambda 950 spectrometer, Deuterium lamp, slit width: 2 nm, resolution: 2 nm).
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The adsorption isotherms were determined on the supernatants of 1 mL samples
containing 0.45 mg/mL NP, 20 mM buffer and 4, 12, 16, 20, 24, 28, 32, 40, 80, 120, 160 and
200 µg/mL dNMP mixture. The equilibration was done at room temperature for 24 h.
The NPs were centrifuged at 12.400 rpm for 10 min, and the supernatants were collected.
Finally, 2-, 5- and 10-fold dilutions were applied according to the concentration of the
dNMP in the solution. The same dilutions were used for the buffer as background.

3. Results
3.1. Native Silica@zirconia Core@shell NPs

In order to obtain high adsorption capacity nanocarriers, we gradually increased the
specific surface area of our samples by reducing the size of the Stöber silica cores from
81 ± 12 nm to 13± 2 nm resulting in batches SZ1 to SZ4 (Table 1). We adapted the synthetic
procedure of the zirconia deposition accordingly. Keeping the original nTBOZ/SiO2 surface
ratio was optimal for smaller particle sizes of batches SZ1 and SZ2, and on the other hand,
the optimal dilutions for SZ3 and SZ4 were found to be 10 and 12, respectively.

Table 1. The mean size and size distribution of NPs.

Sample
SiO2 Core

TEM Mean Ø *
(nm)

SiO2 Core
DLS Volume
Mean ** (nm)

SiO2@ZrO2
TEM Mean Ø *

(nm)

SiO2@ZrO2
DLS Volume
Mean ** (nm)

SiO2@ZrO2
DLS PdI

SZ1 81 ± 12 123 ± 34 95 ± 12 109 ± 29 0.021
SZ2 55 ± 8 75 ± 25 63 ± 6 134 ± 53 0.133
SZ3 40 ± 6 35 ± 13 48 ± 5 47 ± 13 0.043
SZ4 13 ± 2 6 ± 3 20 ± 3 25 ± 6 0.021

* TEM diameter evaluated on 50–100 NPs, ** hydrodynamic diameter, PdI: polydispersity index.

We summarized the mean size and size distribution properties of the core and
core@shell NPs as evaluated by DLS and TEM investigations in Table 1. The NPs were
spherical, and the samples showed a relatively narrow size distribution. TEM pictures and
DLS size distribution functions are shown in Figures S1 and S2 in Supplementary Materials.

According to our experience, in the second reaction step, it was crucial to stop the
deposition of TBOZ after 2.0 h and cool it to 4 ◦C. The formation of the zirconia shell was,
however, not complete at this time point. As Arnal et al. also observed [22], the “aging” of
the reaction mixture was important: they aged their particles for 3 days prior to the removal
of the silica core but provided no explanation for this treatment. We decided to study the
structural changes occurring in this time period using TEM, FTIR and XRD measurements.

TEM pictures of the one-day-old core@shell NPs revealed that in addition to a very
thin shell of crystalline ZrO2 (high contrast contour) surrounding the silica sphere, there is
a thicker amorphous or polymer-like deposit on the surface of the NPs (Figure 1, left). The
surface of the deposit is smooth, and its contrast is much lower than expected for crystalline
zirconia. We suggest that this is a physisorbed multilayer of TBOZ that condensates slowly
to give ZrO2. For a two-week-old sol, only the high-contrast thin shell can be seen on the
surface of the NPs (Figure 1, middle). At this time point, the ripening of the sample has be-
gun leading to dissolution-redeposition of the oxides next to the silica@zirconia core@shell
NPs (see the advanced stage for a seemingly stable 1-year-old sample in Figure 1, right).
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Figure 1. TEM pictures of batch SZ3 in ethanol showing an incomplete condensation of the zirconia precursor on the day
after addition to the silica cores (left), completed ZrO2 shell formation and beginning of the ripening at the age of 2 weeks
(middle) and the advanced ripening of the 1-year-old core@shell NPs leading to the dissolution-redeposition of the material
next to the NPs (right).

The broad bands in the XRD spectra (see the example XRD spectrum of a 2-week-old
SZ3 sample shown in Figure S3 in Supplementary Materials) of differently aged SZ3 batches
evidenced a small crystallite size of ca. 5 nm. The Rietveld analysis showed that freshly
prepared SZ3 presented purely monoclinic zirconia, while 36% of zirconia adopted a cubic
crystalline phase one week later (Table 2). This does not appear to be in full agreement
with the phase diagram of pure zirconia, according to which the cubic crystalline phase is
not stable at room temperature [35]. While metallic dopants (Ca2+, Y3+, etc.) were found
to lower the temperature for the formation of cubic ZrO2, high annealing temperatures
are, in general, required for its formation (800–1000 ◦C). “Low-temperature” syntheses
of pure, cubic ZrO2 were described by Prakashbabu [36] and Salavati-Niazari [37], using
organic ligands to fix the precursor’s symmetry during the thermal degradation process at
400 ◦C and 245 ◦C. Our hypothesis is that due to the high purity of the system, the Stöber
silica surface serves as a scaffold that induces and stabilizes the formation of cubic zirconia.
This was supported by the observation of decreasing amount of cubic zirconia during the
ripening: when zirconia left the surface, it redeposited under monoclinic crystalline phase
(or amorphous form) next to the NPs.

Table 2. The proportion of zirconia crystalline phases in core@shell NPs as a function of age.

Sample Fm-3m (Cubic) P121/c1 (Monoclinic)

SZ3 fresh 0.04% 99.96%
SZ3 1 week 36.08% 63.92%
SZ3 2 weeks 22.02% 77.98%
SZ3 1 year 14.33% 85.67%

Although FTIR spectroscopy cannot give direct information on ZrO2 as its vibrational
bands appear at 500 cm−1, it allows monitoring surface attached carbonate species that
occupied potential ligand-binding sites. It has been previously shown [16,29] that soon
after deposition, the most basic sites on the surface of zirconia are immediately bind-
ing CO and CO2 from the air, thus covering accessible adsorption sites in the form of
hydrogenocarbonate, alkaline monodentate carbonate and bridged carbonate. We mon-
itored the ratio of hydrogenocarbonate and carbonate species adsorbed at the particles’
surface, which changed slightly over the observed time. In order to view these changes,
we normalized the raw spectra to the Si-O-Si vibrational band at 1090 cm−1 (Figure S4 in
Supplementary Materials). The intensity of the hydrogenocarbonate (HCO3

−) vibrational
band at 1621 cm−1 decreased after the first day, while monodentate carbonate (m-CO3

2−)
vibrations (1568 cm−1) showed a slight increase in intensity starting with day 2. The
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vibrational bands of bridged carbonate (br-CO3
2−) became more prominent on day 3, with

a shoulder appearing at 1549 cm−1 and 1393 cm−1. These changes evidenced an evolu-
tion of the zirconia surface structure during the days following the deposition reaction.
The observed carbonate species appear to reflect the acidity of the zirconia surface: at
first, acidic hydrogenocarbonate is prominent, which is then converted into more alkaline
monodentate and bridged carbonate species as the zirconia layer is ripening.

As a summary of the above TEM, XRD and FTIR analyses, we propose that the
transformation of physisorbed TBOZ to zirconia takes several days (4–7), which is deposited
first as a mixture of amorphous and monoclinic crystalline states, and then the silica surface
induces the formation of cubic zirconia. Furthermore, at this stage, the adsorption sites of
the deposited zirconia are occupied by various carbonate species, which are evolving from
acidic to more alkaline sites over time.

3.2. Transfer of Native Silica@zirconia Core@shell NPs into Water by Dialysis

In view of the biological application, we transferred the NPs of different sizes into
the water to study their structural changes and colloidal stability. We have chosen dialysis
as a gentle solvent exchange technique to avoid the adverse effects of centrifugation on
particle size distribution. Even with dialysis, we observed an increase in DLS particle
sizes after solvent exchange, indicating aggregation, particularly when the age of the
sol, the temperature and the pH of the dialysis water were not controlled. Regarding
the temperature of the dialyzing water, using cold water was found to be crucial for the
maintenance of the original NP structure: we used 4–8 ◦C water changed every 2 h. As to
the pH of the dialyzing water and the age of the sol, we carried out dialysis of the ethanolic
sol after different aging times, and as expected, both parameters had a significant effect on
the properties of the resulting material as follows.

Freshly prepared native NPs (Iw) underwent immediate, irreversible aggregation
when dialysis against water started, independently of the pH of the water. This was
evidenced by the whitening and sedimentation of the sample. Since the agglomerates
were no longer in suspension, evaluation of the size distribution of these samples by DLS
was not possible. Our interpretation based on the above hypothesis of the zirconia shell
formation was that upon addition of water to Iw during dialysis, a large amount of the
remaining physisorbed TBOZ suddenly converts to zirconia, which crystallizes on the
surface and connects colliding particles by generating chemical bonds between them.

Using 4–7-day-old native NPs, the sol was still whitened during dialysis (IIw), but this
process was slow, and—what is more interesting—depending on the pH, a spontaneous
redispersion of the NPs occurred in 1–2-weeks’ time at neutral-basic pH. Setting the pH of
the dialyzing water to 8.5–9.5 reduced significantly the aggregation resulting in slight or
no whitening of the sample. DLS showed predominantly primary particles after 4 days of
aging time, while 7-day old particles increased in size with a broader distribution (Figure S5
in Supplementary Materials). Our interpretation in the case of IIw is that the water added
to the sample for dialysis suddenly converts all remaining TBOZ into zirconia, just as
with Iw. However, since there remains only a low amount of TBOZ after 4–7 days of
condensation time in ethanol, and it is mostly chemisorbed at the surface, this process does
not connect the particles chemically, and the aggregation is not significant. The basicity of
the dialyzing water may influence the relative rates of the hydrolysis and condensation of
TBOZ, which determines whether the deposition of TBOZ is mostly taking place on the
surface or next to the NPs. The basic pH might be slowing down hydrolysis and speeding
up condensation, as a result of which zirconia is deposited on the existing surface and not
between the NPs, thus reducing aggregation of the NPs. The spontaneous redispersion
means that the formed aggregates are in a metastable state that can be solubilized again by
Brownian motion even at 4–8 ◦C.

Colloidal stability also depended on the size of the NPs: smaller NPs (SZ3-4) were
more prone to aggregation than larger ones (SZ1-2) (Figure S5 in Supplementary Materials).
Due to their higher surface-to-volume ratio, smaller NPs can adsorb a larger amount
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of TBOZ, which more easily connects the particles upon dialysis when it suddenly is
converted into zirconia.

It is also important to note here that the pH outside of the dialysis membrane always
remained higher than the pH inside the membrane, and both values were continuously
decreasing in time. Using ultra-pure water without pH control resulted in a sample pH of
5.5–5.8. When basified water was used, the pH of the final sol varied between 6.9–7.7. The
reason for the aqueous sol becoming more acidic with increasing aging time may either
be the continued dissolution of the silica core through the porous zirconia shell (porosity
investigated in paragraph 3.5) or processes altering the composition of the surface attached
carbonate species. In any case, it was not possible to completely prevent the aggregation of
the native NPs by further increasing the pH of the dialyzing water (10.4), at which point
the dissolution of silica would become dominant.

When dialysis was carried out on native NPs aged for 3 weeks after deposition (IIIw),
the sol did not whiten during dialysis. However, fewer primary particles were observed
by DLS (Figure S5 in Supplementary Materials) than for the samples dialyzed between
4–7 days. According to these results, it was disadvantageous to wait 3 weeks before
transferring the NPs into water.

Besides the effect on sol dispersity, we studied the structural changes induced by
the transfer of the NPs from ethanol into the water by TEM, XRD, NMR, FTIR and zeta-
potential measurements.

Structural changes were seen in TEM pictures of the native NPs upon transfer into
the water at either 1 or 4 days of age (Figure 2): the surface of the NPs became rough,
being covered by zirconia crystallites, also presenting spurs. For Iw and IIw, we observed
zirconia crystallites exclusively at the surface of silica cores, not next to them.
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Figure 2. TEM pictures of SZ3 (50 nm diameter) NPs after dialysis into water at different age: (a) Iw
at 1. day) and (b) IIw at 7. days. Both samples presented rough NP surface, showing a structural
change of zirconia when transferred from ethanol to water.

The X-ray diffractogram of Iw indicated a small crystallite size similar to that of
the ethanolic sol. According to the Rietveld refinement, more than half of the formed
crystallites were in the cubic phase (55.1%), accompanied by the monoclinic phase (41.2%)
and the newly arisen tetragonal phase (3.7%) (Figure S6 in Supplementary Materials). This
was the highest cubic phase ratio observed in our study.

To confirm our hypothesis on physisorbed TBOZ driving the aggregation behavior
of the NPs transferred into the water, we investigated residual TBOZ signals in the NMR
spectra of the dialyzed samples. Free and surface-bound TBOZ species were observed
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in NMR spectra at any age of the sample after dialysis into water. 1H NMR spectra of
the IIIw featured multiplets in the aliphatic region (Figure 3a), which were assigned to
residual methyl groups of tetrabutyl moieties of TBOZ. The 2D nuclear Overhauser effect
spectroscopy (NOESY) spectra showed negative NOE cross-peaks between these signals
(Figure 3b). The narrow resonances in the TBOZ multiplets became broad after a month
spent in water (Figure 3c) while still showing negative NOE cross-peaks between them
(Figure 3d). The initial narrow resonances with negative NOEs indicate the attachment of
loosely associated TBOZ on the NP surface with a fast exchange of the TBOZ molecules
between surface-bound and solution-state free forms. Broadening of the signals later
suggests stronger attachment to the zirconia surface, indicating chemisorption of the rest
of TBOZ to the zirconia surface in the aqueous environment.
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Figure 3. One-dimensional 1H NMR spectrum of fresh NPs of IIIw showing narrow signals of TBOZ (a), between which
negative NOE cross peaks are observed in 2D NOESY spectra (b). One month later broad signals of residual TBOZ are
detected (c), which also showed negative NOE cross peaks (d).

The IEP of the NPs as determined by zeta potential vs. pH curves shown in Figure 4a
was monotonously decreasing with the age of the transferred sol from 7.4 (Iw) through
7.2 (IIw) to 6.1 (IIIw). Thus, depending on condensation time, the native NPs are stabi-
lized by electrostatic repulsion between negative charges at higher, alkaline pH, prone to
aggregation at intermediate values and could, in theory, be again stable at acidic pH by
repulsion between positive surface charges. However, increased silica dissolution prevents
the application of acidic pH for practical purposes.
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Figure 4. Zeta potential vs. pH curves (a) and FTIR spectra (b) and of SZ3 (50 nm diameter) NPs
after dialysis into the water at different ages: Iw (1 day), IIw (7 days), IIIw (21 days) and Iw-ethanol
(freshly dialyzed against ethanol and then against water). The zeta potential measurements show
that the IEP of zirconia is continuously decreasing with time, which will affect the colloidal stability
and the adsorption properties of the nanocarrier. The FTIR results reveal that the difference in the
surface chemistry of samples transferred into water at different ages is significant.

As a final proof for our hypothesis of TBOZ physisorption on the zirconia surface
after deposition, we carried out an experiment whereby the freshly prepared SZ3 was first
dialyzed against ethanol, and then the dialysis was continued against basic water (Iw-
ethanol, green line in Figure 4b). In this case, the IEP (4.4) was strikingly lower compared to
all the other samples described above. It was closer to that of native silica surface (~2) [38]
and was much lower than the IEP of native pure zirconia surface (8.2–observed on similarly
prepared pure zirconia particles [39]). We think that the physisorbed TBOZ was removed
during the ethanolic dialysis leaving a thin layer of chemisorbed zirconia on the surface,
which only partially covers the silica core reflected by the IEP closer to that of silica instead
of zirconia. This finding indicated the reversibility of the surface modification on the day
of the deposition reaction and supports our hypotheses on the temporary formation of a
physisorbed TBOZ multilayer.
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The FTIR study of the dialyzed native NPs revealed an alteration of the silica nanopar-
ticulate structure for samples dialyzed without temperature or pH control. As an ex-
ample of native NPs dialyzed into the water without temperature control (Figure S7 in
Supplementary Materials) and an example of surface-modified samples dialyzed without
pH control (Figure S8 in Supplementary Materials). The figures show that the intensity
of the νSi-O-Si vibrational band at 1090 cm−1 is drastically reduced. This is probably a
result of silica dissolution that has been reported and studied by several research groups
for mesoporous silica in simulated body fluid [40–42] but has also been reported to occur
in neutral-alkaline water [43]. For SZ4, with the smallest particle size, the zirconia shell did
not remain attached to the core after dialysis even under controlled conditions, as indicated
by the reappearance of vibrational bands of native silica surface in the FTIR spectrum.
Thus, SZ3 was found to be the smallest suitable particle size, and we conducted all further
studies on this sample.

We found significant differences in the surface chemistry of the aqueous samples ac-
cording to the age of SZ3 at the start of the dialysis using FTIR spectroscopy (Figure 4b). If
the dialysis was carried out in the first 3 days after zirconia deposition (Iw), the hydrogeno-
carbonate species (1621 and 1445 cm−1) were predominant next to the vibrational bands of
monodentate carbonate (1570, 1568, 1380, 1377, 1348 and 1333 cm−1). Bridged carbonate
was visible first on the surface of the sample dialyzed on the third day (1543 and 1393 cm−1).
The samples transferred at the age of 4–7 days (IIw) showed a surface with a similarly high
amount of monodentate and bridged carbonates. For samples transferred at the age of
20 days or more (IIIw), the monodentate form was predominant. The trend observed for
the ripening of the zirconia shell in ethanolic sol, as described with respect to Figure S4, are
thus conserved after transfering the NPs into water: the more acidic hydrogenocarbonate
species are gradually replaced by the alkaline monodentate and bridged carbonate as
zirconia is further aged in the ethanolic solution. This is in agreement with observation
of increasing acidification of the sols with time. The carbonate species could contribute to
this process by two consecutive processes that also cause acidification: (a) protons could be
removed from surface in the process of hydrogenocarbonate to monodentate carbonate
conversion, and (b) monodentate carbonates could become bridged carbonates releasing a
CO2 molecule into the solution, which can further acidify the medium. These differences
in the surface chemistry of the zirconia show the importance of the careful timing during
the synthesis, as the resulting material surface is highly dependent on it.

3.3. Aging of Native Silica@zirconia Core@shell NPs in Water Following Dialysis

As the NMR study suggested, the transformation of the NP surface did not stop after
dialyzing the NPs into water, which is why we carried out a follow-up study using FTIR
on samples Iw, IIw and IIIw in the weeks following the dialysis.

The enlarged region of hydrogenocarbonate/carbonate vibrational bands showed
that the surface structure did not change in the first week in the Iw sample, and then the
carbonate vibrational bands (1544, 1465 and 1389 cm−1) slowly disappeared (Figure S9 in
Supplementary Materials). For IIw, the sample aged for 7 days before transfer into the
water, we observed a high amount of hydrogenocarbonate and m-CO3

2−/br-CO3
2− on the

surface, which were still partly present 5 weeks after dialysis with an increased ratio of
bridged carbonate. IIIw had a lower amount of binding carbonate species after 3 weeks
of time spent in water than IIw after 5 weeks in water, though the composition of surface
species was similar. IIw and IIIw samples kept their colloidal stability for at least two
months. The longest persistence of surface carbonate species that indicates the highest
binding capacity of the zirconia surface was observed for IIw.

In conclusion, we determined that the optimum time for transferring the NPs into
the water was 4–7 days of ripening after synthesis because not only the NP surface is best
covered by accessible sites, but also the dispersity and surface properties of the samples are
stable for the longest time, at least for 5 weeks. We also established that the native NPs are
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best stabilized depending on the aging time at neutral-alkaline pH, whereby electrostatic
repulsion between negatively charged surface prevent aggregation.

3.4. Adsorption of Deoxynucleoside Monophosphates on Silica@zirconia NPs

As we observed a significant transformation of the zirconia shell during the transfer of
the core@shell NPs into water, we expected to see differences in their adsorption properties
as well. We undertook investigations to identify the experimental design that leads to the
maximum surface loading and stability of the vaccine nanocarriers. Two experimental
designs were used for the surface modification of the NPs differing in the order of steps:
(i) NP synthesis-dNMP functionalization-dialysis, and (ii) NP synthesis-dialysis-dNMP
functionalization-dialysis. In the first method, an aqueous solution of dNMPs was added
to the NPs of different ages (0, 6 and 21 days of condensation time) in ethanol, followed by
the dialysis of the NPs into the water. In the second design, the dialysis of the NPs took
place first (after 4 days of condensation time), and then the aqueous dNMP solution was
added and followed by further dialysis. We refer to these two methods as the ethanolic
and the aqueous surface modification methods.

In the first study, we identified the optimal pH range for the adsorption of single
dNMP solutions and four-component mixtures. For this, we used the aqueous surface
modification method, adding 63 mg ligands to 1 mg of NPs (without the last dialysis step)
and performed a pH-dependent zeta potential study. We recorded the free ligand content
of the supernatant by UV detection at the same time after centrifugation of the NPs at each
pH (Figure 5).
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Figure 5. Variation of zeta potential (left axes) and the percentage of free ligands (right axes) in the
function of pH for single-component dNMP solutions and a four-component dNMP mixture. The
resulting IEP was 6.3 ± 0.2 for all, except for TMP ligand, whose adsorption took place at lower
pH, below pH 7. For the three other single components and the dNMP mixture, the adsorption was
almost complete at pH below 7.5.

Specific adsorption took place in the acidic-neutral pH range in all of the examined
cases of single- and four-component mixtures, as evidenced by the low free ligand content
in the supernatant (Figure 5). In general, in the acidic pH range, the surface of NPs was
somewhat positive upon surface modification, which was gradually turning to neutral
around the IEP (pH 6.3 ± 0.2) and further to strong negative charges as the pH was
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increased accompanied by the desorption of the ligands. As the electrostatic repulsion,
either between positive or negative charges, is a strong determinant of colloidal stability, it
was extremely important to control the pH of the surface-modified NPs. We demonstrated
that at neutral-acidic pH, the silica cores started to dissolve (especially at room temperature),
and the present results indicate that in this region, they are also prone to aggregation due
to low surface charge. On the other hand, high surface loading can only be reached at a pH
lower than 7.5. This delimits a narrow useful pH range for the efficient surface modification
and the use of silica@zirconia NPs with dNMPs to pH 7.0–7.5. This is not completely in
line with the observations of Wu et al., who reported a pH range of 5–7 as optimal for
DNA adsorption on titania/zirconia NPs [44]. Although the stability of the nanocarriers
is just as good at pH 5 (due to a positively charged surface) as at pH 7, we found that
the addition of single components or a dNMP mixture solution at the native pH (pH 4.9)
yielded aggregated samples. Since the target nucleic acid sequences contain all nucleotides,
we continued the optimization of the surface modification using the dNMP mixture as the
ligand solution in the pH range of 7.0–7.5.

3.5. Surface Modification in Ethanol vs. in Water and the Effect of Zirconia Shell Ageing

We compared the ethanolic and aqueous surface modification methods using a dNMP
mixture ligand solution at a controlled pH and SZ3 NPs of 50 nm mean diameter (Table 3).
Since the NPs are colloidally more stable above pH 7 due to electrostatic repulsion between
negative surface charges, while the ligand adsorption is favored at acidic pH, the pH used
in this study for the NPs and the dNMP mixture was chosen to be pH 6.0 to aid swift ligand
adsorption, and the resulting solution was dialyzed against alkaline water to prevent
aggregation. Three samples were surface modified using the ethanolic procedure at the age
of 0, 6 and 20 days after dialysis (INu, IINu and IIINu, respectively), and one sample was
surface-modified using the aqueous procedure (IIwNu), which was dialyzed into the water
7 days after synthesis, which was found optimal in the previous investigations described
in paragraph 3.2. We investigated the pH of the samples, the dispersity with DLS, the
structure and composition of the surface with FTIR and the morphology of the NPs by
TEM, and we determined the loading capacity of the particles by quantitative analysis with
TGA and desorptional titration.

Table 3. A comparison of stability and dNMP content of NPs surface modified in ethanol and in water. INu, IINu and IIINu
are samples modified using the ethanolic procedure at the age of 0, 6 and 20 days after dialysis, and the IIwNu sample is
treated by the aqueous procedure, which is dialyzed into water 7 days after synthesis.

Sample
pH at the

End of
Dialysis

Zeta
Potential

(mV)

Z-Average
(nm) and PdI

from DLS

dNMP Mix Content from Titration dNMP Mix Content from TGA

mg/g µmol/m2 * mg/g µmol/m2 *

INu 8.2 −36 ± 2 106 (0.586) 196 1.26 124 0.74
IINu 7.4 −39 ± 1 107 (0.501) 108 0.63 120 0.71
IIINu 5.7 −3 ± 1 high 53 0.29 63 0.33
IIwNu 6.9 −30 ± 1 247 (0.179) n.a. n.a. 207 1.34

* Calculated using the volume average mean diameter of the sample. PdI: polydispersity Index.

Similarly, to the case of native silica@zirconia NPs, we observed that independently of
the medium of the surface modification and despite the careful pH control of the dialyzing
water, the pH of the resulting samples was gradually decreasing with age, e.g., 6-week-old
INu had a pH of 6.7 in contrast to pH 8.2 when freshly made (Table 3). We ascribe this
phenomenon to the continuous dissolution of the silica core due to the microporous struc-
ture of the zirconia layer (see below), which was not inhibited by the surface modification.
Thus, the pH of the sample ought to be controlled for longer-term stability.
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Despite the highly charged surface for samples INu, IINu and IIwNu (Table 3), the
dispersity of the resulting samples could not be completely restored after solvent exchange
according to DLS. While large aggregates were present in very low amounts for the samples
surface modified using the ethanolic procedure at 0 or 6 days of shell condensation (INu,
IINu), there were smaller clusters of primary particles in a higher amount for samples
surface modified with the aqueous procedure (IIwNu) (Figure 6a). The sample surface
modified using the ethanolic procedure at 20 days of shell condensation (IIINu) was found
to be strongly aggregated.

Nanomaterials 2021, 11, x FOR PEER REVIEW 16 of 22 
 

 

croporous structure of the zirconia layer (see below), which was not inhibited by the sur-
face modification. Thus, the pH of the sample ought to be controlled for longer-term sta-
bility. 

Despite the highly charged surface for samples INu, IINu and IIwNu (Table 3), the 
dispersity of the resulting samples could not be completely restored after solvent ex-
change according to DLS. While large aggregates were present in very low amounts for 
the samples surface modified using the ethanolic procedure at 0 or 6 days of shell conden-
sation (INu, IINu), there were smaller clusters of primary particles in a higher amount for 
samples surface modified with the aqueous procedure (IIwNu) (Figure 6a). The sample 
surface modified using the ethanolic procedure at 20 days of shell condensation (IIINu) 
was found to be strongly aggregated. 

 
Figure 6. A comparison of samples surface modified in ethanol and in water by (a) DLS, (b) FTIR spectra and (c–d) TEM 
pictures. The dispersity of the sol is affected by the ethanolic and the aqueous surface modification methods (a). A higher 
surface load can be achieved by surface modification in water (b). The addition of aqueous ligand solutions always results 
in the deposition of zirconia next to the NPs using the ethanolic surface modification method, as shown for dNMP mixture 
in (c) for sample INu, while this is not observed for surface modification after transfer into water (d) for sample IIwNu. 

The silica nanoparticulate structure was preserved during both surface modification 
processes according to the FTIR spectra. When spectra were normalized for the νSi-O-Si 
band at 1080 cm−1, it became clear that the aqueous surface modification led to higher 
dNMP cargo load, as indicated by the higher intensity of vibrational bands at 1650 cm−1, 
1607 cm−1, 1486 cm−1, and 1575 cm−1 (Figure 6b). 

TEM pictures revealed that during the surface modification in ethanol, part of the 
zirconia deposited next to the NPs, giving rise to an inhomogeneous system (Figure 6c). 
When the surface modification was carried out after the transfer of NPs into the water, 
zirconia was only deposited on the silica surface and did not form stand-alone crystallites 
(see Figure 6d). This analysis showed that the addition of the aqueous ligand solution to 

Figure 6. A comparison of samples surface modified in ethanol and in water by (a) DLS, (b) FTIR spectra and (c–d) TEM
pictures. The dispersity of the sol is affected by the ethanolic and the aqueous surface modification methods (a). A higher
surface load can be achieved by surface modification in water (b). The addition of aqueous ligand solutions always results
in the deposition of zirconia next to the NPs using the ethanolic surface modification method, as shown for dNMP mixture
in (c) for sample INu, while this is not observed for surface modification after transfer into water (d) for sample IIwNu.

The silica nanoparticulate structure was preserved during both surface modification
processes according to the FTIR spectra. When spectra were normalized for the νSi-O-Si
band at 1080 cm−1, it became clear that the aqueous surface modification led to higher
dNMP cargo load, as indicated by the higher intensity of vibrational bands at 1650 cm−1,
1607 cm−1, 1486 cm−1, and 1575 cm−1 (Figure 6b).

132



Nanomaterials 2021, 11, 2166

TEM pictures revealed that during the surface modification in ethanol, part of the
zirconia deposited next to the NPs, giving rise to an inhomogeneous system (Figure 6c).
When the surface modification was carried out after the transfer of NPs into the water,
zirconia was only deposited on the silica surface and did not form stand-alone crystallites
(see Figure 6d). This analysis showed that the addition of the aqueous ligand solution
to the NPs in ethanol also provoked a sudden crystallization of the unreacted TBOZ, but
the TBOZ deposited next to the particles, unlike during the dialysis of native NPs when
the condensation of the unreacted TBOZ caused the aggregation. This observation was
identical in all cases of single-component ligand solutions and the four-component mixture.
We hypothesize that the ligands quickly exchange the surface-adsorbed TBOZ; thus, the
organometallic compound cannot deposit at the surface of NPs anymore but reacts readily
with the injected water forming stand-alone ZrO2 crystallites. However, in the case of the
aqueous surface modification, the unreacted TBOZ physisorbed on the NPs are already
removed by the preceding dialysis step when the ligand solution is added to it, so no
zirconia aggregates are formed. Altogether, these results demonstrated the clear superiority
of the aqueous surface modification method.

Quantitative analysis of the bound dNMP mixture was performed by desorption
titration on sol samples as well as by TGA on dried powders (Table 3). In order to evaluate
the quantity of dNMP mixture desorbed from the surface of NPs at pH 8.8, the UV-visible
absorption of the supernatant was evaluated at this pH based on a calibration curve
and the solid content of the samples (Figure S10 in Supplementary Materials). There
was a good agreement between the quantities obtained by the two methods (except for
INu) and a clear trend was found: although the adsorption of ligands was observed to
become complete at an acidic pH, below 6.5 or lower, the capacity of NPs to bind ligands
was decreasing with growing age despite the decreasing pH. According to XRD and FTIR
investigations on the transformation of crystalline phases on the NP surface, as described in
Section 3.1, the decreasing binding capacity is probably due to the ripening of the zirconia
shell accompanied by a reduction of the number of crystal lattice defects. The surface
load was found to be the highest (207 mg/g) for sample IIwNu surface modified in water
following dialysis on day 6 of the shell condensation. This capacity is much higher than
the value reported by Wu et al. [44], capturing nucleosides from urine with titania-zirconia
NPs (35 mg/g). The material synthesized by Wu et al. is similar in composition to our
system, but they used surfactant-assisted deposition of mesoporous titania-zirconia coating
on the surface of mesoporous silica and had to eliminate surfactants at 400 ◦C. This had
obviously reduced the adsorption capacity of the obtained material even though they had
achieved a high surface area (350 m2/g).

The BET-specific surface area of dried SZ3 was assessed by the N2 adsorption-
desorption method and was found to be 315 m2/g, which is somewhat smaller obtained by
Wu et al. and higher compared to the surface load. Some mesoporosity was found in SZ3,
but this we attributed to interparticulate spaces (Figure S11 in Supplementary Materials).
The microporosity of the sample was determined to be 0.121 cm3/g with a mean pore di-
ameter of 1.4 nm. Thus, the silica@zirconia NPs prepared under mild wet conditions in our
work presented similar surface area, with more than 5 times the adsorption capacity of the
mesoporous titania-zirconia described by Wu et al. The research group of Badruddoza [45]
captured nucleosides using cyclodextrin-modified magnetic NPs, whereby the binding
mode was based on Van der Waals and hydrophobic interactions, which is thus different
than the electrostatic interaction-based adsorption in our system. They achieved a load of
12.4 mg/g (adenosine) and 29.9 mg/g (guanosine), which is also considerably lower than
obtained in our study.

To summarize, we found that the optimal way to prepare highly loaded silica@zirconia
materials is to use the smallest stable size (50 nm in our study), transfer the NPs into cold,
basic water after an ideal aging period of 4–7 days and carry out surface modification in
water with a dNMP mixture at a controlled pH (7.0–7.5). The regulation of the pH plays a
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crucial role in the long-term colloidal stability of the sample; therefore, the possibility of
buffering was further investigated.

3.6. Influence of Buffers on the Adsorption Equilibrium

In view of further biological applications, we selected several buffers based on the
suggestions of Ferreira et al. [31] and studied the adsorption of the dNMP mixture on the
surface of the NPs dialyzed into the water after 6 days of shell condensation (sample IIw),
in the presence of 10 mM HEPES, PIPES, MES, MOPS, MOPSO and K-phosphate.

The study was conducted under identical conditions as described earlier in the investi-
gation of the dNMP adsorption. The zeta potential of the NPs and the UV spectrum of the
supernatants were recorded, and the latter was analyzed for free ligand content (Figure S12
in Supplementary Materials). The zeta potential vs. pH curves of the dNMP-modified NPs
was similar in the presence of PIPES, MOPS, MOPSO and MES and was shifted towards
the acidic region compared to the non-buffered system without buffer (IEP 5.8 vs. IEP 6.3).
This indicates the presence of stronger negative charges on the surface at the pH range
of interest, between pH 7.0–7.5, in these buffers. In the presence of HEPES, we observed
a more pronounced shift of IEP (pH 5.5). The percentage of free ligands showed a sim-
ilar picture: it fell below 10% at pH 6.5 and lower for all the buffered systems except
for phosphate buffer, for which it remained around 70%. K-phosphate buffer behaved
completely differently from the other buffers, as the charge of the NPs was −31 ± 1 mV
in the entire observed pH range, indicating a chemical transformation taking place on
the surface. The phosphate ions compete with dNMP molecules and occupy most of the
surface sites, thereby providing a high negative zeta potential in the whole of the observed
pH range. As a result, 70% of the dNMP ligands remain free and cannot bind to the surface.

We concluded that the phosphate buffer was incompatible with our system. For the
rest of the buffers, we did not see interference with the adsorption phenomenon. They
are, therefore, all suitable buffers to control the pH and to ensure colloidal stability of the
present system.

Finally, in order to choose the best buffering medium that enables the highest amount
of dNMP mixture adsorbed to the surface, we recorded adsorption isotherms in the four
selected buffers (we discarded MES because of its upper buffering limit at pH 6.7) at
22 ◦C and pH 7.4 (Figure 7a). The isotherms followed the Langmuir model (Figure 7b);
therefore, by plotting the reciprocal of the adsorbed amount of ligands against the re-
ciprocal of the initial concentration, we obtained a linear relationship, which allowed
us to evaluate the maximum adsorbing amount of ligands (qm) in each buffer (Table S1
in Supplementary Materials) [45,46]. The highest amount of dNMP mixture adsorbed to
the surface was achieved for IIw in HEPES buffer: 187 mg/g (pH 7.4), which is also in
agreement with its largest IEP shift corresponding to the highest negative charges on the
surface. Comparing this value with the surface loading for non-buffered IIwNu obtained
by TGA (207 mg/g; pH 6.9), we can state that the maximum load in a buffered system is
only slightly lower than the one obtained in non-buffered one. We would expect that the
maximum load may even be identical at pH 6.9.

In summary of these steps, we evidenced that silica@zirconia core@shell NPs pre-
pared under mild wet synthetic conditions bind a high amount of dNMP on their sur-
face and buffering necessary to prevent their early degradation does not inhibit this pro-
cess. Moreover, the pH stability range of the nanocarriers coincides with the physiolog-
ical pH optimal for the administration of vaccine delivery systems. This way, we con-
firmed that the buffered system sustained colloid stability and is suitable for its intended
biological use.
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us to derive the maximum adsorption capacity for each system.

4. Conclusions

Our paper presents the systematic progress towards the establishment of an optimized
synthetic procedure of high adsorption capacity silica@zirconia nanocarrier.

We achieved high specific surface area nanocarriers through lowering particle size
and using very mild synthetic conditions. We studied the time-dependent changes in the
zirconia shell structure and optimized the solvent exchange and the surface modification
accordingly. The aging time of the zirconia shell in the synthetic mixture largely determined
the colloidal stability and the aggregation behavior of the NPs during the dialysis step
due to a layer of physisorbed TBOZ zirconia starting material attached to the surface.
Furthermore, the pH was found to be crucial for the maintenance of colloid stability during
and following the surface modification, with the optimum being between pH 7.0–7.5. We
tested several biocompatible buffers of which HEPES, PIPES, MOPS and MOPSO were
proven to be suitable and compatible with our nanocarrier system. Based on these results,
we anticipate stable and high-capacity adsorption of nucleic acid-type antigens or adjuvants
on the surface of the optimized NPs, and in our future work, we proceed to the elaboration
of vaccine adjuvant nanocarriers using these cargo molecules.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11092166/s1, Figure S1: TEM pictures of silica core for batches S1, S2, S3 and S4 and
silica@zirconia core@shell for batches SZ1, SZ2, SZ3 and SZ4 NPs, Figure S2: DLS size distribution
functions of core and core@shell NPs, Figure S3: XRD spectrum of 2-week-old SZ3 NPs, line fitted
using Rietveld analysis and the error to the fit, Figure S4: FTIR spectra of SZ3 silica@zirconia
core@shell NPs in ethanol at different aging times after deposition, Figure S5: DLS size distribution
functions of different size NPs dialyzed into water at pH 9 at the age of 4-7 days after deposition of
zirconia shell and 50 nm diameter particles dialyzed after different aging times at pH 9, Figure S6: X-
ray diffractogram and Rietveld refinement evaluation of Iw powder, Figure S7: FTIR spectra of
native NPs dialyzed into basic water without temperature control, Figure S8: FTIR spectra of SZ1
NPs surface modified in ethanol without controlling the pH of ligand solutions and SZ3 NPs surface
modified freshly after synthesis in ethanol using dNMP mixtures at pH 6.0, Figure S9: Structural
changes of SZ3 core@shell NPs after transfer into water by dialysis at pH 9 at different ages according
to FTIR spectra. Iw (transfer on day 1 after zirconia deposition); IIw (transfer on day 7); IIIw (transfer
on day 21), Figure S10: Combined zeta potential and free ligand quantity of the supernatant vs.
pH curves obtained during desorption titration and calibration curve used for Nu mix quantity
assessment, Figure S11: N2 adsorption-desorption isotherm and micropore size distribution of SZ3
(dried at the age of 4 days) powder, Figure S12: Variation of the zeta potential (left axis) and the
percentage of free ligands (right axis) in the function of the pH for the dNMP mixture in the presence
of 10 mM buffers, Table S1: Goodness of fit and maximum absorbing dNMP mixture on IIw in
20 mM buffers at 22 ◦C and at pH 7.2.
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Abstract: Metal oxide nanoparticles have been widely utilized for the fabrication of functional gas
sensors to determine various flammable, explosive, toxic, and harmful gases due to their advantages
of low cost, fast response, and high sensitivity. However, metal oxide-based gas sensors reveal the
shortcomings of high operating temperature, high power requirement, and low selectivity, which
limited their rapid development in the fabrication of high-performance gas sensors. The combination
of metal oxides with two-dimensional (2D) nanomaterials to construct a heterostructure can hybridize
the advantages of each other and overcome their respective shortcomings, thereby improving the
sensing performance of the fabricated gas sensors. In this review, we present recent advances in
the fabrication of metal oxide-, 2D nanomaterials-, as well as 2D material/metal oxide composite-
based gas sensors with highly sensitive and selective functions. To achieve this aim, we firstly
introduce the working principles of various gas sensors, and then discuss the factors that could affect
the sensitivity of gas sensors. After that, a lot of cases on the fabrication of gas sensors by using
metal oxides, 2D materials, and 2D material/metal oxide composites are demonstrated. Finally, we
summarize the current development and discuss potential research directions in this promising topic.
We believe in this work is helpful for the readers in multidiscipline research fields like materials
science, nanotechnology, chemical engineering, environmental science, and other related aspects.

Keywords: two-dimensional materials; metal oxide; nanoparticles; composite materials; gas sensors

1. Introduction

In actual production and life, flammable, explosive, toxic, and harmful gases pose a
serious threat to environmental safety and human health. Therefore, devices with high
performance are urgently needed to detect those flammable, explosive, toxic, and harmful
gases. The gas sensors play great importance in determining various gases as they can
convert a certain gas volume fraction into electrical signals. They have the advantages of
low cost, fast response, high sensitivity, and high selectivity. In addition, in some cases, the
gas sensor device can be directly used in electronic interfaces. Therefore, gas sensors have
been widely used in environmental monitoring, air quality monitoring, vehicle exhaust
monitoring, medical diagnosis, food/cosmetics monitoring, and many other fields [1–8].

The fabrication of nanomaterial-based gas sensors has been the focus of research over
the past few decades. According to the working principle of the sensors, gas sensors can be
divided into several types, such as semiconductor type, polymer type, contact combustion
type, and solid electrolyte [9–12]. Among these gas sensors, the semiconductor gas sensors
have developed into one of the largest and most widely used sensors in the world due to
their large types of gases, high sensitivity, low price, and simple fabrication [13]. According
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to the different gas detection methods, semiconductor gas sensors can be divided into two
types: resistive and non-resistive, in which the resistive semiconductor gas sensor detects
gas concentration according to the change of the resistance value of the semiconductor
when it comes into contact with the gas [13]. Currently, gas-sensitive materials such as
semiconductor metal oxides, conductive polymers, and carbon materials have been used
for the fabrication of resistive semiconductor-type gas sensors [14–17].

Among these sensing materials for the fabrication of semiconductor gas sensors,
metal oxides, including zinc oxide (ZnO), indium oxide (In2O3), tin oxide (SnO2), and
tungsten oxide (WO3) have been proved to be the best candidates for the fabrication for
making resistive gas sensors due to their advantages of simple fabrication, low cost, easy
portability, and high sensitivity [18–21]. However, the high operating temperature, high
power, and low selectivity limited their rapid development [22,23]. Two-dimensional (2D)
nanomaterials, including graphene, transition metal chalcogenides, layered metal oxides,
black phosphorus, and others, have shown great potential in gas sensors due to their
unique single-atom-layer structure, high specific surface area, and many surface-active
sites [24,25].

2D material-based gas sensors have the advantages of high sensitivity, fast response
speed, low energy consumption, and room temperature operation [26–30]. However,
since 2D nanomaterials tend to form a dense stack structure during the formation of the
conductive network, it is not conducive to the full contact between the flakes inside the
conductive network and the gas molecules, making the sensitivity and response recovery
speed relatively low at room temperature. Combining metal oxides with 2D nanomaterials
to construct a heterostructure can combine the advantages of each other and overcome their
respective shortcomings, thereby improving the sensing performance of the fabricated gas
sensors. The combination of the metal oxide and 2D materials can drive transformations
in the design and performance of 2D nanoelectronics devices, such as the graphene/2D
indium oxide/SiC heterostructure [31,32]. Currently, the combination of metal oxides with
graphene, transition metal chalcogenide, and other 2D materials to form heterojunction
nanostructures for gas sensors have been studied widely, which have exhibited significantly
enhanced sensing performance at room temperature [33,34].

In this review, we present the advances in the fabrication and sensing mechanisms of
2D material- and metal oxide nanoparticle-based gas sensors. For this aim, we first intro-
duce the detection mechanism of the resistive semiconductor gas sensors and the factors
that can affect the sensitivity of the gas sensors. Then, various types of gas sensors based
on metal oxides, 2D materials, and 2D materials/metal oxides composites are introduced.
Special emphasis is placed on the recent progress of the combination of metal oxides and
2D nanomaterials for gas sensors. We believe that this review will be helpful for readers
to understand the synthesis of functional 2D material-based composites and promote the
fabrication of 2D material-based sensors for the high-performance determination of gases.

2. Working Principles of Gas Sensors
2.1. Mechanism of Oxygen Ion Adsorption on the Surface of Metal Oxide Nanoparticles

The sensing mechanism of traditional metal oxide-based gas sensors is related to the
resistance change of the sensing materials caused by the adsorption of oxygen ions on the
material surface [35,36]. When metal oxides are exposed to air, O2 in the air is adsorbed
onto the surface of metal oxides, which acts as electron acceptors to extract electrons from
the conduction band of oxides and dissociates into different forms of negative oxygen ions
(O2

−, O−, O2−). Since the electrons in the conduction band of the material are captured
by oxygen anions, a hole accumulation layer (also called electron depletion layer) rich in
hole carriers is formed on the surface of the material, thereby increasing the resistance of
the gas-sensing material. Various gases are adsorbed on the surface of metal oxides and
interact with oxygen anions to change the electrical conductivity of metal oxides. Taking
NiO as an example, when exposed to a reducing gas, the adsorbed oxygen undergoes a
redox reaction with the gas, and the captured electrons are released into the conduction
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band of the semiconductor, and these electrons combine with the holes present in the hole
accumulation layer of the sensor material [37]. Therefore, the number of carriers is reduced,
and the resistance value is increased, so as to achieve the purpose of gas detection, as
shown in Figure 1.
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2.2. Charge Transfer Mechanism of 2D Material-Based Gas Sensors

The sensing mechanism of gas sensors based on graphene and related 2D layered
materials is mainly related to the charge transfer process, in which the sensing material
acts as a charge acceptor or donor [38]. When exposed to different gases, a charge transfer
reaction occurs between the sensing material and the adsorbed gas, and the direction
and amount of charge transfer are different, resulting in different changes in the material
resistance. Taking layered MoS2 as an example, the charge transfer between different gas
molecules (including O2, H2O, NH3, NO, NO2, CO) and monolayer MoS2 is different [39],
as shown in Figure 2.

Before gas adsorption, some electrons already exist in the conduction band of the
n-type MoS2 monolayer. When MoS2 is exposed to O2, H2O, NO, NO2, and CO gases, the
electron charge is transferred from MoS2 to the gas atmosphere, resulting in a decrease
in the carrier density of MoS2 and an increase in the resistance of MoS2. On the contrary,
When MoS2 is exposed to NH3, the NH3 molecules adsorbed on MoS2 act as charge donors
to transfer electrons to the MoS2 monolayer, increasing the carrier density of the MoS2
monolayer and reducing its resistance (Figure 2).
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2.3. Gas Sensing Mechanism of 2D Material/Metal Oxide Composites

When one material is composited with another, the bonding between different ma-
terials forms p-n, n-n, p-p, and Schottky heterojunctions. Among them, the formation of
p-n heterojunction is beneficial for adjusting the thickness of the electron depletion layer,
thereby further improving the sensing performance of the fabricated gas sensors. For
example, when SnO2 is combined with graphene oxide (GO), the p-n heterojunction can
be formed to form a new energy-level structure, as shown in Figure 3 [40]. The electron
dissipation layer expands at the interface of SnO2 and GO, resulting in increased resistance.
When formaldehyde is introduced, the trapped electrons are released back into the conduc-
tion band, resulting in a reduction in the width of the dissipation layer, which reduces the
resistance of the sample. The porous and ultrathin structure of the SnO2/GO composite
increases the specific surface area and active sites, facilitates the reaction with HCHO gas,
and contributes to the ultrahigh response for gas sensing. It should be noted that the
ultrathin nanosheet structure of GO shortens the transport path and greatly improves the
response of the gas sensor. Meanwhile, the abundant pores in SnO2 are favorable for gas
diffusion and help to improve the response/recovery performance. In addition, GO can
act as a spacer, which reduced the agglomeration of SnO2 nanoparticles, and provided
abundant adsorption sites for HCHO gas, thereby enhancing the gas sensing response.
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3. Factors for Affecting the Sensitivity of Gas Sensors
3.1. Size, Morphology, and Porosity

The grain size, morphology, and porosity are important factors for affecting the
sensing performance of semiconductor-based gas sensors. In gas sensors, semiconductor
nanoparticles are connected to adjacent particles through grain boundaries to form larger
aggregates [41]. On the particle surface, the adsorbed oxygen molecules extract electrons
from the conduction band and capture electrons in the form of ions on the surface, resulting
in band bending and electron depletion layers, as shown in Figure 4 [42,43]. Since the
transport of electrons between grains needs to pass through the electron depletion layer,
the grain size has a great influence on the conductivity, which in turn affects the gas sensing
performance of the material-based gas sensor. When the particle size (D) is much larger
than twice the thickness (L) of the electron depletion layer (D >> 2L), there is a wide electron
channel between the grains, and the gas sensitivity of the material is mainly controlled by
the surface of the nanoparticles (boundary control). When D ≥ 2L, there is a constricted
conduction channel. The change in electrical conductivity depends not only on the particle
boundary barrier but also on the cross-sectional area of the channel, and the gas sensitivity
of the material is mainly controlled by the contact neck between nanoparticles (neck control).
When D < 2L, the electron depletion layer dominates, the entire nanoparticle is contained
in the electron depletion layer (grain control), and the sensitivity of the material is very
high. The energy bands are nearly flat throughout the interconnected grain structure, and
there is no significant impediment to the inter-grain charge transport. The small amount of
charge gained from the surface reaction results in a large change in the conductivity of the
entire structure. Therefore, the smaller grain size is beneficial to improving the sensitivity
of the gas sensor. When the grain size is small enough, the crystal becomes very sensitive to
the surrounding gas molecules. For example, Min et al. used SnO2 as the sensing material
to prepare SnO2 films with different particle sizes (8.4–18.5 nm) and different porosity
(70.8–99.5%), and found that in the gas sensors with porous structure, high porosity and
low average particle size exhibited quicker gas sensing response [44].
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However, when the grain size is excessively reduced, the agglomeration between
particles is serious. If the aggregates are relatively dense, only the particles on the surface
of the aggregates could participate in the gas sensing reaction, and the internal materials
are wasted because they are not in contact with the gas, resulting in a decrease in the
utilization rate of the material. In addition, the agglomeration is not conducive to the
diffusion of gas inside the material and will reduce the gas sensing performance [45,46].
Increasing the specific surface area not only facilitates the adsorption of oxygen molecules
in the air on the surface of the material, but also increases more effective active sites and
more gas transmission channels to facilitate the diffusion and absorption of the test gas.
Therefore, increasing the specific surface area of gas-sensing materials is an important way
to modify the sensing properties of gas sensors. The regulation of both the morphology
(flower-like, sea urchin-like, etc.) and porous structure (macropores, mesopores, and
micropores) of materials is an effective way to improve the specific surface area of materials.
Nanomaterials with porous structures can increase the effective surface area and active
sites of the material due to their special pore structure, so that the material has better
permeability, making gas molecules easier to diffuse into the interior of the material, and
increasing the contact between the material and the gas. It can accelerate the diffusion of
gas, improve the response and recovery speed of the gas sensor, and thus improve its gas
sensing performance.

For example, Boudiba et al. synthesized WO3 materials with different morphologies
by direct precipitation, ion exchange, and hydrothermal methods, and further used the
as-prepared materials to fabricate gas sensors. Their results indicated that the greater the
porosity, the higher the sensitivity to SO2 gas [47]. In another case, Jia et al. prepared
WO3 semiconductor materials with different morphologies by hydrothermal method as
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sensitive materials. Under the same test conditions, they found that the sensitivity of
WO3 nanorods towards acetone was 19.52, while the sensitivity of WO3 nanospheres
towards acetone was 25.71. In addition, WO3 nanoshpheres exhibited better selectivity
than nanorods [48]. Lü et al. [49] successfully prepared porous materials with extremely
high specific surface area (120.9 m2·g−1) by simple chemical transformation of Co-based
metal-organic frameworks (Co-MOFs) template and controlling the appropriate calcination
temperature (300 ◦C). The prepared Co3O4 concave nanocubes were systematically tested
for their gas-sensing properties to volatile organic compounds (VOCs), including ethanol,
acetone, toluene, and benzene. to the fabricated sensors exhibited excellent performance
in gas sensing, such as high sensitivity, low detection limit (10 ppm), fast response and
recovery (<10 s), and high selectivity for ethanol. Wang et al. synthesized concave Cu2O
octahedral nanoparticles with a diameter of about 400 nm and performed gas-sensing tests
for benzene (C6H6) and NO2 [50]. It was found that the concave Cu2O octahedral nanopar-
ticles exhibited better gas sensing properties than Cu2O nanorods. Unlike conventional
octahedrons, Cu2O octahedral nanoparticles have a structure similar to icosahedral with
sharp boundaries. Therefore, compared with nanorods, the synthesized Cu2O octahedral
nanoparticles have a larger specific surface area, which can provide more reactive sites and
thus exhibit better gas sensing properties.

3.2. Doping of Metals

The doping of metal elements can effectively improve the gas recognition ability of
gas sensing materials, and is an important method to improve gas-sensing performance.
Different dopant species may lead to different types of crystallites, defects and electronic
properties [51,52]. Doping or surface modification by adding metal elements (such as Ag,
Au, Pt, Pd, etc.) on the surface of the gas-sensing materials can increase the number of
active sites, promote the adsorption/desorption reaction on the surface of the gas-sensing
materials, and reduce the reaction activation energy, and reduce the operating temperature,
thereby improving the gas-sensing performance [53].

For instance, Fedorenko et al. [54] prepared Pd-doped SnO2 semiconductor sensors by
a sol–gel method. The effect of Pd additives on methane sensitivity was studied, and it was
found that due to the catalytic activity of Pd, compared with undoped materials, the addi-
tion of Pd to SnO2 significantly improved the sensor response to methane (about 6–7 times).
Barbosa et al. [55] studied the sensing responses of SnO micro-sheets that modified with Ag
and Pd noble metal catalysts towards the gases such as NO2, H2, and CO, and found that
the Ag/Pd surface-modified SnO micro-sheets exhibited higher sensitivity to gases such
as H2 and CO. However, the catalyst particles reduced the sensing response to oxidizing
gases such as NO2. It is clear that the catalytic activity of Pd nanoparticles is related to
chemical sensitization, while the catalytic activity of Ag nanoparticles is related to electronic
sensitization. The Ag-modified samples showed high response to H2, and Pd-modified
samples showed high response and selectivity to CO. Zhang et al. synthesized Co-doped
sponge-like In2O3 cubes by a simple and environmentally friendly hydrothermal method
with the help of organic solvents, and studied their acetone gas-sensing properties [56]. It
was found that Co-doped In2O3 has good gas-sensing performance for acetone gas, and its
porous structure can create more adsorption sites for the adsorption of oxygen molecules
and the diffusion of the target gas, thereby significantly improving the sensing performance.
Compared with the undoped sample, the response value of the doped Co-In2O3 sample to
acetone was increased by 3.25 times, the response recovery time was fast (1.143 s/37.5 s),
the detection limit was low (5 ppm), the reproducibility was good, and the selectivity was
high. In another case, Ma et al. reported a Pt-modified WO3 mesoporous material with high
sensitivity to CO [57]. Pt acted as a chemical sensitizer, and gas molecules were adsorbed
and flowed into the gas-sensitive material through the spillover effect. In addition, the PtO
formed on the surface of Pt further increased the electron depletion layer, and enhanced
the electron sensitivity. The synergistic effects of both components further improved the
gas-sensing performance.
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Compound doping is another important method to improve the sensing performance
of gas sensors. When a metal oxide is combined with other metal oxides, a heterojunction
structure is constructed. Since the two materials each have their own Fermi energy levels,
there will be a mutual transfer of carriers between the two materials to form a space charge
layer, so as to achieve the purpose of enhancing the gas-sensing properties of the compound
materials. For example, Ju et al. [58] prepared SnO2 hollow spheres by a template-assisted
hydrothermal method and successfully implanted p-type NiO nanoparticles onto the
surface of SnO2 hollow spheres by the pulsed laser deposition (PLD) to prepare NiO/SnO2
p-n hollow spheres. The gas-sensing performance test indicated that its response to 10 ppm
triethylamine (TEA) gas could reach 48.6, which was much higher than that of the original
SnO2 hollow spheres, and the detection limit was as low as 2 ppm. The optimal operating
temperature dropped to 220 ◦C, which was 40 ◦C lower than that of the original SnO2
hollow sphere sensor. Compared with the pristine SnO2 sensor, the enhanced response of
NiO/SnO2 sensor to TEA is mainly attributed to the formation of a depletion layer by the
p-n heterojunction interface, which makes the resistance of hybrid materials in air and TEA
gas change a lot.

In addition, when the gas-sensing materials of different dimensions are compounded,
the stacking of the gas-sensing materials can be prevented, the porosity can be increased,
and the gas-sensing performance can be improved. For example, Kida et al. [59] introduced
monodispersed SnO2 nanoparticles (about 4 nm) into WO3 nanosheet-based films, which
could improve its porosity, prevent the aggregation of flakes, and increase the diffusion
paths and adsorption sites of gas molecules. The response sensitivity of the composites
to NO2 was enhanced when the concentration in air was 20–1000 ppb, indicating the
effectiveness of the microstructure control of the WO3-based film on high-sensitivity NO2
detection. In another case, Mishra et al. [60] prepared nanocubic In2O3@RGO composites by
combining In2O3 with reduced graphene oxide (RGO), and the sensor based on nanocubic
In2O3@RGO heterostructures exhibited high resistance to acetone (~85%) and formaldehyde
(~88%) with good selectivity, long-term stability, and fast response/recovery rates

4. 2D Material-Based Gas Sensors

With the successful preparation of graphene materials, its unique structure and excel-
lent properties have attracted widespread attention, thus setting off a research upsurge
in 2D materials. 2D nanomaterials have a large specific surface area and special electrical
properties due to their nanoscale thin-layer structure. After the gas is adsorbed on the
surface, it will affect the conductivity of the surface, so it can be used as a gas-sensing
material to adsorb and capture certain single species of gas molecules, with excellent gas-
sensing properties. Gas sensors based on 2D nanomaterials exhibit many advantages, such
as high sensitivity, fast response speed, low energy consumption, and the ability to work at
room temperature.

4.1. 2D Graphene-Based Gas Sensors

Graphene is a honeycomb 2D carbon nanomaterial composed of a single layer of sp2

carbon atoms. It is currently the thinnest 2D material in the world, with a thickness of
only 0.35 nm. Graphene has many excellent properties due to its special structure, such as
good electrical conductivity, high carrier mobility, transparency, and mechanical strength.
As a typical 2D material, every atom in the graphene structure can be considered as a
surface atom, so ideally every atom can interact with the gas, which makes graphene
promising as a kind of gas sensor with ultrahigh sensitivity. In the process of adsorption
and desorption of gas molecules, graphene nanosheets will affect the change of local carrier
concentration in the material, thus showing the transition of electrical signal in the detection
of electrochemical performance, and has a good development prospect in gas adsorption. In
2007, Novoselov’s group first reported a graphene-based gas sensor, which confirmed that
a graphene-based nanoscale gas sensor can be used to detect the adsorption or desorption
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of single gas molecules on the graphene surface [61]. This study opens the door to research
on 2D graphene-based gas sensors.

Single-layer graphene nanosheets, RGO, chemically modified graphene, and GO
have been proven to be good gas sensing materials [62–64]. Since the main advantage of
graphene nanostructures is the low temperature response, this sensor can greatly reduce
the energy consumption of the sensing device. Various graphene-based gas sensors have
been used to detect various harmful gases such as NO2, NH3, CO2, SO2, and H2S. For
example, Ricciardella et al. developed a graphene film-based room temperature gas sensor
with a sensitivity of up to 50 ppb (parts-per-billion) to NO2 [65]. Various methods, such as
mechanical exfoliation, chemical vapor deposition (CVD), and epitaxy, have been used to
prepare graphene for gas sensing applications. For example, Balandin et al. [66] prepared
monolayer graphene using a mechanical exfoliation method and reported a monolayer
intrinsic graphene transistor, which can utilize low-frequency noise in combination with
other sensing parameters to realize selective gas sensing of monolithic graphene transistors.
Choi et al. [67] prepared graphene by CVD and transferred it onto flexible substrates, and
demonstrated a gas sensor using graphene as a sensing material on a transparent (Tr > 90%)
flexible substrate. Nomani et al. demonstrated that epitaxial growth of graphene on Si and
C surfaces of semi-insulating 6H-SiC substrates can provide very high NO2 detection sensi-
tivity and selectivity, as well as fast response times [68]. Yang et al. directly grew multilayer
graphene on various substrates through the thermal annealing process of catalytic metal
encapsulation, and tested it as a gas sensor for NO2 and NH3 gas molecules to detect its
response sensitivity to NO2 and NH3 [69]. The schematic diagram of the graphene sensor
is shown in Figure 5a. The NO2 molecules are electron acceptors (p-type dopant), which ex-
tract electrons from graphene, while the NH3 molecules are electron donors (n-type dopant),
which donate electrons to graphene. Therefore, when NO2 molecules are adsorbed, the
conductivity of graphene is enhanced, while when NH3 molecules are adsorbed on the
graphene surface, the conductivity decreases due to the compensation effect (Figure 5b).
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GO is suitable for gas sensors due to its multiple properties, such as easy processing,
high solubility in various solvents, and containing oxygen functional groups or defects.
Since the defects or functional groups in GO can act as reaction sites for gas adsorption,
making the gas easily adsorbed on the surface of GO and improving the selectivity and
sensitivity of the GO-based sensor, the response of the GO-based sensor can be tuned by
functionalization. Shen et al. [70] prepared edge-trimmed GO nanosheets by periodically
acid-treating GO, and then fabricated field effect transistors (FETs) for gas sensing testing
of SO2 at room temperature (Figure 5c,d). Compared with pristine GO nanosheets, edge-
clipped GO nanosheets were found to have a significant response enhancement effect to
SO2 gas, and the detection concentration range was 5–1100 ppm. Meanwhile, the edge-
trimmed GO device also exhibited a fast response time, which was mainly attributed
to the hygroscopic properties of the GO nanosheets, which can trap water molecules
and react with SO2 to generate sulfuric acid to facilitate their fast protonation process.
By utilizing different reducing agents to remove oxygen from GO and recover aromatic
double-bonded carbons, the selectivity of RGO-based gas sensors could be improved
significantly. For example, Guha et al. [71] developed a gas sensor for NaBH4 reduction
of GO on a ceramic substrate and reported its performance for detecting NH3 at room
temperature. The response to NH3 can be optimized by the reduction time of GO. Through
chemical modification, RGO can introduce some foreign groups or atoms to change its
surface properties, which can enhance its sensing performance. For example, the response
of RGO reduced with p-phenylenediamine (PPD) to dimethyl methylphosphonate (DMMP)
was 4.7 times higher than that of RGO reduced by ordinary methods [72]. The RGO-based
gas sensor reduced by ascorbic acid has high selectivity for corrosive NO2 and Cl2, and the
detection limit can reach 100 and 500 ppb, respectively [73].

4.2. 2D Transition Metal Sulfide-Based Gas Sensors

As a typical p-type inorganic 2D material with a hexagonal filled layered structure
of TMDs, it has received extensive attention in energy conversion and storage, especially
in room temperature gas sensors, which have unique advantages and are widely used in
various gas detection. Similar to graphene, MoS2 consists of vertically stacked layers, each
formed by covalently bonded Mo-S atoms, with adjacent layers connected by relatively
weak van der Waals forces. The weak van der Waals interactions allow gas molecules
to permeate and diffuse freely between the layers, so the resistance of MoS2 can change
dramatically with the adsorption and diffusion of gas molecules within the layers. Various
methods for gas sensing using few-layer MoS2 have been reported in the literature, includ-
ing detectors for many kinds of chemical vapors such as H2, NO2, and ethanol [74–76].
For example, Li et al. [77] found for the first time that mechanically exfoliated multilayer
MoS2 exhibited high sensitivity to NO gas, while monolayer MoS2 had an unstable re-
sponse to NO gas. They used a mechanical lift-off technique to deposit monolayer and
multilayer MoS2 films on Si/SiO2 surfaces for the fabrication of FETs. The FET acted as a
gas sensor, which realized gas detection by monitoring the change of the conductance of
the FET channel during the adsorption of target gas molecules. Since the mechanically cut
MoS2 sheet is an n-type semiconductor, when the MoS2 channel was exposed to NO gas,
it would result in p-doping of the channel, resulting in an increase in channel resistance
and a decrease in current flow. It was found that although the single-layer MoS2 device
exhibited a fast response after exposure to NO, the current was unstable; the two-layered,
three-layered, and four-layered MoS2 devices all exhibited stable and sensitive responses
to NO at a concentration of 0.8 ppm. Late et al. [78] systematically studied the relationship
between the number of MoS2 layers and gas sensing performance, and found that the
sensitivity and recovery time of 5-layered MoS2 to NH3 and NO2 gases were better than
those of double-layered MoS2 (Figure 6a–d). These findings suggest that a small amount of
layered MoS2 has great potential to detect various polar gas molecules.
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At present, 2D Sn-based sulfide materials (SnS and SnS2) are also used in the field of
gas sensors due to their unique performance advantages. For example, Wang et al. [79]
successfully synthesized free-standing large-scale ultrathin SnS crystalline materials by
utilizing the 2D directional attachment growth of colloidal quantum dots in a high-pressure
solvothermal reaction. The SnS ultrathin crystals were rectangular with uniform shape,
the lateral dimension was between 20 and 30 µm, and the thickness was less than 10 nm
(Figure 7a,b). The obtained material was used to fabricate a gas sensor, which exhibited
excellent sensitivity and selectivity for NO2 at room temperature with a detection limit
of 100 ppb (Figure 7c–e). Xiong et al. [80] synthesized 3D flower-like SnS2 nanomaterials
assembled from nanosheets and fabricated them into gas sensors by a simple solvothermal
method, As shown in Figure 7f–h. When 100 ppm NH3 was detected at 200 ◦C, the
response value was 7.4, the response time was 40.6 s, and the recovery time was 624 s.
The prepared nanoflowers have good selectivity to NH3 with a detection limit of 0.5 ppm.
This study attributes the excellent performance of the SnS2 sensor for NH3 to the unique
thin-layer flower-like nanostructure, which is beneficial to the carrier transfer process and
gas adsorption/desorption process [23].
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Figure 7. TEM (a) and HRTEM (b) images of 2D thin SnS crystals. Inset in (b) is the corresponding
low-magnification TEM image. (c) Schematic structure of SnS thin-crystal-based gas-sensor device.
The inset shows the optical image of the device. (d) Real-time voltage response after exposure of
the device to NO2 gas with increased concentration. The inset schematically illustrates the electron
transfer process from SnS to NO2. (e) Selectivity of the sensor to a series of gases of 1 ppm. Inset shows
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Reprinted with permission from Ref. [80]. Copyright 2018 Elsevier.

In order to further improve the gas sensing performance of TMD materials, people
have improved the gas-sensing performance through external energy strategies (ultraviolet-
assisted irradiation or applying a bias voltage, etc.) or composite strategies with other
materials. For example, Late et al. found that 5-layer MoS2 has a more sensitive response
to both NH3 and NO2 than 2-layer MoS2 with the assistance of a bias voltage (+15 V). The
photoconverted radiation of 4 mW/cm2 can increase the sensitivity of NO2 gas sensing,
while the light intensity of 15 mW/cm2 can reduce the recovery time [78]. Wu et al. [81]
prepared MoTe2 nanosheets by mechanical exfoliation, and the sensitivity to NO2 under
254 nm UV light was significantly improved by one order of magnitude compared with the
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dark condition, and the detection limit was significantly reduced to 252 ppt. Gu et al. [82]
synthesized 2D SnS2 nanosheets by a solvothermal method, and after irradiation with a
520 nm green LED lamp, realized NO2 detection at room temperature, with good repeata-
bility and selectivity for 8 ppm NO2 in a dry environment and the response value was 10.8.
Cheng et al. [83] combined the excellent sensing performance and gas adsorption capacity
of 2D SnS2 hexagonal nanosheets with the good electrical properties of graphene, and used
the excellent electrical conductivity of graphene to make up for the shortcoming of the poor
conductivity of SnS2 at room temperature and prepared a high-performance RGO/SnS2
heterojunction-based NO2 sensor. Compared with the single SnS2 gas sensor, the graphene-
doped sensor exhibited better selectivity to NO2, while effectively reducing the optimal
operating temperature of the device, and its response to 5 ppm NO2 gas increased by nearly
one order of magnitude, and the response recovery time was reduced to less than a minute.
Compared with the single SnS2 gas sensor, the graphene-doped sensor exhibited good
selectivity to NO2, while effectively reducing the optimal operating temperature of the
device, and its response to 5 ppm NO2 gas increased by nearly one order of magnitude,
and the response recovery time was shortened to less than one minute.

4.3. 2D Metal Oxide Based Gas Sensors

2D semiconductor oxide nanosheets are also commonly used 2D materials in the
field of gas sensors. Among them, layered MoO3, WO3 and SnO2 have attracted much
attention due to their stability in high-temperature air [84–86]. For example, Cho et al. [87]
reported the preparation of MoO3 nanosheets by ultrasonic spray pyrolysis, and studied
their gas-sensing properties, and found that there was still a response even when the gas
concentration of trimethylamine was lower than 45 ppb. The super sensitivity to trimethy-
lamine gas is inseparable from its larger specific surface area, as ultrathin nanosheets with
the larger specific surface area can provide a larger electron depletion layer and a faster gas
diffusion rate across the nanosheets. In addition, MoO3 is an acidic oxide, which is more
likely to react with basic gas preferentially, so it has super selective properties for basic gas
trimethylamine. Wang et al. [88] prepared WO3 porous nanosheet arrays by chemical bath
deposition, and found that WO3 arrays composed of 20 nm ultrathin porous nanosheets
had better low-temperature NO2 gas sensing properties. At an operating temperature of
100 ◦C, the response to 10 ppm NO2 was as high as 460.

For 2D metal oxide nanomaterials, the difference in exposed crystal planes will affect
their gas sensing properties. For example, Kaneti et al. used a simple and effective
hydrothermal method to prepare ZnO nanosheets. By simulating the adsorption of gas
molecules on the surfaces of different ZnO crystals, it was found that the enhanced gas-
sensing performance of ZnO nanosheets is related to the exposed surface, the (1010) face of
ZnO possesses better adsorption capacity for n-butanol than the (1120) face and (0001) face,
showing higher responsiveness, better selectivity, and higher stability [89]. In addition,
Wang et al. [90] used a two-step method to synthesize ultrathin porous In2O3 nanosheets
with uniform mesopores and found that they exhibited an ultra-high response to 10 ppb
NOx at a lower operating temperature (120 ◦C), its sensitivity response value was 213,
and the response time was 4 s. The thickness of the ultrathin nanosheets is about 3.7 nm,
with a large number of active reaction sites, which can enhance the response to NOx, and
the porous structure can shorten the gas transmission path and enhance the gas diffusion
efficiency, thereby improving the gas sensing performance. Wang et al. synthesized
Co3O4 mesh nanosheet arrays for the detection of NH3 [91]. The porous mesh structure
promoted gas diffusion and provided a larger active reactive surface to react with the
target gas, thereby improving the gas sensing performance. Therefore, even when the
NH3 concentration is 0.2 ppm, the sensor still has obvious response characteristics. The
response/recovery time of Co3O4 nanosheet arrays to 0.2 ppm NH3 is 9 s/134 s, showing
good reproducibility and long-term room temperature stability.

2D nanostructures have shown great potential in the field of gas sensing due to their
high specific surface area and highly efficient active sites on exposed surfaces. To further en-
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hance the gas-sensing properties of 2D metal oxides, ion doping or surface modification on
them is a valuable approach to enhance the response and recovery properties. For example,
Chen et al. [92] prepared 2D Cd-doped porous Co3O4 nanosheets by microwave-assisted
solvothermal method and in situ annealing process, and investigated their sensing perfor-
mance for NO2 at room temperature. It was found that 5% Cd-doped Co3O4 nanosheets
significantly improved the response to NO2 at room temperature (3.38), decreased the
recovery time (620 s), and lowered the detection limit to 154 ppb. The reason for the
performance improvement is that Cd doping mainly promotes the adsorption of NO2
through a series of factors such as enhancing the electronic conductivity, increasing the
concentration of oxygen vacancies, and forming Co2+ - O2−, thus promoting its excellent
room temperature sensing performance.

4.4. Other 2D Material-Based Gas Sensors

MXene is a new type of 2D material with layered structure discovered in recent years,
which is generally transition metal carbide or carbon-nitrogen compound, and is a MAX
ternary phase material. Its general structural formula is Mn+1AXn (n = 1, 2 or 3), where
M is one of transition metal elements, A is one of the main group elements (mainly III,
IV group elements), X It is carbon or nitrogen, and there are more than 70 kinds of MAX
materials. MXene materials are 2D materials formed by extracting element A in MAX. The
general formula is Mn+1Xn (n = 1, 2 or 3) [93,94]. Due to the characteristics of conventional
semiconductor materials and the fact that a large number of functional groups and other
active sites remain on the surface after etching, which facilitates subsequent modification,
such materials have great application potential in the field of sensing [94,95].

Xiao et al. applied MXene nanomaterials to the detection of NH3 gas in 2015 [83]. Since
the successful synthesis of 2D compound MXenes by Gogotsi et al. in 2011, the application
of 2D MXene nanomaterials in gas sensing has been continuously developed [96–98]. For
example, Lee et al. [99] reported a Ti3C2Tx-based gas sensor. After studying the room-
temperature gas sensing performance of Ti3C2Tx nanosheets on flexible polyimide, it was
found that the Ti3C2Tx sensor exhibited p-type sensing behavior for reduced gases, with a
theoretical detection limit of 9.27 ppm for acetone. Based on the charge interaction between
gas molecules and Ti3C2Tx surface functional groups -O and -OH, the sensing mechanism
of Ti3C2Tx is proposed. Chae et al. [100] investigated the dominant factors affecting the
oxidation rate of Ti3C2Tx flakes and their corresponding sensing properties. In order to
improve the sensing performance of MXenes, the gas sensing performance of MXene-based
sensors has been realized by surface chemistry and composite structure. Yang et al. [101]
prepared organic-like Ti3C2Tx by HF acid etching, added the prepared powder to NaOH
solution, and used alkali treatment to demonstrate the effect of surface groups on its sensing
performance. It was found that the response of the alkali-treated Ti3C2Tx sensor to 100 ppm
NH3 at room temperature was two times higher than that of the untreated one. This is
due to the adsorption of N atoms in NH3 molecules on top of Ti atoms in Ti3C2Tx to form
strong N-Ti bonds. Alkaline treatment increased the -O end, increased N-Ti bond, and
promoted the increase of NH3 adsorption. Furthermore, after oxygen functionalization,
Ti3C2Tx increased the resistance by transitioning to a semiconductor, thereby increasing
the gas response signal. Besides Ti3C2Tx, 2D MXenes such as V2CTx and Mo2C have also
been investigated for gas sensors [102,103]. The 2D V2CTx sensor composed of monolayer
or multilayer 2D V2CTx on polyimide film fabricated by Lee et al. [102] can measure polar
gases (hydrogen sulfide, ammonia, acetone, and ethanol) and non-polar gases at room
temperature (hydrogen and methane). The V2CTx sensor shows ultrahigh sensitivity for
non-polar gases, with minimum detection limits of 2 ppm and 25 ppm for hydrogen and
methane, respectively.

5. Metal Oxide Nanomaterials-Based Gas Sensors

Because of its large specific surface area, high surface activity, many active sites
and sensitive to the surrounding environment, the gas sensor prepared by metal oxide
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nanomaterials has high response sensitivity and fast response-recovery speed. According
to the semiconductor type, metal oxide semiconductors can be divided into n-type and
p-type. In n-type semiconductors, including SnO2, ZnO, TiO2, In2O3, etc., the carriers are
mainly free electrons. However, in p-type semiconductors, such as CuO, NiO, Co3O4, etc.,
the carriers are mainly holes. When n-type semiconductors are exposed to reducing gases
(such as ethanol, NH3, H2, etc.), the resistance of the materials will decrease, while when
exposed to oxidizing gases (such as NO3), the resistance of the materials will increase. In
contrast to n-type semiconductors, the resistance of p-type semiconductors is higher when
exposed to reducing gas and decreases when exposed to oxidizing gas. At present, the
most studied metal oxide materials for gas sensing are SnO2, ZnO, TiO2, CuO, WO3 and so
on [57,104–107].

5.1. SnO2-Based Gas Sensors

SnO2 is a kind of direct band gap wide band gap n-type semiconductor (band gap
~ 3.6 eV), whose carriers are free electrons. The interaction with the reducing gas will
increase the electrical conductivity. However, the oxidized gas will consume the sensing
layer of charged electrons, resulting in a decrease in electrical conductivity [108]. SnO2
nanomaterials are widely used in the field of gas sensing because of their simple preparation,
low cost, easy control of morphology, and microstructure, good thermal/chemical stability,
shallow donor energy level (0.03–0.15 eV), potential barrier of oxygen adsorption on
the surface is 0.3–0.6 eV, oxygen vacancy and excellent gas-sensing properties [109–111].
Thanks to its high sensitivity to different gases, SnO2 sensor can detect low concentration
gases, but its selectivity is low.

In order to improve the sensitivity, stability, and selectivity of SnO2-based gas sensors
and reduce the working temperature, researchers modified SnO2 materials by a variety of
methods. One method is to control the morphology and size of SnO2 materials to prepare
zero-dimensional (0D), one-dimensional (1D), 2D, three-dimensional (3D) and porous
hollow SnO2 nanomaterials for the detection of various gases [112–117]. For example,
Zhang et al. successfully synthesized leaf-like SnO2 hierarchical architectures by using a
simple template-free hydrothermal synthesis method. The sensor based on this unique
leaf-like SnO2 hierarchical structure had a high response and good selectivity to NO2 at
low operating temperature [118]. Feng et al. synthesized mesoporous SnO2 nanomaterials
with different pore sizes (4.1, 6.1, 8.0 nm) by carbon-assisted synthesis. The gas sensing
properties of the three materials showed high sensitivity and ideal response recovery time
to ethanol gas, and the detection limit was as low as ppb [119].

Using doping modification technology, SnO2 nanomaterials are used as the matrix
materials of gas sensors, which are modified by doping precious metals (such as Pt, Pd and
Au) or other metal ions (such as Ni, Fe and Cu). It is another important means to improve
the gas sensing properties of SnO2 to CO, CH4, NO2 and other gases. For example, Dong
et al. prepared SnO2 nanofibers and Pt-doped SnO2 nanofibers by electrospinning, which
were used to test the sensitivity to H2S. It was found that the response of Pt-doped SnO2
nanofibers to H2S gas was significantly improved. The response of 0.08 wt% Pt-doped
SnO2 nanofibers to 4–20 ppm H2S was 25.9–40.6 times higher than that of pure SnO2
nanofibers [120]. Chen et al. prepared Pd-doped SnO2 nanoparticles by the coprecipitation
method. Compared with pure SnO2 nanoparticles, the response characteristics of SnO2
to CO were significantly improved [121]. Lee et al. used Pd nanoparticles to modify the
surface of SnO2 nanorod thin films, and studied their sensing properties for H2 and ethanol
gas [122]. It was found that compared with the undoped samples, the responsiveness of
Pd-doped SnO2 nanorod thin films to 1000 ppm H2 and ethanol at 300 ◦C was increased by
6 and 2.5 times, respectively. They assumed that the improved gas sensing properties are
due to the formation of the electron depletion layer and the enhanced catalytic dissociation
of molecular adsorbates on the surface of Pd nanoparticles. Shen et al. also studied the
gas-sensing properties of SnO2 by Pd doping [123]. SnO2 nanowires with a tetragonal
structure were synthesized by thermal evaporation. The morphology, crystal structure,

153



Nanomaterials 2022, 12, 982

and H2 gas-sensing properties of undoped and Pd-doped SnO2 nanowires were studied.
It was found that with the increase of Pd doping concentration, the working temperature
decreased and the response of the sensor to H2 increased. Similarly, doping Au into SnO2
thin films can change the morphology of SnO2 thin films, reduce the grain size of SnO2
thin films, decrease the working temperature of the sensor, and improve the sensitivity and
selectivity of SnO2 to reducing gases such as CO [124]. Zhao et al. carried out Cu doping
on SnO2 nanowires. Compared with undoped SnO2 nanoscale arrays, the sensitivity and
selectivity of the sensor to SO2 in a dry environment were improved significantly [125].

In addition, the researchers synthesized composite nanomaterials containing two
different energy band structure materials to form heterostructures to improve the gas
sensing performance of SnO2-based gas sensors. For example, Chen et al. prepared
Fe2O3@SnO2 composite nanorods with multi-stage structure by a two-step hydrothermal
method and found that the composite structure has good selectivity for ethanol [126].
Xue et al., using SnO2 nanorods synthesized by hydrothermal method as carriers, obtained
SnO2 composite nanorods loaded with CuO nanoparticles by ultrasonic and subsequent
calcination in Cu (NO3)2 solution. The gas sensing properties of the materials for the
detection of H2S were studied. It is found that the sensitivity of the sensor to 10 ppm H2S
can reach 9.4 × 106 at 60 ◦C [127]. The ultra-high sensitivity of the composite is attributed to
the p-n junction formed between CuO and SnO2. In the air, the formation of heterojunction
increases the height of the energy barrier, hinders the flow of electrons, resulting in an
increase in the resistance of the material. When the material is in contact with H2S and
reacts, it can form CuS, which is similar to metal conductivity, which greatly enhances the
electrical conductivity of the material. Fu et al. prepared NiO-modified SnO2 nanoparticles,
which increased the thickness of the electron depletion layer on the surface of SnO2 through
the formation of p-n heterojunction in air. While in the SO2 atmosphere, NiO reacted with
SO2 to form NiS, which promoted the release of electrons from the surface adsorbed O−

to SnO2, thus enhancing the response of the device to SO2 gas and improving the gas
sensitivity of SnO2 materials to SO2 [128].

5.2. ZnO-Based Gas Sensors

ZnO is an n-type metal oxide semiconductor material with a wide band gap (3.3 eV).
ZnO is widely used in the field of gas sensors because of its good chemical stability and low
resistivity. Yuliarto et al. successfully synthesized ZnO nanorod thin films on Al2O3 sub-
strates by chemical bath deposition (CBD) [129]. ZnO thin films with different thicknesses
were prepared by different times of CBD processes. By optimizing the thickness of ZnO
thin films, the response performance of ZnO-based gas sensors to SO2 was improved. The
gas sensing response of the ZnO film of two CBD to 70 ppm SO2 at 300 ◦C is 93%, which is
15% higher than that of the ZnO film of one CBD. At different operating temperatures, the
response of ZnO nanorods prepared by two CBD deposition is 20–40% higher than that
of ZnO nanorods deposited by one CBD deposition. Wang et al. successfully prepared
three kinds of ZnO nanostructures (nanorods, flowers, and spheres) with different mor-
phologies by a simple hydrothermal and water-bath method, and studied their sensing
properties of NO2 at room temperature under UV (365 nm LED) excitation, as shown in
Figure 8 [130]. It was found that ZnO nanospheres have the highest response (29.4) to
5 ppm NO2 (Figure 8d,e), which was mainly due to the largest specific surface area and the
largest number of oxygen ions adsorbed on the surface of ZnO nanospheres. However, due
to the high crystallinity, few surface defects and unidirectional electron transfer path, the
response speed and recovery speed of ZnO nanorods are the fastest (9 s and 18 s, respec-
tively) (Figure 8f,g). For ZnO nanoflowers, the gas sensing response, response and recovery
rate are between ZnO nanorods and ZnO nanospheres. All three kinds of ZnO have good
selectivity and repeatability for NO2 (Figure 8h,i). The good selectivity of ZnO to NO2 is
attributed to the following two points: (1) NO2 molecule has an unpaired electron, which
is beneficial to its chemisorption on ZnO surface; (2) NO2 molecule has the smallest bond
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energy, which is about 312.7 kJ/mol. The smaller the bond energy is, the more favorable
the sensing reaction is, especially for the sensors working at room temperature.
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Reprinted with permission from Ref. [130]. Copyright 2021 Elsevier.

Similar to the SnO2-based gas sensor, researchers changed the cell parameters of the
original ZnO by element doping, making it produce lattice deformation, cause the surface
defects of the gas sensing materials, and increase the surface active sites, so as to improve
the gas sensing properties of the sensitive materials [131,132]. For example, Chaitra et al.
prepared Al-doped ZnO thin films by the sol–gel method and spin-coating technique [133].
It was found that 2 at.% Al-doped ZnO thin films have the highest sensitivity to 3 ppm SO2
gas at 300 ◦C, which was lower than the threshold limit. Kolhe et al. prepared Al-doped
ZnO thin films by chemical spray pyrolysis [134]. It was found that the doping of Al
in ZnO led to the fracture of thin nanofilms, resulting in more active sites. Al doping
also leads to the increase of oxygen vacancy-related defects and the change of crystal size
due to the difference of ion radius between Al3+ and Zn2+ ions. The doped sensor has
enhanced sensing characteristics, which also leads to the decrease of the optimal operating
temperature. Xiang et al. used the photochemical method to embed Ag nanoparticles
into ZnO nanorods and studied their gas-sensing properties [135]. It was found that Ag
nanoparticles embedded on the surface of ZnO nanorods could improve the performance
of the sensor. The response of ZnO nanorods to 50 ppm ethanol was almost three times that
of pure ZnO nanorods, and had long-term stability. After 100 days of exposure to ethanol
in 30 ppm, the response of the sensor had no obvious degradation.
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The heterostructure is an important means to improve the gas sensing properties of
semiconductor oxides, which usually includes two kinds of semiconductor oxides with
different Fermi levels. When two kinds of semiconductor oxides come into contact with
each other, the free electrons will change from the oxidation stream with a higher Fermi
level to the oxide with a lower Fermi level. Compared with the single semiconductor
oxide, the electron transfer efficiency of the two semiconductor oxides is higher, and a
thicker electron depletion layer and higher resistance can be formed at the contact interface.
Therefore, the introduction of heterojunction can effectively improve the performance
of the semiconductor gas sensor. For example, Kim et al. synthesized p-n CuO/ZnO
core–shell nanowires by thermal oxidation and atomic layer deposition, and studied their
sensing properties to reduce gas by controlling the thickness of the ZnO shell [136]. When
the shell thickness is less than or equal to Debye wavelength (λD), a complete electron
depletion layer will be formed. When exposed to the reducing gas (CO), the desorption
of surface oxygen releases electrons back into the conduction band of the shell, returning
the conduction band to its original state and significantly improving the conductivity
(Figure 9a). When the thickness of the shell is higher than λD, only part of the electron loss
will be caused. When reducing gases are introduced, they are adsorbed on the partially
depleted shell, and the resistance changes only slightly, as shown in Figure 9b. Therefore,
for p-n heterostructure nanowires, controlling the shell thickness plays an important role
in improving the performance of gas sensors. Zhou et al. prepared NiO/ZnO nanowires
by one-step hydrothermal method and tested their gas sensing properties to SO2 [137]. It
was found that at the optimum operating temperature of 240 ◦C, the response of NiO/ZnO
nanowires to 50 ppm SO2 was 28.57, and the gas detection range was 5–800 ppm. The
response time, response time and recovery time of the prepared NiO-ZnO nanowires gas
sensor to 20 ppm SO2 gas were 16.25, 52, and 41 s, respectively.
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5.3. CuO-Based Gas Sensors

CuO is a typical p-type semiconductor oxide material with a band gap of 1.2–1.9 eV.
Because of its good electrical properties, chemical stability, catalytic activity and other
physical and chemical properties, CuO has been widely studied in the fields of catalysis,
optoelectronic devices, gas sensors and so on. CuO can respond to reducing gases at
lower operating temperatures, which attracts researchers to prepare different morphologies
of CuO, doped CuO and heterostructure CuO for gas sensors to study their gas sensing
properties. For example, Li et al. prepared porous CuO nanosheets on alumina tubes by
hydrothermal method, which were used to make gas sensors to detect H2S [138]. It was
found that when the concentration of H2S is as low as 10 ppb, the response sensitivity of
the sensor was 1.25, and the response and recovery time were 234 and 76 s, respectively.
Navale et al. synthesized CuO thin films that composed of CuO nanocubes on quartz
substrates by simple and catalyst-free thermal evaporation technique, and studied their
gas sensing properties [139]. It was found that CuO thin films have strong selectivity for
NO2 gas, and the response speed and recovery time are fast. At 150 ◦C, the maximum
response value of CuO sensor film to NO2 of 100 ppm was 76, the detection limit was
1 ppm, and the response time was only 6 s, but the recovery time was 1200 s. Huang et al.
prepared CuO hollow microspheres by precipitation annealing at 270 ◦C using CuSO4,
Na2CO3, and cetyltrimethyl ammonium bromide (CTAB) as raw materials [140]. The CuO
hollow microspheres showed good gas sensitivity to ethanol. The response sensitivity
to ethanol at 250 ◦C was 5.6 and the response and recovery times were 17.0 and 11.9 s,
respectively. Hu et al. fabricated CuO nanoneedle arrays directly on commercial ceramic
tubes by magnetron sputtering, wet chemical etching and annealing, which have good
selectivity, reproducibility and long-term stability for low concentration H2S (10 ppm) [141].
For metal oxide semiconductors, high specific surface area and exposed crystal plane are
two key factors that determine their gas sensing properties. In order to study the effect
of surface structure on gas sensing properties, Huo et al. obtained CuO nanotubes on
(111) exposed surfaces and CuO nanocubes on (110) exposed surfaces in Cu nanowires and
Cu2O nanocubes, respectively, which were used to detect the gas sensing properties of CO
gas, as shown in Figure 10 [142]. The results indicated that compared with CuO nanocubes,
CuO nanotubes have lower optimal operating temperatures and higher sensitivity for CO
gas detection.
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Although pure CuO as a sensitive material can be used to detect a variety of toxic and
harmful gases. However, it still faces some problems in practical applications, such as low
sensitivity, high working temperature, poor selectivity, long response/recovery time and so
on. For this reason, researchers use doping, recombination and other methods to improve
the gas sensing performance of CuO-based gas sensors, and achieved some remarkable
results. The doping of precious metals or rare earth elements can greatly increase the active
sites of CuO gas-sensing reaction, which is beneficial to the adsorption of gas molecules
on the sensitive material surface, and most of the dopants have strong catalytic activity,
which can further enhance the gas sensing reaction. For example, Hu et al. prepared
CuO nanoflowers with different Pd-doping concentrations by simple water-bath heating
method [143]. Compared with pure CuO, the specific surface area of CuO nanoflowers
with a size of about 400 nm prepared when the mass fraction of Pd was 1.25% increased by
1.8 times, and the response (Rg/Ra) to 50 ppm H2S at 80 ◦C was 123.4, which was 7.9 times
that of pure CuO. In addition, the gas sensor has good stability and repeatability. Tang et al.
prepared Pt-doped CuO nanoflowers by the same method, which significantly improved
the gas sensing performance of the sensor to H2S gas [144]. When the amount of Pt doping
was 1.25 wt.%, the response of the sensor to 10 ppm H2S at 40 ◦C was 135.1, which was
13.1 times that of pure CuO. The researchers also selected other metal elements to dope
CuO, and achieved excellent results. For example, Mnethu et al. reported a highly sensitive
and selective Zn-doped CuO nano-chip-based sensor [145]. At 150 ◦C, the response of 0.1
at.% Zn-doped CuO samples to 100 ppm xylene gas was 53. Bhuvaneshwari et al. reported
a Cr-doped CuO nanoboat, which significantly improves the sensing performance of NH3
in the concentration range of 100–600 ppm at room temperature [146]. The gas sensing test
results show that the sensitivity of CuO nanospheres doped with atomic fraction 6% Cr to
NH3 at room temperature was 2.5 times higher than that of undoped nanospheres. The
enhanced gas sensing performance is attributed to the increase of oxygen vacancy caused
by chromium doping, which makes the nanospheres absorb more surface oxygen, and
chromium doping also reduces the activation energy of the sensor at low temperatures.
Al-doped CuO [147], In-doped CuO [148], and Ag-doped CuO [149] also showed excellent
gas sensing properties for target gases.

The composite gas sensor can integrate the unique properties of the material and
improve the performance of the sensor through complementary enhancement. Researchers
have designed a variety of CuO-based composite gas sensors to improve the selectivity of
target gases, enhance gas sensing properties, shorten response/recovery time and reduce
the optimal operating temperature, especially semiconductor oxides with heterostructures.
For example, Sui et al. used the template-free hydrothermal method to grow multi-layer
heterogeneous CuO/NiO nanowires on ceramic tubes for the detection of H2S gas [150].
The CuO/NiO-based sensor has a wide linear range in the 50~1000 ppb range and has good
repeatability, selectivity and long-term stability. At 133 ◦C, the 2.84 at.% CuO modified
NiO showed good sensing properties, and the response to 5 ppm H2S was 36.9, which
was 5.6 times higher than that of NiO. The detection limit of H2S is further reduced
from 1 ppb of pure NiO sensor to 0.5 ppb. Park et al. synthesized SnO2-CuO hollow
nanofibers by electrospinning and thermal processing, which can be used in the field
of H2S gas sensing [151]. The electrospun nanofiber materials have the advantages of
large surface area, high porosity and permeability to air or moisture, which is conducive
to ionic diffusion and suitable for applications in gas sensors, lithium-ion batteries and
wound healing [152,153]. SnO2-CuO nanotubes increase the specific surface area, decrease
the working temperature and improve the sensing performance of H2S. At the working
temperature of 200 ◦C, the sensitivity of hollow SnO2-CuO nanotubes to 5 ppm H2S was
1395 and the response time was 5.27 s. Liang et al. also prepared the heterostructure of
In2O3 nanofibers supported on CuO by electrospinning and studied the sensing properties
of H2S [154]. The gas sensor based on the heterostructure had a high sensitivity to 5 ppm
H2S gas at 150 ◦C, which was 225 times higher than that based on pure In2O3, even at
room temperature. The above research results show that the construction of heterojunction
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composites can effectively improve the sensitivity and selectivity of the gas sensor, reduce
the working temperature, accelerate the response/recovery speed and prolong the life of
the sensor.

5.4. Other Metal Oxide-Based Gas Sensors

WO3 is a kind of n-type wide band gap semiconductor oxide, which has the advantages
of photoelectric conversion, electrochromism, photocatalysis, and gas sensitivity, so it is
used in a variety of optoelectronic devices. WO3 is more likely to form oxygen defects and
unsaturated coordination bonds. When WO3 is heated in the air, it is easy for O2 to seize
e− to form O−. The formed O− is chemically adsorbed on the surface of WO3 and forms an
electron depletion layer. When operating at a low temperature, it is easy to form O2−. when
it is at a higher operating temperature, it is easy to form O− and O2− [155,156]. Therefore,
WO3 is an effective gas sensing material, especially more sensitive to reducing gas. For
example, Hu et al. synthesized WO3 nanorods with needle-shape via a hydrothermal
mehod and subsequent calcination, which showed high performance for triethylamine gas
sensing [157]. By comparison, it was found that WO3 nanosheet devices showed the highest
response and the shortest response time to 1–10 ppm SO2. Li et al. proposed a method
for the synthesis of WO3 particles assisted by ionic liquids. The hollow sphere structure
composed of WO3 nanorods, nanoparticles and nanosheets was synthesized. Their gas
sensing properties for various organic compounds (methanol, ethanol, isopropanol, ethyl
acetate and toluene) were studied. It was found that it has remarkable sensitivity, low
detection limit and fast response/recovery time [158]. Li et al. prepared SnO2-WO3
hollow nanospheres with a diameter of about 550 nm and a thickness of about 30 nm
by hydrothermal method, and studied the temperature dependence of humidity sensors
prepared at different relative humidity and temperature. It is found that compared with
the original WO3 nanoparticles and SnO2 nanoparticles, SnO2-WO3 hollow nanospheres
have excellent sensing properties [159].

α-Fe2O3 is also a typical n-type semiconductor with a narrow band gap (2.2 eV), low
cost, high stability, high corrosion resistance, and non-toxicity, so it has attracted great
attention as a gas sensing material [160,161]. Liang et al. successfully synthesized ultrafine
and highly monodisperse α-Fe2O3 nanoparticles with an average particle size of 3 nm by a
simple reverse microemulsion method, which showed high sensitivity, high selectivity and
good stability to acetone [162]. Shoorangiz et al. synthesized α-Fe2O3 nanoparticles by a
sol–gel method and evaluated their gas-sensing properties for ethanol and other gases [163].
At the optimal sensing temperature of 150 ◦C, it has good selectivity to ethanol gas, and
the response to 100 ppm ethanol gas was 14.5%. Qu et al. reported high-performance
gas sensors based on MoO3 nanoribbons that were modified by Fe2O3 nanoparticles [164].
Compared with the original MoO3 nanoribbons, the reaction of p-xylene in the Fe2O3
nanoribbons modified by Fe2O3 nanoparticles increased by 2–4 times due to the formation
of heterojunction between Fe2O3 and MoO3.

As a p-type single metal oxide semiconductor, Co3O4 is also used to test gas sensitivity.
It has been found to have a good gas sensing response to H2S in some studies [91,165].
Among different types of metal oxides, p-type Co3O4 is also considered to be the best
candidate for ethanol gas sensing. For example, Li et al. reported that Co3O4 nanotubes
are sensitive to ethanol gas at room temperature, and Co3O4 sensors show excellent re-
peatability after more than 50 tests [166]. Sun et al. obtained monodisperse porous Co3O4
microspheres by solvothermal method and thermal decomposition [167]. The gas sensing
properties of these Co3O4 microspheres were compared with those of commercial Co3O4
nanoparticles. These Co3O4 microspheres showed higher ethanol sensitivity and selectivity
at relatively low temperatures. In addition, Zhang et al. synthesized three kinds of Co3O4
with different morphologies (cube, rod, and sheet) by a hydrothermal method, and studied
their sensing properties to toluene [168]. It was found that the sensor based on the Co3O4
flake structure had better sensing performance for toluene than the other two sensors. At
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the working temperature of 180 ◦C, the fabricated sensor showed higher sensitivity, faster
response and recovery speed, as well as better selectivity.

6. 2D Materials/Metal Oxide-Based Gas Sensors

As a class of important materials for various sensors, semiconducting metal oxides
have been widely used in various redox gas sensing due to their high sensitivity, simple
preparation, and low price. However, disadvantages such as high temperature and easy
agglomeration can also be found. Especially the disadvantage of high working temperature
makes it extremely demanding on the working conditions of the environment, which greatly
affects the service life. 2D materials such as graphene have unique physical and chemical
properties, which can generate gas-sensitive responses at room temperature and have good
selectivity. 2D materials can not only provide active sites for catalysts and sensors, but also
serve as flat building blocks for forming complex nanostructures. Using 2D materials as
a matrix to support semiconducting metal oxides can reduce the agglomeration of metal
oxides and expose more adsorption and reaction sites. Due to the large specific surface
area and high porosity of 2D materials, the response sensitivity and selectivity of metal
oxides to specific gases can be further improved, and the working temperature can be
reduced. Meanwhile, the synergistic effect and heterostructure of layered 2D materials
and metal oxides can not only bring out the greatest advantages of both components but
also overcome their respective defects, thereby improving the comprehensiveness of gas
sensing performance. Therefore, the combination of 2D materials and metal oxides has
become an important research direction in the field of gas sensors.

6.1. Synthesis of 2D Materials/Metal Oxide Composites

The properties of a material have a great relationship with its morphology, structure,
and its composition. Single-component nanomaterials are far from meeting the develop-
ment and application needs of modern nanotechnology, while multi-component composite
materials combine the characteristics of different materials show better performance than
their single components. It is of great significance in developing new materials, studying
novel properties of materials, and constructing functional gas sensors. The preparation
methods of 2D materials/metal oxide composites mainly include hydrothermal synthesis,
microwave-assisted synthesis, self-assembly, chemical reduction method, and others. In
this section, we would like to present a brief introduction to these potential synthesis
methods for 2D materials/metal oxide composites.

Hydrothermal synthesis is a common method for the preparation of 2D materi-
als/metal oxide nanocomposites, which has the advantages of simple operation, mild
conditions, and low cost. Usually, the precursor solution is put into a high-pressure reactor,
hydrothermally reacted under high temperature and high pressure, and then the composite
material is prepared by post-processing methods such as separation, washing, and drying.
Many 2D materials/metal oxide nanocomposites have been synthesized and used for the
fabrication of gas sensors. For example, Chen et al. [169] prepared a core–shell structure
composed of TiO2 nanoribbons and Sn3O4 nanosheets by a two-step hydrothermal reaction.
Sn3O4 nanosheets were uniformly immobilized onto the surface of porous TiO2 nanorib-
bons. It was found that the structural morphology of the products in the hydrothermal
process is affected by the reaction time. Chen et al. [170] investigated the effect of hy-
drothermal reaction temperature on the morphology of oxide materials. At a relatively high
temperature, they obtained SnO2-decorated TiO2 nanoribbons. Wang et al. [171] obtained a
composite structure based on SnO2 nanoparticles and TiO2 nanoribbons by controlling the
precursor solution. Precise control of the hydrothermal synthesis conditions is a key factor
for the preparation of high-quality and diversely shaped metal oxide nanostructures. In
addition to metal oxide-based 2D composites, the composites of metal oxides and other 2D
materials such as graphene have also been prepared by hydrothermal methods. For exam-
ple, Chen et al. [172] prepared Co3O4/rGO composites by the hydrothermal method, and
studied their gas-sensing properties to NO2 and methanol at room temperature. Chen and
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co-workers [173] synthesized SnO2 nanorods/rGO composite nanostructures by hydrother-
mal method and investigated their NH3 sensing properties. Liu et al. [174] fabricated a
layered flower-like In2O3/rGO composites by a one-step hydrothermal method. The syn-
thesized materials were further utilized for the fabrication of gas sensors, which exhibited
improved sensing performance for 1 ppm NO2 at room temperature compared with pure
In2O3-based gas sensors. The hydrothermal synthesis usually reacts at high temperatures
(>150 ◦C). When the metal oxide is coupled with 2D materials for gas sensing, the operation
temperature will be decreased, which is lower than the materials preparation temperature.
Thus, the thermal stability and applicability of the heterostructures for gas sensors can
be improved.

The microwave-assisted synthesis of materials uses microwaves to provide energy for
the reaction, and it is different from the traditional heating method. It uses microwaves
to make the reactants generate heat by themselves to promote the reaction. It has the
characteristics of uniform heating and high heating efficiency. For example, Pienutsa et al.
synthesized SnO2 decorated RGO and further used the created SnO2-RGO composite for
the real-time monitoring of ethanol vapor [175]. In another similar study, Kim et al. [176]
obtained SnO2/graphene heterostructured composites by microwave-treating graphene/SnO2
nanocomposites, in which graphene-enhanced efficient transmission of microwave energy and
facilitated the evaporation and redeposition of SnOx nanoparticles.

Chemical reduction has been often used to synthesize composite nanostructures of
RGO and metal oxides. Usually, a metal salt solution is used as a precursor to be mixed with
a graphene oxide dispersion solution, and a chemical reducing agent is used to reduce it in
one step to obtain RGO. This method usually relies on a microwave, hydrothermal reaction,
and other sources to provide energy. For example, Russo et al. [177] synthesized SnO2/rGO
composites using SnCl4 and GO as precursors. Under the irradiation of microwave, GO
and SnCl4 were reduced to form SnO2/rGO composites, which were further reacted
with H2PtCl6 to form Pt-SnO2/rGO composites. The created composites exhibited high
sensitivity to hydrogen at room temperature.

Besides the above-introduced methods, other techniques such as self-assembly can
also be utilized for the synthesis of 2D materials/metal oxide composites. For instance,
Zhang et al. fabricated rGO/TiO2 multilayer composite films using a layer-by-layer self-
assembly process, and the fabrication process is shown in Figure 11 [178]. The rGO/TiO2
multilayer composite films were fabricated by alternately depositing TiO2 nanospheres
and GO via the layer-by-layer self-assembly technique to form nanostructures, and then
thermally reducing GO to rGO. Since p-type rGO and n-type TiO2 form a p-n heterojunction
at the interface, the depletion layer generated by the built-in electric field will be beneficial
to control the carrier transport process inside the material. It is clear that SO2 acts as
an electron donor, which increases the electron concentration of the composite material,
resulting in a decrease in device resistance. The device could be used to detect SO2 gas at
as low as 1 ppb at room temperature with good selectivity and stability. The response of
the fabricated gas sensor to 1 ppm SO2 was 10.08%, and the response and recovery times
were 95 and 128 s, respectively.
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6.2. Graphene/Metal Oxide Composite-Based Gas Sensors

Metal oxide-based gas sensors have the advantages of low production cost, good stability,
wide application range, and easy integration with portable devices, and have been widely used
in the measurement and monitoring of toxic and harmful gases [128,130,148,163]. However,
since metal oxide-based sensors are limited by the required high operating temperature,
they often bring additional energy consumption. In order to reduce the temperature for
gas detection, composite materials are used as gas sensing materials. Taking advantage of
the excellent gas sensing properties of metal oxides and the unique electrical, mechanical
and thermodynamic properties of graphene, the formed graphene/metal oxide composites
revealed high potential in the field of gas sensing.

Compared with traditional semiconductor gas sensing materials, graphene/metal
oxide composite materials combine the advantages of the two materials and can produce
synergistic effects for gas sensing, often with higher sensitivity, faster response/recovery
speed, and lower noise signal. For example, Li et al. [179] prepared the rGO/ZnO hollow
spheres by a one-step solvothermal method, in which the ZnO hollow spheres were uni-
formly immobilized on the surface of rGO nanosheets. When used as a material for the gas
sensor to detect NO2, the composite material exhibited fast response and high sensitivity to
NO2 at room temperature. In another case, Liu et al. synthesized rGO/ZnO composites by
a redox method, and the prepared gas sensor had a response value of 25.6% to 5 ppm NO2
with a response time of 165 s and a recovery time of 499 s [180]. Sun et al. used PVP to assist
the synthesis of the composite material rGO/ZnO nanowires. The gas-sensing performance
test indicated that the rGO/ZnO composite material can respond to 500 ppb NH3 at room
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temperature, which is helpful for achieving the ultra-sensitive and high-accuracy detection
of harmful gases [181]. Wang et al. used a one-step hydrothermal method to synthesize
rGO/CuO/ZnO ternary composites to form nanoscale p-n junctions on rGO substrates.
The gas sensors prepared by using the created materials showed excellent response charac-
teristics and good selectivity to acetone, which was almost 1.5 and 2.0 times higher than
those of CuO/ZnO and rGO/ZnO-based gas sensors, respectively [182]. It has become
a research hotspot in the field of gas sensing to improve the performance of gas sensing
materials by combining metal oxide semiconductor materials with 2D graphene materials.

Wang et al. successfully assembled SnO2 onto the surface of GO, and studied the gas-
sensing properties of formaldehyde. It was found that SnO2 can be assembled on the surface
of GO in a large area, and has good gas-sensing response properties to formaldehyde [183].
Wang et al. synthesized SnO2 nanoparticles onto RGO through a hydrothermal reduction to
form SnO2-RGO composites, which exhibited promising application for room-temperature
gas sensing of NO2 [184]. Yin et al. [185] synthesized SnO2/rGO nanocomposites with
the SnO2 particle sizes of 3–5 nm uniformly immobilized on rGO nanosheets through a
heteronuclear growth process by a simple redox reaction under microwave irradiation.
The SnO2/rGO nanostructure on the surface has a sesame cake-like layered structure and
an ultra-high specific surface area of 2110.9 m2·g−1. Compared with SnO2 nanocrystals
(5–10 nm), the designed SnO2/rGO nanostructures have stronger gas-sensing behavior
due to the unique hierarchical structure, high specific surface area, and synergistic effect of
SnO2 nanoparticles and rGO nanosheets. At the optimal operating temperature of 100 ◦C,
the SnO2/rGO-based gas sensor has a sensitivity as high as 78 and a response time as short
as 7 s when exposed to 10 ppm H2S. In a similar study, Kim et al. [176] also synthesized a
graphene/SnO2 composite material by the microwave-assisted method, and then sprayed
the material onto SiO2 substrate to fabricate a NO2 gas sensor. At the optimal operating
temperature of 150 ◦C, the response value of 1 ppm NO2 was 24.7. Its excellent gas-sensing
response may be related to the homojunction between SnO2, the heterojunction between
SnO2 and graphene, and the interstitial defects of Sn atoms in the SnO2 lattice.

Using the novel properties of SnO2, multi-walled carbon nanotubes (MWCNTs), and
rGO, Tyagi et al. developed a hybrid nanocomposite sensor for efficient detection of SO2
gas [186]. The rGO-SnO2 and MWCNT-SnO2 composites were prepared by physical mixing
and spin-coated onto the surface of Pt interdigital electrodes for SO2 gas detection. The
sensing response of the bare SnO2 sensor to 500 ppm SO2 gas at 220 ◦C was 1.2. However,
for the same concentration of SO2 gas, the enhanced sensing response of the MWCNT-SnO2
sensor was 5 at 60 ◦C, while the maximum sensing response of the rGO-SnO2 sensor was
22 at 60 ◦C. The enhanced SO2 gas sensing performance of these composites is mainly
attributed to the p-n heterojunction formed at the interface between n-type SnO2 and p-type
rGO or MWCNT.

Yu et al. [187] successfully synthesized α-Fe2O3@graphene nanocomposites using a
simple low-temperature hydrolysis and calcination process, and fabricated the synthesized
materials into gas sensors to detect different gases. Their prepared α-Fe2O3@graphite
nanocomposites consist of porous α-Fe2O3 nanorods stably and orderly grown on graphitic
nanosheets, as shown in Figure 12a,b. The length of α-Fe2O3 nanorods is related to the
reaction time. When the reaction time was 12 h, the length reached a maximum value of
about 200–300 nm, and the pore size was about 3.7 nm. Compared with pure α-Fe2O3, the
α-Fe2O3@graphite nanocomposite-based sensor exhibited higher sensing performance for
acetone. At the optimal temperature of 260 ◦C, the response of α-Fe2O3@graphite nanocom-
posites to 50 ppm acetone reaches a maximum value of 16.9, which was 2.2 times that
of α-Fe2O3, as shown in Figure 12c. The high sensing performance was attributed to the
porous structure, high specific surface area, and p-n heterostructure of α-Fe2O3@graphite
nanocomposites and the high temperature stability of graphite. When α-Fe2O3 was re-
combined with graphite, due to the large gradient of the same carrier concentration, the
electrons in α-Fe2O3 and the holes in graphite diffuse in opposite directions, so that a built-
in electric field is formed between the interfaces, and the electrons in the depletion layer.
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The energy bands bend until the system reaches equilibrium at the Fermi level (EF), leading
to the formation of a p-n heterojunction. Once the α-Fe2O3@graphite heterojunction sensor
is exposed to acetone gas, the oxygen anions adsorbed on the sample surface undergo a
redox reaction with acetone molecules and release electrons back into α-Fe2O3, resulting
in a decrease in the resistance of the sensor. At the same time, acetone releases electrons
to combine with holes in p-type graphite, resulting in a decrease in hole concentration.
The reduction of holes in graphite leads to an increase in electrons and reduces the con-
centration gradient of the same carriers on both sides of the p-n heterojunction. Therefore,
the diffusion of carriers was weakened and the barrier height of the depletion layer was
reduced, which further reduced the resistance of the α-Fe2O3@graphite sensor, as shown in
Figure 12e.
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Co3O4, as a direct bandgap p-type metal oxide semiconductor material, has also re-
ceived extensive attention in gas sensors and other fields due to its outstanding advantages
such as strong corrosion resistance and non-toxicity. For instance, Zhou et al. [188] studied
the performance of a Co3O4-based gas sensor and found that it can only work at tempera-
tures over 200 ◦C. Zhang et al. [189] proposed that the rGO/Co3O4 nanocomposite-based
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sensor can realize the detection of NO2 gas at room temperature. Srirattanapibul et al. [190]
prepared a Co3O4-modified rGO (rGO/Co3O4) nanocomposite-based gas sensor by a
solvothermal method. Co3O4 nanoparticles were distributed on and between the rGO
flakes, and their dosage changed the bandgap and gas sensing properties of rGO. Deco-
rating rGO with Co3O4 nanoparticles promoted the formation of the Co-C bridges, which
enable the exchange of charge carriers between Co3O4 nanoparticles and rGO flakes,
thereby increasing the number of sites for gas reactions to occur and improving gas sensing
performance. The as-prepared 25% rGO/Co3O4-based gas sensor has a sensitivity of 1.78%
and a response time of 351 s towards 20 ppm NH3.

Many studies on the synthesis of the composites by combing graphene with other
metal oxides have also been carried out. For example, Hao et al. [191] synthesized
WO3/rGO porous nanocomposites using a simple hydrothermal and annealing process.
The material-based gas sensor showed good sensitivity to NO2 and some volatile organic
compounds. In another study, Ye et al. [192] fabricated uniform TiO2/rGO membranes
with enhanced NH3 responsiveness by stepwise deposition of GO and TiO2 layers followed
by simple thermal treatment. To make it more clear, here we summarize the gas sensing
properties of the above graphene/metal oxide nanocomposite-based gas sensors, as shown
in Table 1.

Table 1. Sensors based on MOS modified with graphene/GO/rGO gas sensing performances.

Sensor Materials Analyte Response Working
Temperature Refs.

ZnO/rGO NO2 17.4% (100 ppm) RT [179]
ZnO/rGO NO2 25.6% (5 ppm) RT [180]
ZnO/rGO NH3 7.2% (1 ppm) RT [181]
SnO2/GO HCHO 32 (100 ppm) 120 ◦C [183]
SnO2/rGO H2S 78 (10 ppm) 100 ◦C [185]

Graphite/SnO2 NO2 24.7 (1 ppm) 150 ◦C [176]
rGO/SnO2 SO2 22 (500 ppm) 60 ◦C [186]

α-Fe2O3@graphite C3H6O 16.9 (50 ppm) 260 ◦C [187]
rGO/Co3O4 NO2 26.8% (5 ppm) RT [189]
rGO/Co3O4 NH3 1.78% (20 ppm) RT [190]
WO3/rGO NO2 4.3 (10 ppm) 90 ◦C [191]
TiO2/rGO NH3 0.62 (10 ppm) RT [192]

6.3. 2D TMD/Metal Oxide Composite-Based Gas Sensors

Compared with graphene with a zero-band gap, the electronic structure of 2D transi-
tion metal dichalcogenides (TMDs) almost spans the whole range of the electronic structure,
showing richer physical properties and a good application potential in gas sensing. How-
ever, TMD nanosheets are easy to form a dense stack structure in the process of forming a
conductive network, which is not conducive to the full contact between the thin sheet and
gas molecules in the conductive network, so its sensitivity and response recovery speed
at room temperature need to be improved. TMDs and other metal oxide semiconductor
materials form p-n heterojunction as a new type of electronic device, which can improve
its gas sensing performance. The unique characteristics of TMDs make the composites an
ideal choice for high-performance sensing materials at low temperatures.

In the research of gas sensing applications, SnO2 has been the most widely used n-type
semiconductor, so the combination of SnO2 and MoS2 is an effective way to improve the
sensing performance of MoS2. For instance, Qiao et al. loaded MoS2 nanosheets onto SnO2
nanofibers by hydrothermal synthesis. Through the optimal regulation of MoS2/SnO2
heterostructure, they achieved high-performance detection of trimethylamine at 230 ◦C,
showing excellent sensing selectivity and long-term stability [193]. In the field of room
temperature gas sensors, Cui et al. reported a new hybrid material by decorating MoS2
nanosheets with SnO2 nanocrystals, which achieved high-performance sensing of NO2
at room temperature, and the loaded SnO2 nanoparticles could significantly enhance
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the stability of MoS2 nanosheets in the air (Figure 13) [194]. In the composite, SnO2
nanocrystals acted as a strong p-type dopant at the top of MoS2, resulting in the formation
of p-type channels in MoS2 nanosheets. In terms of sensing mechanism, they believed
that SnO2 nanocrystals may be the main gas adsorption center, while MoS2 acted as a
conductive channel at room temperature. The close electrical contact between two different
semiconductor materials led to the formation of charge transfer and charge depletion
layer. Because the work function of SnO2 (5.7 eV) was larger than that of MoS2 (5.2 eV),
electrons are transferred from MoS2 to SnO2, resulting in a depletion layer and a Schottky
barrier (Figure 13f). These electron depletion regions can be connected to each other on
the surface of MoS2 nanosheets and act as a passivation layer to prevent the interaction
between oxygen and MoS2, thus enhancing the stability of MoS2 nanosheets in dry air.
The fabricated gas sensor exhibited high sensitivity, excellent repeatability, and excellent
selectivity to NO2 in the actual dry air environment, and the detection limit could reach
0.5 ppm.
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Figure 13. (a) Schematic illustration of the preparation process for MoS2/SnO2 nanohybrids. The
inset photographs show the MoS2 suspension in water before and after adding the SnCl4 solution.
(b) TEM images, (c) SAED pattern and (d) HRTEM images of the MoS2/SnO2 nanohybrids. The inset
of (d) shows a typical SnO2 nanocrystal on the MoS2 surface. (e) The room temperature dynamic
sensing response of MoS2 nanosheets with and without SnO2 NC decoration against 10 ppm NO2

in a dry air environment, indicating the SnO2 NCs significantly enhanced the stability of MoS2 in
the dry air. (f) Band diagram of the MoS2/SnO2 nanohybrid. The EF, SnO2 and EF, MoS2 are Fermi
levels of SnO2 and MoS2, respectively. The CB and VB are the conductance and valance band edges
of MoS2, respectively. d is the thickness of the electron depletion zone, and ΦB is the Schottky barrier
height. Reprinted with permission from Ref. [194]. Copyright 2015 John Wiley & Sons, Inc.

In addition to SnO2, ZnO is another wide band gap n-type semiconductor for the
fabrication of high-performance gas sensors. Yan et al. synthesized the ZnO/MoS2 com-
posite structure by coating ZnO nanoparticles onto MoS2 nanosheets through a two-step
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hydrothermal method [195]. Among the composites, MoS2 is a multi-stage structure com-
posed of nanosheets with a thickness of 5~10 nm, and the size of ZnO particles was about
8 nm. The response value of the composite-based gas sensor to 50 ppm ethanol reached 42.8
at the operating temperature of 260 ◦C Han et al. designed a MoS2/ZnO heterostructure on
the MoS2 nanosheets obtained by liquid phase exfoliation by a wet chemical method, and
achieved efficient detection of NO2 gas at room temperature [196]. After surface modifica-
tion, ZnO nanoparticles had a good response to 5 ppm NO2, and the response value reached
3050%, which was 11 times higher than that of pure phase MoS2 nanoparticles. In addition,
the recoverability of the heterostructure was improved to more than 90% without auxiliary
means, and the sensor also had the characteristics of fast response speed (40 s), reliable
long-term stability within 10 weeks, good selectivity, and a low detection concentration of
50 ppb. The enhanced sensing performance of MoS2/ZnO heterostructure can be attributed
to the unique 2D/0D heterostructure, synergistic effect and the p-n heterojunction between
ZnO nanoparticles and MoS2 nanosheets.

Besides, Zhao et al. reported the hydrothermal synthesis of MoS2-modified TiO2
nanotube composites and studied their gas sensing properties [76]. TiO2 nanotubes are
filled and covered by 1–3 layers of flake MoS2 nanosheets. The formed MoS2-TiO2 com-
posites revealed excellent sensing properties and high sensitivity to ethanol vapor at low
operating temperatures, and their sensitivity was almost 11 times that of TiO2 nanotubes.
The response to 100 ppm ethanol gas was ~14.2 and the optimum working temperature was
as low as 150 ◦C. Zhang et al. prepared CuO/MoS2 heterostructure sensing films on the
substrate by layer-by-layer self-assembly technique [197]. Compared with the pure phase
CuO and MoS2, the formed CuO/MoS2 composite structure exhibited higher response,
shorter response/recovery time, better repeatability, higher selectivity, and longer-term
stable H2S detection performance. The excellent H2S sensing properties are mainly due to
the existence of a large number of oxygen and sulfur vacancies in the composite structure
of CuO nanorods and MoS2 nanosheets, which brings a large number of active sites for gas
adsorption. In addition, the synergistic effect of binary nanostructures and the modulation
of electron transfer by the formation of p-n heterojunction at the material interface between
p-type CuO semiconductors and n-type MoS2 semiconductors promoted the performance
of the composite structure. Ikram et al. prepared MoO2/MoS2 nanonetworks by control-
lable vulcanization and successfully applied them to the efficient detection of NO2 gas at
room temperature [198]. The response value of the composite structure to 100 ppm NO2
gas was 19.4, and it had ultra-fast response speed and recovery speed, and the response and
recovery time were 1.06 s and 22.9 s, respectively. The excellent gas-sensing performance of
the sensor can be attributed to the synergistic effect between MoS2 nanosheets and MoO2
nanoparticles. The defects in the synthesis process provided more active sites for NO2 gas
molecules, and the formation of p-n heterojunction accelerated the charge transfer between
NO2 and gas molecules.

In addition to MoS2, other transition metal dichalcogenides and metal oxide com-
posites have been also often used as sensitive materials for gas detection. For example,
Qin et al. prepared 2D WS2 nanosheets/TiO2 quantum dots composites by chemical strip-
ping method, which have been successfully used in room temperature NH3 sensing. The
fabricated gas sensors exhibited a quicker sensing response to 250 ppm NH3, which was
almost 17 times that of the original WS2 [199]. Gu et al. prepared SnO2/SnS2 heterojunc-
tion nanocomposites by the in situ high-temperature oxidizer SnS2, which significantly
improved the response to NO2 and decreased the working temperature [200]. To make it
more clear, the gas sensing properties of the transition metal dichalcogenides/metal oxide
composite-based gas sensors are shown in Table 2.
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Table 2. Sensors based on MOS modified with TMDs gas sensing performances.

Sensor
Materials Analyte Response Working

Temperature Refs.

SnO2/MoS2 C3H9N 106.3 (200 ppm) 230 ◦C [193]
SnO2/MoS2 NO2 28% (10 ppm) RT [194]
ZnO/MoS2 C2H6O 42.8 (50 ppm) 260 ◦C [195]
ZnO/MoS2 NO2 3050% (5 ppm) RT [196]
MoS2/TiO2 C2H6O 14.2 (100 ppm) 150 ◦C [76]
CuO/MoS2 H2S 61 (30 ppm) RT [197]

MoO2/MoS2 NO2 19.4 (100 ppm) RT [198]
TiO2 QDs/WS2 NH3 43.7% (250 ppm) RT [199]

SnO2/SnS2 NO2 5.3 (8 ppm) 80 ◦C [200]

6.4. Other 2D Material/Metal Oxide Composites-Based Gas Sensors

As an important wide band gap and semiconductor gas sensing material with a special
layered structure, MoO3 is easy to form metal phase MoS2 in the process of reacting with
H2S, which makes MoO3 have unique response characteristics to H2S gas. However, single-
phase MoO3 has some shortcomings, such as high working temperature and poor limit
detection ability [201,202], so it needs to be compounded with other materials to improve
its gas-sensing performance. For example, Gao et al. used graphene as a sacrificial template
and prepared porous MoO3/SnO2 composite nanosheets with n-n heterostructure by hy-
drothermal method, and studied their gas sensing properties, as shown in Figure 14 [203].
The TEM characterizations indicated that the composite is a porous structure composed
of MoO3 and SnO2 nanoparticles, and the lattice distortion at the interface indicates the
existence of MoO3-SnO2 n-n heterojunction (Figure 14a,b). The gas-sensing performance
test showed that compared with SnO2 nanosheets, the introduction of MoO3 and the forma-
tion of heterojunctions lead to the change of energy band structure and carrier separation
transfer rate, and the optimum operating temperature of MoO3/SnO2 nanosheet sensor is
lower and the sensitivity is higher. The detection limit of MoO3/SnO2 nanoparticles for
H2S was as low as 100 ppb at 115 ◦C, and the response and recovery times were 22 s and
10 s, respectively (Figure 14c–e). The excellent gas-sensing performance of the MoO3/SnO2
composite nanosheet gas sensor was attributed to the following aspects.

Firstly, in the composites, the n-n heterojunction formed at the interface between MoO3
and SnO2, and the charge accumulation layer and charge consumption layer are formed on
both sides of the heterojunction, respectively, thus forming an internal electric field and
hindering the free transport of free electrons in the semiconductor. The sensing mechanism
of the composite material is shown in Figure 14f,g. When the material is exposed to air, the
electrons in the semiconductor MoO3 and SnO2 conduction bands adsorb the oxygen in the
air to the surface of the semiconductor gas sensing material to form the adsorbed oxygen.
This leads to the loss of electrons in the conduction bands of semiconductors MoO3 and
SnO2 (Figure 14f). On the energy band diagram, the energy bands of semiconductors MoO3
and SnO2 bend upward, and the barrier height increases. In the atmosphere of H2S, when
H2S reacts with the adsorbed oxygen on the surface of semiconductor sensitive materials,
the electrons captured by adsorbed oxygen are released back into the semiconductor MoO3
and SnO2 conduction bands, which leads to a significant decrease in the barrier height at
the n-n heterojunction and a significant decrease in the resistance of the sensor (Figure 14g).
The electrical conductivity of composite semiconductor materials is inversely proportional
to the barrier height, and the barrier height can effectively control the gas sensing response
characteristics of sensitive materials with heterojunctions. Therefore, a large change of
barrier height has a significant contribution to the H2S performance of the MoO3/SnO2
gas sensor. Secondly, the large specific surface area of MoO3/SnO2 composite nanosheets
means that when exposed to H2S gas, the MoO3/SnO2 sensor with a large specific surface
area can contact more H2S gas molecules and react with them, resulting in greater resistance
change and higher sensitivity response. Thirdly, the composite has high porosity, and the
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larger pore volume can not only promote the adsorption of H2S gas molecules to the
sensitive material surface more quickly, but also provide a shorter gas conduction path
and promote the gas molecules to break away from the sensitive material surface and then
achieve the ideal state of rapid response and rapid recovery.
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Figure 14. (a,b) Low-magnification TEM images and HRTEM images of MoSn-S2 nanoflakes. Red
circles in (b) shows the lattice distortions at the interfaces between MoO3 and SnO2. (c) Sensor
responses of as-prepared samples as a function of different operating temperatures to 10 ppm of
H2S concentration. (d) Typical sensor responses of SnO2, MoSn-S1, MoSn-S2, and MoSn-S3 toward
100 and 500 ppb of H2S gas at optimal working temperature, and (e) response and recovery times
curve of MoSn-S2 NFs to 10 ppm of H2S at 115 ◦C. (f,g) Diagram of energy band structure of
MoSn−nanocomposites in (f) air and (g) H2S. Reprinted with permission from Ref. [203]. Copyright
2019 ACS.
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Yin et al. [204] synthesized hierarchical Fe2O3/WO3 nanocomposites with ultra-high
specific surface area composed of Fe2O3 nanoparticles and single-crystal WO3 nanosheets
through microwave heating and in situ growth. The BET specific surface area of the sample
that prepared with 5 wt.% Fe2O3/WO3 by this process was as high as 1207 m2·g−1, which
was 5.9 times that of the corresponding WO3 nanosheets (203 m2·g−1). The significant
enhancement of the specific surface area of the Fe2O3@WO3 samples was attributed to the
hierarchical structure of the prepared composite materials, in which the monolayer and
unconnected Fe2O3 nanoparticles are tightly anchored to the surface of the WO3 nanosheets,
so that the inner surface or interface of the aggregated polycrystal is entirely the outer
surface. The gas-sensing performance tests indicated that Fe2O3@WO3 nanocomposites
exhibited high response and selectivity towards H2S at low operating temperatures due to
the synergistic effect of the components of Fe2O3@WO3 nanocomposites and the hierarchi-
cal microstructure with ultra-high specific surface area. At 150 ◦C, the fabricated gas sensor
showed a response to 10 ppm H2S of as high as 192, which was four times that of the WO3
nanosheet-based gas sensor.

7. Conclusions and Future Perspectives

In this paper, we summarize the research progress of gas sensors using 2D materials,
metal oxides, and their composites as sensitive materials. The gas sensing mechanism,
main factors affecting sensing performance, and the applications of various gas sensors are
presented and discussed in detail. It can be concluded that the 2D material/metal oxide-
based gas sensor can efficiently identify and detect toxic and harmful gases. Compared
with pure metal oxide semiconductors, composite materials have higher carrier rates, larger
high mechanical strength, and large specific surface area, and the synergistic effect of the
two components can further enhance the gas sensing performance. The -OH, -O, and
other functional groups on the surface of 2D materials not only provide chemical bonds
to form composite metal oxide materials during the composite process of the material,
but also give more active sites for the gas sensing process, thereby further improving the
gas sensing performance. In addition, the composite materials can effectively reduce the
working temperature.

Although nanomaterial-based gas sensors have made great progress in the past few
decades, the operating temperature of metal oxides is too high, and the selectivity of
2D materials is still unsatisfactory. In the future, effective strategies such as building
composite structures are highly needed to improve the selectivity, reduce the operating
temperature, and improve the sensitivity and other properties. In addition, the research on
the combination of metal oxides with 2D materials is still at an early stage, and its sensing
mechanisms of the composite-based gas sensors should be further studied. Only when the
mechanism and process are clear, the preparation and assembly of nanomaterial-based gas
sensors can be achieved purposefully. In addition, it is necessary for researchers to develop
new design strategies to further optimize metal oxide nanomaterials with 2D nanomaterials
to make them more suitable for gas sensing. Finally, it is expected that facile assembly and
fabrication processes will be developed to enable batch fabrication of gas sensors with high
stability, selectivity, sensitivity, reproducibility, and quick response in the future.
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Abstract: Monoclinic-phase VO2 (VO2(M)) has been extensively studied for use in energy-saving
smart windows owing to its reversible insulator–metal transition property. At the critical temperature
(Tc = 68 ◦C), the insulating VO2(M) (space group P21/c) is transformed into metallic rutile VO2

(VO2(R) space group P42/mnm). VO2(M) exhibits high transmittance in the near-infrared (NIR)
wavelength; however, the NIR transmittance decreases significantly after phase transition into VO2(R)
at a higher Tc, which obstructs the infrared radiation in the solar spectrum and aids in managing
the indoor temperature without requiring an external power supply. Recently, the fabrication of
flexible thermochromic VO2(M) thin films has also attracted considerable attention. These flexible
films exhibit considerable potential for practical applications because they can be promptly applied
to windows in existing buildings and easily integrated into curved surfaces, such as windshields and
other automotive windows. Furthermore, flexible VO2(M) thin films fabricated on microscales are
potentially applicable in optical actuators and switches. However, most of the existing fabrication
methods of phase-pure VO2(M) thin films involve chamber-based deposition, which typically require
a high-temperature deposition or calcination process. In this case, flexible polymer substrates cannot
be used owing to the low-thermal-resistance condition in the process, which limits the utilization
of flexible smart windows in several emerging applications. In this review, we focus on recent
advances in the fabrication methods of flexible thermochromic VO2(M) thin films using vacuum
deposition methods and solution-based processes and discuss the optical properties of these flexible
VO2(M) thin films for potential applications in energy-saving smart windows and several other
emerging technologies.

Keywords: VO2; phase change material; flexible thin film; thermochromics; energy efficient materials

1. Introduction

To address the rapidly increasing energy demand and growing environmental con-
cerns, the development of renewable resources and smart-energy materials is receiving
widespread attention [1]. Building energy consumption is estimated to account for 30–40%
of the total global energy consumption, and this proportion is expected to continue in-
creasing [2,3]. Windows are the most energy-inefficient component of a building; in this
regard, smart windows offer the potential to reduce energy consumption by reducing the
air-conditioning load via modulation of solar radiation [4]. Researchers have extensively
studied the development of energy-efficient materials for smart windows to address the
increasing energy needs. Monoclinic-phase VO2 (VO2(M)) was first reported by Morin
in 1959 and is the most widely studied inorganic material owing to its switchable ther-
mochromic properties [5]. VO2 exhibits a first-order insulator–metal phase transition at the
critical temperature (Tc = 68 ◦C), accompanied by reversible phase-change properties in the
transition from the insulating monoclinic (P21/c) phase to the metallic rutile (P42/mmm)
phase [6,7]. Figure 1 shows the crystal structure and band diagram of monoclinic and
rutile phase VO2. The vanadium ions in the monoclinic phase dimerize to form zigzag
atomic chains with two V-V distances of ≈3.12 and ≈2.65 Å. Conversely, in the rutile
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phase, straight and evenly distanced vanadium chains are formed along the c-axis with
≈2.85 Å of distance and V4+ ions surrounded by O2- are located at the center and cor-
ner positions [8,9]. Dimerization of the vanadium ion causes the dll band to split into a
filled bonding (dll) and an empty antibonding (dll*). Furthermore, the π* orbitals shift
to higher energies and make a forbidden band of approximately 0.7 eV between the dll
and π* [10,11]. The Fermi level is located within the forbidden band, thereby forming
the insulating VO2(M). When the temperature is higher than Tc, the density of the Fermi
energy states in VO2(R) is formed by a mixture of π* and dll orbitals [9,12]. The electrons at
the dll state exhibit a behavior similar to that of free electrons, accomplishing a half-filled
metallic state. The Fermi level form between the π* and dll bands, indicating an enhanced
electrical conductivity of the VO2(R) [13]. Therefore, electrical and optical properties are
considerably modulated during the phase transition. The phase transition of VO2 can be
induced by different types of stimuli, such as heat [5], electric fields [14], and mechanical
strain [15]. The phase change in VO2(M) has also been utilized in various emerging tech-
nologies, including optical switches [16], thermoelectrics [17], hydrogen storage [18,19],
sensors [20–22], transistors [23–25], active metamaterials [26–28], and photoelectric de-
vices [29]. The application of VO2(M) in smart windows was investigated in the 1980s
by Jorgenson et al. [7] and Babulanam et al. [30]. When the external temperature is lower
than the phase-transition temperature, which is approximately 68 ◦C, VO2(M) exists in
the insulating phase, exhibiting high transmittance of near-infrared (NIR) wavelengths in
the solar spectrum. Conversely, when the temperature is higher than the phase-transition
temperature, the crystal and band structures change because of the transition from the
insulator phase (VO2(M)) to the metallic phase (rutile VO2 (VO2(R))), which significantly
reduces the optical transmittance of NIR wavelengths. Therefore, thermochromic smart
windows can reversibly modulate their solar transmittance at different temperatures and
can reduce the room temperature during hot weather conditions; this will reduce the
total energy consumption of the building. VO2-based thermochromic smart windows
offer characteristic advantages over other types of energy-saving windows, such as low-
emissivity (low-e) glass [31,32] and electrochromic (EC) windows, owing to their ability to
self-regulate solar transmission/reflection according to the external environment without
utilizing an external energy supply [33–35]. Moreover, thermochromic windows have a
relatively simple structure when compared with low-e or EC glass, thereby exhibiting
potential for large-area installation and mass production for commercialization [36].
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The performance of VO2 for smart windows is evaluated in terms of the luminous
transmittance (Tlum) and solar modulation ability. Luminous transmittance refers to the
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integrated optical amount of visible-light transmittance, which is determined from the
following equation:

Tlum =
∫

Φlum(λ)Tdλ/
∫

Φlum(λ)dλ, (380 to 780 nm)

T(λ) and Φlum characterize the transmittance of the wavelength λ and photopic lumi-
nous efficiency function in the visible region, respectively [30,37]. Solar-energy modulation
ability (∆Tsol) is also a critical feature for determining the energy-saving capability of
material. ∆Tsol is defined as the difference in the solar-energy transmittance (Tsol) values
before and after phase transition in the 240 to 2500 nm spectrum, which is estimated using
the follow equations [38]:

Tsol =
∫

Φsol(λ)Tdλ/
∫

Φsol(λ)dλ, (250 to 2600 nm)

∆Tsol = Tsol,low temperature − Tsol,high temperature

where Φsol denotes the solar irradiance spectrum for an air mass of 1.5, which is equiv-
alent to the presence of the sun at an angle of 37◦ from the horizon [37]; moreover,
Tsol,low temperature and Tsol,high temperature represent the solar transmittance of VO2 films
at a low temperature in the monoclinic phase and at a high temperature in the rutile phase,
respectively. Tlum should be greater than 40% to indicate the requirement for daylight
across windows, and ∆Tsol should be sufficiently high, at least 10%, for energy saving [39].
Furthermore, the phase-transition temperature of VO2 (Tc = 68 ◦C) should be reduced
from 68 ◦C for efficient regulation of solar energy during daytime [40]. Therefore, a re-
duced phase-transition temperature (Tc), high luminous transmittance (Tlum), and strong
solar-energy modulation ability (∆Tsol) are important characteristics for energy-efficient
smart windows. To fulfill the demand for practical applications of energy-saving smart
windows, VO2-based thermochromic thin films should possess the following features:
the phase-transition temperature (Tc) should be reduced to near-ambient temperature,
and a high luminous transmittance (Tlum > 40%) accompanied by a strong solar-energy
modulation ability (∆Tsol > 10%) should be available [41,42].

Several studies have been conducted to improve the energy-saving performance of
VO2-based smart windows. For example, reductions in Tc have been achieved by doping
with metal ions [43–45], or by utilizing nonstoichiometric compounds [46], strains [47], and
nano-size effects [48]. Among the aforementioned methods, doping with metal ions, such as
W6+ [49], Al3+ [50], Mg2+ [51], Sn4+ [52], and Mo6+ [53,54], is considered the most efficient.
However, an increase in the dopant content results in the deterioration of phase-transition
behaviors, such as a reduction in ∆Tsol and a broadened phase-transition temperature
range [55,56]. High values of Tlum and ∆Tsol are also required to accomplish high-energy
modulation efficiency for smart windows; however, these parameters involve a tradeoff,
and thus, it is difficult to enhance them simultaneously [57]. Various strategies have been
suggested to improve Tlum and ∆Tsol simultaneously, such as doping with Mg2+ [56] and
F− [55], or utilizing nano-size thermochromic materials [58], photonic crystals [59], antire-
flective overcoating [60], porous films [60], and multilayered structures [60,61]. However,
the fabrication of VO2(M) films with high Tlum (> 40%) and ∆Tsol(>10%) values as well as
a sufficiently reduced Tc remains challenging, which limits the utilization of VO2(M) in
practical applications [56,57,62]

Recently, the fabrication of flexible VO2(M) films has attracted widespread atten-
tion [39,56]. Flexible thermochromic films demonstrate significant potential for large-scale
fabrication and commercialization [63–66]. For example, flexible VO2(M) films can be
instantly applied to the windows of existing buildings and easily integrated onto curved
surfaces, such as automobile windows. Moreover, flexible VO2(M) thin films show the
potential for application in actuators and optical switches for future optical and electronic
devices [63,67]. Thus far, high-quality VO2(M) thin films have been fabricated using
vacuum-chamber-based techniques, such as chemical vapor deposition (CVD) [68–70],
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physical vapor deposition [56], radiofrequency (RF) magnetron sputtering [71], and pulsed
laser deposition [72]. These deposition methods provide high-quality and highly crystalline
VO2(M) films; however, they often require high-temperature deposition conditions or an
additional thermal annealing process to yield phase-pure crystalline VO2(M) films [63].
The deposition temperature is typically higher than 400 ◦C, which exceeds the thermal
resistance of most flexible polymeric substrates [51,73–75]. Therefore, chamber-based de-
position processes are predominantly performed on rigid inorganic substrates with high
thermal resistance, which limits the fabrication of crystalline VO2(M) films on flexible
substrates. Flexible VO2(M) films can also be obtained via colloidal deposition using
VO2(M) nanoparticles (NPs) [56,65,76]. Colloidal dispersion of VO2(M) enables solution-
based deposition onto polymeric substrates or the formation of flexible composite films
through mixing in a polymer matrix. Hydrothermal synthesis of colloidal VO2(M) NPs
was reported in a recent study, which demonstrated the feasibility of producing flexible
VO2(M) films through the solution-based deposition of NPs at room temperature [77,78].
However, for colloidal VO2(M) NPs synthesized hydrothermally, lowering Tc while main-
taining favorable optical properties, such as a high Tlum and ∆Tsol, remains difficult [79,80].
Therefore, the fabrication of flexible VO2 thin films using colloidal VO2(M) NPs with a
reduced Tc, high Tlum, and high ∆Tsol is still significantly challenging. In this review, we
focus on the recent advances in the fabrication methods for flexible thermochromic VO2(M)
thin films. We systematically review the fabrication process, including chamber-based
vacuum deposition on flexible substrates that possess high thermal resistance. In addition,
we introduce film-transfer techniques used to transfer VO2(M) layers deposited on rigid
substrates onto flexible polymer substrates. Finally, we introduce the solution-based de-
position process using colloidal VO2(M) NPs. The optical properties and phase transition
behaviors are discussed to investigate the potential of flexible VO2(M) films for application
in energy-saving smart windows and other emerging technologies.

2. Fabrication Methods
2.1. Fabrication of Flexible Monoclinic-Phase VO2 (VO2(M)) Films via Chamber-Based Deposition

As discussed, the fabrication of stoichiometric and highly crystalline VO2 films using
vacuum deposition requires high-temperature conditions or an additional calcination
process [81]. Therefore, rigid inorganic substrates, which have high thermal stability, such
as SiO2 [82], MgF2 [83], and Al2O3 [84], are generally used for growing VO2(M) films. The
fabrication of flexible VO2(M) films through chamber-based deposition of VO2(M) films
has also demonstrated using flexible substrates with high thermal stability. For example,
muscovite sheets were first used as substrates for the fabrication of VO2(M) films because
such sheets possess a high thermal stability of over 500 ◦C and superior chemical resistance,
which enable the formation of highly crystalline VO2(M) films through high-temperature
sintering. High-quality, single-phase VO2(M) films can be grown epitaxially on (001)
muscovite substrates with high crystallinity, leading to superior phase transition behaviors
in terms of resistivity and infrared (IR) transmittance [85]. Li et al. also developed a
process for depositing a VO2 film directly on a flexible muscovite substrate [86]. First, V2O5
films were deposited on a native muscovite substrate through pulsed-laser deposition for
20 min; then, the films were annealed at 650 ◦C under a 5 mTorr oxygen atmosphere to
obtain highly crystalline VO2(M) films (Figure 2a). The electrical resistance of the VO2(M)
thin films was measured under various bending radii. During the phase transition, the
electrical resistance of the films varied by an order of 103 or more (∆R/R > 103), and
the change in luminous transmittance was higher than 50% (∆Tr > 50%) (Figure 2b).
Owing to the intrinsic transparency and flexibility of muscovite sheets, the VO2/muscovite
heterogeneous structures also exhibited superior flexibility and visible-light transparency.
The electrical resistance of the VO2/muscovite films remained the same even after the
films were bent 1000 times; this confirmed the high mechanical stability of the films
(Figure 2c). Thus, considering their enhanced electrical, thermal, optical, and mechanical
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properties, VO2/muscovite films demonstrate considerable potential for application in
flexible electronic devices, especially optical switches.
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VO2(M) thin films grown on substrates, such as TiO2, Al2O3, diamond, and SiO2, have
strong chemical bonds (ionic or covalent) between the VO2(M) layers and the substrates.
Thus, the VO2 lattice is constrained, which is known as the substrate-clamping effect; this
complicates the lattice rearrangement during phase transition [82,87,88]. Therefore, VO2
films deposited on inorganic substrates typically require a higher energy to drive the metal–
insulator transition (MIT). Conversely, VO2(M) films deposited on mica sheets typically
have weak van der Waals (vdW) bonds (0.1–10 kJ mol–1) between VO2(M) and the mica
layer, which is 2–3 times weaker than the aforementioned ionic or covalent bonds (100–1000
kJ mol–1) [89]. This weak vdW bonding between the VO2 film and the mica sheet does
not induce any significant lattice strain in the VO2 layer. Therefore, the VO2 film behaves
as a nearly freestanding film on the mica sheet, which enables MIT with exceedingly low
energy stimuli [90]. Moreover, owing to the weak vdW bonding between adjacent mica
sheets, the thin mica sheet can be peeled off from the substrate, creating transparent and
flexible VO2(M)/mica sheets. Wang et al. also employed a mica sheet as a support for
VO2(M) to fabricate a mechanically flexible and electrically tunable flexible phase-change
material for IR absorption [91]. First, 100-nm-thick Au thin films were deposited on a
mica sheet through magnetron sputtering. Then, a 100-nm-thick vanadium film was
deposited on the Au film via electron-beam evaporation and was thermally annealed in
an oxygen atmosphere at temperatures of 430–470 ◦C. Au and mica sheet can withstand
high-temperature annealing conditions. Finally, graphene thin films were transferred onto
the VO2 thin film to deposit the conductive electrode that induces the phase transition of
the VO2(M) thin films through Joule heating (Figure 3a). The IR absorption of this device
can be continuously adjusted from 20% to 90% by changing the current applied to the
graphene film. Moreover, this structure exhibited superior bending durability when it
was bent up to 1500 times, without any noticeable deterioration in the optical properties
(Figure 3b). Such tunable and flexible VO2 devices have various application prospects in
flexible photodetectors and active wearable devices.
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Figure 3. (a) Schematic representation of a flexible and electrically tuned flexible phase change
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Chen et al. fabricated a flexible VO2(M) thin film on a muscovite (mica) sheet directly
through RF-plasma-assisted oxide molecular beam epitaxy (rf-OMBE) [92]. First, the VO2
layer was grown using rf-OMBE on the (001) plane of mica sheets at 550 ◦C. Then, a layered
single-walled carbon nanotube (SWNT) films was deposited using CVD on the high-quality
VO2/mica thin film. The SWNT layer exhibited superior conductivity and flexibility and
can be employed as an efficient heater when a current/bias voltage is applied. The almost
freestanding SWNTs/VO2/mica (SVM) film was fabricated by peeling off the thin-layered
SVM film from the substrates. Two Au electrodes were deposited on the flexible SVM thin
film to provide a two-terminal electrode. The MIT process of the flexible VO2(M) thin film
can be easily controlled by heating SVM films with a bias current on Au electrodes, thereby
enabling reversible modulation of IR transmission. When a bias current was applied, the
transmittance decreased sharply from 70% and maintained an almost constant value of
approximately 30% thereafter. When the input current was turned off, the transmittance
quickly returned to its highest value of 70%; this confirms that direct modulation of the
transmittance by applying a current is possible (Figure 4a,b). The MIT temperatures were
71 and 62 ◦C during the heating and cooling cycles, respectively (Figure 4c). Such ultrathin
flexible SVM films with superior flexibility and transparency can be used for various
applications involving future electrical devices.
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In addition to mica sheets, carbon-based substrates, such as graphene sheets and
networks of carbon nanotubes (CNTs), have also been utilized as flexible substrates for
VO2 deposition owing to their high thermal resistance. Xiao et al. reported the fabrication
of VO2/graphene/CNT (VGC) flexible thin films [93]. First, the graphene/CNT thin film
was prepared by depositing graphene on a Cu substrate via low-pressure CVD. Then, the
aligned CNT thin films were stacked on graphene substrates, followed by etching of the
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Cu substrate to form flexible graphene/CNT flexible thin films. The VOx thin film was
deposited on the graphene/CNT film through DC magnetron sputtering and was then
thermally annealed at 450 ◦C in a low-pressure oxygen environment to obtain crystalline
VO2(M) thin films (Figure 5a). The phase transition of the VGC freestanding thin film can
be induced by applying a current. The VGC films exhibited fast switching with low power
consumption and highly reliable phase transition (Figure 5b,c). The drastic change in IR
transmittance during the phase transition can potentially enable the application of VGC
films in IR thermal camouflage, cloaking, and thermal optical modulators.
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Figure 5. (a) Schematic of fabrication of VO2/graphene/carbon nanotube (VGC) film; (b) Characteri-
zation of VGC film with current-dependent transmittance (1500 nm) (black line) and the correlated
power consumption (red line); (c) Reliability measurement of the VGC films over 100,000 cycles
with regard to current pulses. Reproduced with permission from [93]. Copyright 2015, American
Chemical Society.

Chan et al. reported the fabrication of flexible VO2(M)/Cr2O3/polyimide (PI) films
using Cr2O3 as a buffer layer [94]. The Cr2O3 layer allows an epitaxial growth of the
VO2(M) layer, typically at approximately 300 ◦C, which enables the deposition of VO2(M)
on the PI polymer substrate at a relatively lower temperature (Figure 6a). The lattice
constants for Cr2O3 are a = 0.496 nm, b = 0.496 nm, and c = 1.359 nm, and those for VO2(R)
are a = 0.455 nm, b = 0.455 nm, and c = 0.286 nm [95]. Therefore, Cr2O3 can act as a
buffer layer owing to the similarity of its lattice constants with those of VO2(R). Therefore,
highly crystalline VO2/Cr2O3 films can be successfully fabricated even under relatively
low deposition conditions from 250 to 350 ◦C. Moreover, the refractive index of Cr2O3
is 2.2–2.3; hence, Cr2O3 behaves as an antireflective coating on top of the VO2(M) layers,
leading to a higher optical performance with Tlum and ∆Tsol. The VO2 film fabricated at
275 ◦C showed 42.4% of Tlum and 0.4% of ∆Tsol; in contrast, the VO2 film deposited with
a 60-nm Cr2O3 buffer layer exhibits a high ∆Tsol value of 6.7% at a similar Tlum (43.7%).
To fabricate flexible VO2/Cr2O3/PI films, thin Cr2O3 layers were deposited on colorless
PI films through magnetron sputtering; then, the VO2 layers were directly deposited on
Cr2O3/PI films using magnetron sputtering (Figure 6b). VO2/Cr2O3/PI films exhibit
minimal strain owing to the similar lattice parameters of the two layers. Therefore, flexible
VO2(M) films have a narrow and sharp hysteresis loop. The VO2/Cr2O3/PI films exhibited
superior IR modulation properties, i.e., approximately 60% variation at 2500 nm, when
the VO2 film thickness was approximately 80 nm (Figure 6c). The Tc values of the films
calculated during the heating and cooling cycles were 71.8 and 71.3 ◦C, respectively, and
the transition width of the hysteresis loop was approximately 0.5 ◦C, which is significantly
low for a phase transition (Figure 6d,e). Furthermore, the resistivity decreased by more
than two orders of magnitude during the phase transition, indicating the high crystallinity
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of VO2(M) films. However, the deposition temperature of >250 ◦C is still higher than
the temperature that typical polymer films can withstand, which limits the utilization of
various flexible polymeric substrates other than PI.
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Figure 6. (a) Schematic representation and (b) cross-sectional scanning electron microscopy image
of VO2/Cr2O3/polyimide (PI) film; (c) Photograph of flexible VO2/Cr2O3/PI film, (d) Ultraviolet–
visible–near-IR (NIR) transmittance spectra of flexible VO2/Cr2O3/PI film after multiple bending
cycles; (e) Temperature-dependent transmittance hysteresis loop (2500 nm) of flexible VO2/Cr2O3/PI
film. Reproduced with permission from [94]. Copyright 2021, Elsevier.

Although direct deposition of VO2(M) on substrates with high thermal resistance is a
simple single-step process, only a limited number of substrates can be used under high-
temperature deposition conditions. In contrast, the film-transfer process offers opportuni-
ties to utilize various types of polymeric substrates for the fabrication of flexible films [96].
In this process, VO2(M) films are deposited on rigid substrates via high-temperature vac-
uum deposition and thermal annealing; then, the VO2(M) thin films are transferred onto
flexible polymeric substrates using the film-transfer process. As the VO2(M) films are
deposited under high-temperature conditions, they become highly crystalline, achieving
enhanced optical properties (high Tlum and ∆Tsol) and improved stability under ambient
conditions that persists for several months [97]. Moreover, polymer supports can impart
enhanced mechanical stability and flexibility to films. The fabrication of flexible VO2(M)
films using the film-transfer process was first performed by Kim et al. [98]. In this process,
an atomically thin, flexible graphene film was used to deposit a VO2(M) layer for the
transfer process. An amorphous VOx layer was first deposited on a graphene/Cu substrate
through RF magnetron sputtering. Then, the VOx film on the graphene/Cu substrate was
thermally annealed at 500 ◦C to transform VOx into crystalline VO2 films. The Cu substrate
was selectively etched, and the remaining VO2(M)/graphene film was transferred to a
polyethylene terephthalate (PET) film to fabricate flexible VO2(M)/graphene/PET films.
Because of the deposition on polymer films, the VO2(M)/graphene/PET films exhibited
high mechanical stability and flexibility while maintaining their reversible phase-transition
property. These flexible VO2/graphene/PET films exhibited a transmittance of 65.4% at a
550-nm wavelength; moreover, the variation in the transmittance during phase transition
reached 53% at a wavelength of 2500 nm, with the transition band width being 9.8 ◦C
(Figure 7a,b). The VO2(M)/graphene/PET was integrated onto glass in a model house to
investigate its ability to regulate the indoor temperature when functioning as a smart win-
dow. The VO2/graphene films reduced the indoor room temperature by 5.8 ◦C compared
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with bare glass, thereby exhibiting the potential to function as an energy-efficient smart
window (Figure 7c,d).
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Figure 7. (a) Transmission spectra of VO2/graphene/polyethylene terephthalate (PET) film at 25 and
100 ◦C; (b) Temperature-dependent transmittance of VO2/graphene/PET film at 2500 nm; (c) Indoor
temperature of a model house with VO2/graphene/PET films; (d) Photograph of a model house
coated with VO2/graphene/PET films (VO2-based windows) and graphene/PET films (VO2-free
windows). Reproduced with permission from [98]. Copyright 2013, American Chemical Society.

The fabrication of flexible VO2(M) thin films with a reduced Tc is still challenging
owing to the difficulty in doping during the deposition process. Chae et al. reported a
solution-based process to deposit VO2(M) films using W-doped colloidal NPs, followed by
film transfer, to fabricate flexible W-doped VO2(M) films [74]. Colloidal VOx NPs were syn-
thesized via high-temperature thermal decomposition with vanadium precursors, which
were used for the deposition of VO2(M) layers [99]. During the synthesis, W precursors
were added into the reaction mixture for efficient doping of W during the formation of
VOx NPs. Then, VOx NPs were deposited on mica substrates using the solution-based
process and thermally annealed to form highly crystalline VO2(M) films. Subsequently,
the VO2(M)/mica films were transferred onto polymeric substrates using adhesive-coated
PET films. During the transfer process, a thin layer of mica sheet was peeled off and
transferred to the polymer film to form transparent and flexible mica/VO2(M)/PET films.
As mica sheets are brittle, the polymer substrate can provide high mechanical strength
and ensure reliable bending (Figure 8a). The W dopants were effectively doped into the
VO2(M) thin films, which resulted in the systematic reduction in Tc depending on the
different possible doping concentrations. The Tc of flexible mica/VO2(M)/PET films can
be easily controlled at 25.6 ◦C when 1 at% W doping is used (Figure 8b). These flexible
films exhibit superior optical properties—a Tlum of 53% and a ∆Tsol of 10%—at a Tc of
29 ◦C when 1.3 at% Tungsten (W) doping is used. Thus, such films can be viable for use in
energy-saving smart windows (Figure 8c,d).
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Figure 8. (a) Photograph of VO2(M) thin films on PET substrates for various W doping concentrations;
(b) Temperature dependence of transmittance; (c) First derivatives of transmittance; (d) Luminous
transmittance (Tlum) and solar modulation ability (∆Tsol) of VO2(M)/mica thin films under various W
doping concentrations (1900 nm). Reproduced with permission from [74]. Copyright 2021, Elsevier.

2.2. Fabrication of Flexible VO2(M) Films through Solution-Based Deposition Process

Although the vacuum chamber-based deposition and film-transfer processes are
highly effective for the fabrication of crystalline VO2(M) films on flexible substrates, these
processes are significantly complex, involving multiple deposition steps and often requiring
an etching process, which can potentially limit large-scale fabrication and commercializa-
tion [100]. In contrast, the solution-based process enables simple, low-cost, and large-area
fabrication of flexible VO2(M) films [101]. Early examples of solution-processed VO2(M)
films were demonstrated via a sol–gel process [102]. Speck et al. were the first to demon-
strate the sol–gel deposition of VO2(M) films using molecular vanadium precursors [103].
In general, the sol–gel process of VO2(M) thin films have been performed on thermally
stable substrates, such as quartz, mica, or silicon wafers, owing to the high temperature
thermal annealing process, typically above 400 ◦C [104]. Recent literature demonstrates
that low temperature sol–gel deposition of VO2(M) film processes can be achieved us-
ing deep ultraviolet photoactivation chemistry, which enable the fabrication of flexible
VO2(M)/Al2O3/PI films at 250 ◦C [105]. Not only has the sol–gel process been widely
studied for the fabrication of flexible smart windows, but solution-based deposition using
colloidal VO2(M) NPs has too. Among a variety of synthetic methods based on colloidal
VO2(M) NPs, hydrothermal synthesis has attracted considerable attention owing to the
high phase purity of the as-synthesized VO2(M) NPs [38]. Hydrothermal synthesis in-
volves a chemical reaction that yields high-quality crystals in a sealed pressurized reactor
under high pressure and temperature. Hydrothermal growth of VO2(M) films on the
substrates has also been reported in the literature [106,107]. For example, VO2(M) films
have been fabricated via hydrothermal reactions by placing r-Al2O3 substrates in a hy-
drothermal reactor containing a solution mixture of ammonium metavanadate and oxalic
acid [108]. The self-organized VO2(M) films were formed with Tlum of 65% and ∆Tsol
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of ~11.82% [109]. However, for the direct hydrothermal deposition of VO2(M) films on
flexible substrates, the substrates should have high thermal and chemical resistance to
ensure that they can withstand hydrothermal reaction conditions and calcination tem-
perature [110–112]. Therefore, the use of VO2(M) NPs for film depositions could have
potential for large-area fabrication by mass-production processes using various substrate
types. The single-step hydrothermal synthesis of VO2(M) NPs was first demonstrated
by Théobald et al. using a V2O3–V2O5–H2O system, and the reaction was performed at
a temperature of 20–400 ◦C under supercritical pressure [113]. There exist several stable
vanadium oxide structures, such as VO2, V2O5, V2O3, V5O9, V6O13, and V6O11, with vari-
ous nonstoichiometric compounds [114]. Even in the stoichiometric compound, i.e., VO2,
several polymorphs exist, such as VO2(A) [115], VO2(B) [59], VO2(D) [116], VO2(P) [117],
and VO2(M) [118]. Therefore, hydrothermal synthesis of phase-pure and highly crystalline
VO2(M) is significantly challenging. Strong phase transition behaviors and favorable opti-
cal properties, including high values of Tlum and ∆Tsol, can be obtained using high-purity
VO2(M) NPs, in the absence of nonstoichiometry and impurities of metastable polymorphs.
Therefore, careful control of synthetic procedures, including the hydrothermal reaction
conditions, types of metal precursors, solvents, and additives, is a prerequisite for obtaining
phase-pure VO2(M) NPs.

To enhance phase purity and crystallinity, a two-step hydrothermal synthesis process
to synthesize VO2(M) NPs has widely studied. In this process, metastable VO2 NPs are
first synthesized hydrothermally and then thermally annealed for the conversion into the
VO2(M) phase. Phase-pure VO2(M) NPs are obtained from various types of metastable VO2
NPs and under different annealing conditions. Xie et al. first reported the hydrothermal
synthesis of VO2(D) with a size of 1–2 µm, using NH4VO3 and H2C2O4. Hydrothermal
synthesis was performed at 210 ◦C for 24 h, followed by a calcination process to transform
the VO2(D) into VO2(M) [116]. Calcination of VO2(D) was performed at temperatures as
low as 300 ◦C for 2 h under a flow of high-purity nitrogen to obtain VO2(R) NPs. These
NPs also exhibit MIT near 68 ◦C. A two-step hydrothermal synthesis using VO2(B) NPs has
also been reported; however, the phase transformation from VO2(B) to VO2(M) occurs at a
significantly higher annealing temperature, typically higher than 500 ◦C [119]. Corr et al.
also studied the hydrothermal synthesis of VO2(B) nanorods using V2O5 and formaldehyde
solution at 180 ◦C for two days [120]. Then, thermal annealing was performed to convert
VO2(B) to VO2(R) at 700 ◦C for 1 h in an argon atmosphere. Sun et al. reported the
hydrothermal synthesis of VO2(P) using VO(OC3H7)3 and oleylamine at 220 ◦C for 48 h;
then, they obtained VO2(M) after thermal annealing at 400 ◦C for 40 or 60 s in a nitrogen or
air atmosphere [121]. The size-dependent MIT property of VO2(M) NPs was demonstrated
through in situ variable-temperature IR spectroscopy. The authors observed that the
variation in the transmittance of single-domain VO2(M) NPs during phase transition
systematically increased with a reduction in the size of the VO2(M) NPs. Zhong et al.
reported star-shaped VO2(M) NPs that were hydrothermally synthesized using NH4VO3
and formic acid for two days at 200 ◦C. Then, the as-synthesized NPs were thermally
annealed at 300–450 ◦C for 1 h to obtain VO2(M) NPs. The VO2(M) NP thin films were
325 nm thick and exhibited a Tlum and ∆Tsol of 44.18% and 7.32%, respectively [122]. Song
et al. reported the hydrothermal synthesis of VO2(D) using NH4VO3 and H2C2O4·2H2O
at ~220 ◦C for ~18 h, followed by thermal annealing of VO2(D) at 250–600 ◦C for 3 h, to
obtain VO2(M) nanoaggregates [123]. The as-synthesized VO2(M) exhibited a low Tc of
approximately 41.0 ◦C and a thermal hysteresis width of approximately 6.6 ◦C. Li et al.
demonstrated the electrothermochromicity of VO2(M) NPs/Ag nanowire (NW) thin films
deposited on glass and flexible PET substrates [124]. VO2(M) NPs were hydrothermally
synthesized using V2O5 and an oxalic acid dehydrate via at 220 ◦C for 36 h, followed
by additional thermal annealing at 400 ◦C for 1 h in a vacuum chamber. The VO2(M)
NPs were deposited on top of Ag NW heaters. The optical response of the VO2(M) NP
films was then dynamically modulated by applying voltage on Ag NW. The infrared (IR)
transmittance variation of the films from 0 V to 8 V of applied voltage is approximately 50%
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at 1500 nm. Li et al. demonstrated the two-step hydrothermal synthesis of VO2(M) NPs
using V2O5, H2C2O4, and polyvinyl alcohol precursors [125]. The hydrothermal synthesis
was performed at 220 ◦C for over 36 h, and the calcination was performed at 300–450 ◦C
under vacuum. The VO2(M) film had a thickness of 463 nm and exhibited a high Tlum of
over 70% at 700 nm; moreover, its IR transmittances at 1500 nm were approximately 89.5%
and 53.8% before and after phase transition, respectively. The IR modulation exceeded
35%, which represents favorable optical properties for application in smart windows.

A single-step hydrothermal synthesis without a calcination process has also been
reported. This method is a potentially simple, convenient, and low-cost process because it
involves no additional post-annealing to obtain phase-pure VO2(M) NPs [126]. An addi-
tional thermal annealing processes induces grain growth in VO2(M) films. Size dependence
of VO2(M) NPs on thermochromic properties have also been reported. Notably, a decrease
in the size of VO2(M) NPs improves Tlum and ∆Tsol values [80]. Narayan et al. reported
a phase-transition model in which the hysteresis width is directly proportional to the
grain boundary area per unit volume [127]. Therefore, the hysteresis width is inversely
correlated to the particle radius, and as the particle size increases, the phase transition
temperature reduces, and the hysteresis width decreases. The smaller the nanoparticle size,
the wider the hysteresis, and the VO2 thermochromic performance is improved [128,129].
Therefore, single-step hydrothermal synthesis is more preferable to prevent particle coars-
ening by an additional thermal annealing process, hence sustaining a high thermochromic
performance [130,131]. Gao et al. first demonstrated single-step hydrothermal synthesis of
W-doped snowflake-shaped VO2(R) using V2O5 and H2C2O4. The reaction was performed
for seven days at 240 ◦C, and VO2(M) NPs were synthesized without a thermal annealing
step [78]. The width of the VO2(R) nanocomposites was 200–300 nm, and the thickness
was approximately 200–800 nm. Alie et al. also demonstrated single-step hydrothermal
synthesis of star-shaped and spherical VO2(M) particles using H2C2O4 and V2O5 in a molar
ratio of 3:1 at 260 ◦C for 24 h [132]. The highly crystalline star-shaped VO2(M) particles
exhibited a high thermal stability of up to ~300 ◦C and a >10% transmittance variation in
the IR region during phase transition. Li et al. reported one-step hydrothermal synthesis of
VO2(M) NPs using V2O5, TiO2, and H2C2O4·2H2O at 240 ◦C for 24 h [133]. The VO2(M)
NPs, with a size of approximately 50–100 nm, were further modified using Zn(CH3COO)2
to obtain a VO2–ZnO structure. The VO2(M)–ZnO films exhibited a low Tc of approxi-
mately 62.6 ◦C and a Tlum and ∆Tsol of approximately 52.2% and 9.3%, respectively. Ji
et al. demonstrated the synthesis of VO2(M) using V2O5, N2H4, and H2O2 through a
one-step hydrothermal process performed at 260 ◦C for 24 h (Figure 9a,b). The as-prepared
VO2(M) NPs exhibited a transmittance change of approximately 50% at a wavelength of
2000 nm [134]. Moreover, as the concentration of the W dopant increased from 0% to 1%,
the Tc of the VO2(M) NPs decreased from 55.5 to 37.1 ◦C (Figure 9c). Chen et al. reported
the synthesis of phase-pure V1-xWxO2 nanorods using H2C2O4·2H2O and V2O5 precursors.
For W doping, (NH4)5H5[H2(WO4)6]H2O was added, and the reaction was performed at
260–280 ◦C for 6–72 h [135]. The Tlum of the 0.5 at% W-doped VO2(M) films was 60.6% at
20 ◦C, and ∆Tsol was 8.1%. Whittaker et al. reported the synthesis of W-doped VO2(M)
nanobelts using V2O5 and H2C2O4 precursors with H2WO4 for W doping [43]. The re-
action was performed at 250 ◦C for 12 h to 7 days. W doping (0.90%) led to remarkable
modulation of the Tc of VO2(M) films, from 68.0 to 33.8 ◦C. Shen et al. demonstrated that
Zr doping significantly enhances optical properties while reducing Tc. [118]. Moreover,
Zr doping of VO2(M) reduces Tc while improving Tlum and ∆Tsol. However, Tc is only
reduced from 68.6 to 64.3 ◦C with 9.8% Zr doping; conversely, Zr-doped VO2 flexible films
exhibit high values of Tlum (60.4%) and Tsol (14.1%). The optical bandgap, which is 1.59 eV
for undoped VO2(M), increases to 1.89 eV after 9.8% Zr doping, resulting in a change in the
apparent color of the VO2(M) films. Accordingly, the color of the Zr-doped VO2(M) flexible
films is affected; the brown-yellow color of flexible VO2(M) film is brightened, along with
an increase in Tlum. In addition, Tc is further reduced to 28.6 ◦C, and Tlum and ∆Tsol values
of 48.6% and 4.9%, respectively, are achieved through W-Zr-co-doping.
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Several studies have been conducted to optimize the conditions for single-step hy-
drothermal synthesis to enhance the phase purity of VO2(M) NPs and their optical proper-
ties, including Tlum and ∆Tsol. Guo et al. performed a one-step hydrothermal synthesis
process using VOSO4 and N2H4·H2O in the presence of H2O2 [77]. H2O2, a strong oxidiz-
ing agent, is separated after the reaction with the vanadium solution in a hydrothermal
autoclave reactor. Then, H2O2 decomposes and evaporates at 150 ◦C to provide a mod-
erately oxidizing environment. This facilitates the synthesis of stoichiometric and highly
crystalline VO2(M) NPs. The as-synthesized VO2(M) NPs exhibited an average size of
~30 nm, with significant size uniformity (Figure 10a,b). For the preparation of flexible
VO2(M) films, the VO2(M) NPs were dispersed in N,N-dimethylformamide with poly-
acrylonitrile polymers. Then, the solution was deposited on a flexible PET substrate. The
flexible VO2(M) films attained favorable optical properties, with a Tlum of 54.26% and
a ∆Tsol of 12.34% (Figure 10c,d). In addition to optimizing the hydrothermal reaction
conditions, the enhancement in the purity of vanadium precursors also produces VO2(M)
NPs with improved optical properties.
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Figure 10. (a) SEM image of the VO2 NPs with 0.2 mL of H2O2, (b) XRD patterns of as-synthesis VO2

NPs with different amounts of H2O2, (c) temperature-dependent transmittance spectra of samples at
30 ◦C (bold line) and 90 ◦C (dashed line), and (d) the VO2(M) NPs-based flexible films. Reproduced
with permission from [77]. Copyright 2018, American Chemical Society.

Kim et al. demonstrated single-step hydrothermal synthesis of VO2(M) NPs using
phase-pure vanadium precursors [136]. After mixing the vanadium precursors, size-
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selective purification was performed to enhance the phase purity of the precursors, re-
sulting in the formation of VO2(M) NPs with enhanced optical properties. The obtained
phase-pure VO2(M) NPs exhibited an enhanced Tlum (55%) and ∆Tsol (18%), and the ∆Tsol
value is one of the highest reported for hydrothermally synthesized VO2(M). Furthermore,
W-doped VO2(M) NPs have been reported to exhibit superior phase-transition behaviors,
while Tc is systematically reduced depending on the W doping concentration (Figure 11a,b).
Flexible VO2(M) films were fabricated and deposited on PET polymer substrates over a
large area using a spray coater (15 cm × 15 cm) (Figure 11c,d). In model house experiments
under daytime solar irradiation, the W-doped VO2(M) films applied onto glass provided a
significant reduction in the indoor temperature; thus, these films are potentially viable for
practical applications.
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Figure 11. (a) Transmittance spectra of VO2(M) NP films before and after phase transition;
(b) Temperature-dependent transmittance (1350 nm) of W-doped VO2(M) NP films during heating;
Photographs of (c) 15 cm × 15 cm VO2(M) NP films on glass substrate and (d) flexible substrate
obtained via spray-coating. Reproduced with permission from [136]. Copyright 2021, Elsevier.

Colloidal NPs enable convenient, large-scale fabrication of flexible VO2(M) film
through the solution process, which is beneficial considering the expected requirement
for large-scale fabrication techniques [63,65,76,137]. For the fabrication of flexible VO2(M)
films, VO2(M) NPs have been coated on flexible polymer films or embedded into a polymer
matrix [138]. Shen et al. reported a process for blade coating of VO2(M) NPs on indium
tin oxide (ITO)-coated PET substrates to form flexible VO2(M) films [139]. Applying a
current along the ITO layer induced ohmic heating, which resulted in the phase transition
of VO2(M) layers and a change in IR transmittance. The obtained film showed well-
controlled IR switching properties upon changing the input voltage, as well as superior
thermochromic properties (Tlum of 57.3% and ∆Tsol of 13.8%). Under ohmic heating, the
IR conversion properties did not show any evident deterioration, even after 10,000 bend-
ing cycles, which indicates superior stability and flexibility. Chen et al. demonstrated
the preparation of VO2(M)/polymer composite films by embedding VO2(M) NPs into a
polymeric matrix. VO2(M) NPs were synthesized hydrothermally using V2O5 and N2H4
at approximately 180–400 ◦C for 15 h [80]. The size of the VO2(M) NPs ranged from
approximately 25 to 45 nm. The synthesized VO2(M) NPs were dispersed in polyurethane
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(PU) and coated onto PET to form flexible VO2(M) films. These films achieved high optical
performance, with a ∆Tsol of 22.3% and a Tlum of 45.6%. Similarly, Zhou et al. reported
the roll-coating of Mg-doped VO2(M) NPs that were hydrothermally synthesized using
V2O5 and H2C2O4 [140]. Mg-doped VO2(M) composite foils were prepared by mixing
NPs with PU solutions and were deposited on a PET substrate using a roll-coater. The
flexible composite foils exhibited a high Tlum and ∆Tsol of 54.2% and 10.6%, respectively.
Liang et al. reported the bar-coating of W-doped VO2(M) nanorods; the nanorods were
prepared via one-step hydrothermal synthesis for 48 h at 240 ◦C using V2O5, C4H6O6, and
ammonium tungstate (Figure 12a,b) [49]. The nanorods were then mixed with the tetraethyl
orthosilicate and poly(ethyl methacrylate) solution. The solution mixture was cast on PET
substrates using a stainless-steel coating bar to fabricate large-area, flexible VO2(M) films
(Figure 12c). The Tc of the flexible VO2(M) films could be systematically modulated by
approximately 24.52 ◦C for 1 at% of W doping, and the mid-infrared transmission could be
modulated by 31% at a Tc of 37.3 ◦C. Inkjet printing has also been widely utilized as a useful
direct-write technology to fabricate high-resolution, low-cost, large-area, and uniform-
surface films on flexible substrates [141,142]. Haining et al. reported the fabrication of
VO2(M) smart windows via inkjet printing using hydrothermally synthesized VO2(M)
NPs [143,144]. Large-area VO2(M) films were fabricated on polyethylene substrates with a
Tlum of 56.96% and a ∆Tsol of 5.21%.
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VO2(M) NPs on PET substrates. Reproduced with permission from [49]. Copyright 2016, American Chemical Society.

The chemical instability of VO2(M) NPs can potentially limit their long-term usage
as smart windows in real-world environments [145]. To enhance the chemical stability of
VO2(M) NPs, core–shell structures, in which VO2(M) NPs are overcoated with chemically
inert shells, have been developed. Gao et al. reported a core–shell structure with VO2@SiO2
NPs. VO2(M) was synthesized through a hydrothermal reaction, and SiO2 shells were
overcoated using the Stöber method [56]. SiO2 is chemically inert and optically transparent,
which is ideal for protecting VO2(M) NPs. VO2@SiO2 NPs exhibit improved chemical
resistance to oxidation. The SiO2 shell of VO2 NPs serves as an oxygen diffusion barrier
layer, which can prevent the VO2 from changing to V2O5. This phenomenon was confirmed
through experiments conducted with VO2 NPs and VO2@SiO2 NPs after annealing in an
air atmosphere for 2 h at 300 ◦C. Flexible films were fabricated by embedding VO2@SiO2
NPs into a PU matrix; then, the VO2@SiO2 NPs/PU cast on a PET matrix were dispersed to
fabricate flexible VO2@SiO2/PU composite films. These films exhibited a high Tlum (55.3%)
and ∆Tsol (7.5%). In addition to SiO2, various types of oxides, such as ZnS [146], TiO2 [11],
and ZrO2 [147], have been utilized for overcoating to prepare core–shell NPs. Saini et al.
demonstrated an approach to improve the thermal stability and thermochromic properties
of VO2(M) NPs by overcoating with CeO2 [148]. VO2(M)@CeO2 NPs were observed to
be thermally stable for up to 320 ◦C in air, which confirmed the enhancement in stability
after overcoating.
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3. Perspectives

Flexible VO2(M) films offer significant potential for the integration of energy-saving
smart windows in existing buildings, as well as for application in novel flexile devices, such
as sensors and actuators. Various methods for fabricating flexible thermochromic thin films
based on the vacuum deposition and solution-based process have been reported; these
methods are potentially suitable for commercialization. However, certain issues still remain
to be resolved before VO2-based smart windows can be utilized in practice. For example,
flexible VO2 films fabricated using vacuum deposition and film-transfer techniques show
high Tlum and ∆Tsol values; however, these methods are still limited in terms of large-area
and mass-production capabilities. In addition, deposition methods with uniform doping
should be developed further to systematically reduce Tc while maintaining favorable phase-
change optical properties. Conversely, the annealing-free, solution-based process offers
advantages such as convenient, low-cost, large-area deposition of phase-change VO2(M) on
flexible substrates. Particularly, hydrothermal synthesis yields highly crystalline VO2(M)
NPs with colloidal stability and moderately useful phase-change behaviors. However, it is
still challenging to prepare flexible VO2(M) films with high Tlum and ∆Tsol values as well as
a reduced Tc. The optical properties of the representative flexible VO2 films fabricated using
deposition and solution-based processes are summarized in Figure 13, which displays
the opportunities for utilizing flexible VO2(M) films in energy-saving smart windows.
Therefore, large-scale, high-throughput, mass-production capabilities for the fabrication
and commercialization of high-performance VO2(M) films should be realized. Finally,
certain limitations in terms of the intrinsic properties of VO2(M) should be overcome to
utilize flexible VO2 films. First, phase-change VO2 films show an inherent brown color,
which is not desirable for window applications. Therefore, it is highly recommended to
develop fabrication methods that can enable control of the apparent colors of VO2(M)
while ensuring a high Tlum and ∆Tsol and low Tc. Moreover, vanadium oxide has various
stable phases and a stable stoichiometry; consequently, VO2(M) films are easily oxidized
into other phases under exposure in ambient conditions. Therefore, processes to prevent
VO2(M) from being oxidized, for example, overcoating of VO2(M) films or using NPs with
protective layers, should be developed to enable long-term usage of the films.
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