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A template-based solvothermal method was successfully developed for the controlled synthesis of two-
dimensional (2D) monoclinic WOz nanoplate/nanosheet arrays and three-dimensional (3D) hexagonal
WOs3 nanosphere/nanocage structures with single crystal petals. The structure-directing agents played
an important role in controlling the morphology and phase of WOz samples. The results showed that the
WOs3 nanospheres exhibited the highest visible light absorption capacity and a photocurrent density of
0.37 mA cm™2 at 1.23 V vs. RHE under simulated sunlight. Moreover, the photocatalytic dye results
displayed 83.2% methylene blue degradation and 87.9% rhodamine B degradation within 120 min under
visible light irradiation. The high performance of the WOz nanospheres, resulted from the hierarchical
structure, increased surface area and enhanced light absorption, which improved the photogenerated
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1. Introduction

Tungsten trioxide (WO3) is an n-type indirect band gap semi-
conductor material with a band gap of 2.5-2.8 eV, which can
absorb approximately 12% of the solar spectrum."> Moreover,
WO; has good electron mobility, suitable hole diffusion length,
and good chemical stability in acid solutions, and it has been
widely used in photocatalysis and photoelectrochemical
fields.*? It is well known that the photocatalytic and photo-
electrochemical performances of WO; are closely related to its
morphology and structure. Zhou et al.® synthesized WO; with
seed-like, nanoflake and nanorod array morphologies on FTO
substrates via a moderate hydrothermal approach; the WO;
nanoplate arrays exhibited excellent photocurrent density and
MO degradation activities. Farhadian et al.” prepared WO,
nanorods, nanospheres and nanoplates using a hydrothermal
method; the results showed that WO; nanoplates had an effi-
cient photocatalytic degradation activity for rhodamine B. Li
et al.® synthesized amorphous, cubic and monoclinic WO; films
through a solution-based method by varying the annealing
temperature; the WO; film annealed at 450 °C presented
significant photoanodic current. Szilagyi et al® prepared
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charge carrier transfer and separation capability.

monoclinic and hexagonal WO; nanoparticles by annealing
(NH,);WO;_,, and the oxidized monoclinic WO; displayed the
highest photocatalytic activity both in the gas and the liquid
phases.

Drawing from the abovementioned literature,'®"* the WO;
suspended powder is the most investigated substance in the
area of photocatalysis, while the object of the photo-
electrochemical system was WO; thin film electrodes. WO,
nanostructures with different morphologies or crystal phases
exhibit different catalytic activities in photocatalytic or photo-
electrochemical systems.'> However, there are few reports on
the photocatalytic and photoelectrochemical properties of WO,
films with various morphologies and crystal phases. Two-
dimensional (2D) and three-dimensional (3D) WO; films have
been widely investigated because of their large exposed surface
area and enhanced light scattering and absorption.">' At
present, research on the properties of WO; mainly focuses on
the study of the monoclinic phase, and there are few studies on
the hexagonal phase. In addition, the differences in photo-
catalytic and photoelectrochemical performances between 2D
(3D) morphologies and crystal structures are not yet known.

In this study, 2D monoclinic WO; arrays and 3D hierarchical
hexagonal WO; films were successfully synthesized using a sol-
vothermal method by adjusting the morphology control agent.
The growth mechanism of WO; under different reaction
conditions was analysed. The photocatalytic performance of the
obtained WO; films was investigated based on the degradation
of methylene blue (MB) and rhodamine B (RhB) under visible
light. The effect of the morphology and crystal structure value
on photocatalytic and photoelectrochemical performance is
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discussed. The crystal structures and densities of states were
determined using first-principles calculations.

2. Experimental sections
2.1 Materials

Chemical reagents such as sodium tungsten dehydrate (Na,-
WO,-2H,0), hydrochloric acid (HCl, 36-38%), oxalate
(H,C,0,4-2H,0), citrate (C¢HgO;-H,0), acetonitrile (CH3;CN),
hydrogen peroxide H,0, (30%), acetone (CH;COCHj;), and
ethanol absolute were used as starting reagents. All chemical
reagents were analytical grade and used without further puri-
fication. All aqueous solutions were prepared using deionized
water. Glass substrates coated with fluorine-doped tin oxide
(FTO) were cut into slides of size 1 cm x 5 cm and cleaned
sequentially with acetone, absolute ethanol, and deionized
water in an ultrasonic bath (Nanjing Kenyan electronic tech-
nology Co. Ltd., KF-C27) each for 20 min and dried for the
reserve.

2.2 Experimental

The fabrication process of 2D arrays: 0.6597 g of Na,WO,-2H,0
was dissolved in 35 mL deionized water, then 2 mL of hydro-
chloric acid was added under stirring for 10 min. Subsequently,
0.2 g of oxalate or citric was added followed by magnetic stirring
for 30 min. Then, 20 mL of the mixed solution was transferred
into a 50 mL Teflon-lined autoclave in which the FTO substrate
was placed at an angle against the wall of the Teflon liner with
the conductive surface facing down. Hydrothermal synthesis
was conducted at 120 °C for 12 h. After the reaction, the auto-
clave was cooled naturally to room temperature, washed with
deionized water and ethanol 3 times to remove ions that may
have remained in the final products, and dried at 60 °C for 8 h in
air. Finally, the obtained samples were annealed at 450 °C in the
air for 1 h at a heating rate of 2 °C min™.

The fabrication process of 3D hierarchical films: 0.6597 g of
Na,WO,-2H,0 was dissolved in a mixture of acetone (acetoni-
trile) and deionized water with a volume ratio of 2:5, the
remaining steps were the same as those stated above.

2.3 Characterization

The crystal structure was characterized by X-ray diffraction
(XRD, Bruker D8, Cu Ka radiation). The morphologies of the
samples were observed on a scanning electron microscope
(SEM, JSM-IT100, Japan), transmission electron microscopy
(TEM), and high-resolution TEM (HRTEM) were performed on
a Titan G2 60-300 instrument with an accelerating voltage of 200
kV. Optical absorption spectra were measured using ultraviolet-
visible spectroscopy (UV-vis, UV-2600, Japan). Room tempera-
ture photoluminescence (PL, F-280, Tianjin) spectra were
measured using a 325 nm continuous wave laser as the exciting
source.

2.4 Photoelectrochemical measurements

The photoelectrochemical performance of WO; was evaluated
in typical three-electrode cells with a platinum foil as a counter
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electrode and saturated Ag/AgCl as the reference electrode using
the CHI 660e electrochemical workstation. The WO; electrode
with a tested area of 1 cm® was used as a working electrode.
0.5 M Na,SO, solution was used as an electrolyte for the PEC
test. The light source was an Xe 300 W Xe arc lamp (CEL-S500)
with an AM 1.5G filter (about 100 mW cm™?). The measured
potentials vs. Ag/AgCl were converted to the potentials vs. the
reversible hydrogen electrode (RHE) using the Nernst
equation:*’

Ernug = Eagagcr + 0.059 pH + Exgaect’

Linear sweep voltammetry (LSV) was monitored with a scan
rate of 10 mV s~ . The electrochemical impedance spectroscope
(EIS) was conducted at an open potential, with a sinusoidal ac
perturbation of 10 mV applied over a frequency range of 100
kHz to 0.01 Hz. Mott-Schottky (M-S) analysis was performed
using an AC potential frequency of 10 kHz under dark
conditions.

2.5 Photocatalytic degradation experiment

The photocatalytic activities of WO; films were evaluated
through the degradation of MB and RhB solutions at an initial
concentration of 10 mg L™'. The WO; film photocatalyst was
vertically placed in the solution. Before irradiation, the solution
was magnetically stirred under dark conditions for 30 min to
establish an adsorption-desorption equilibrium.'* The lamp
was switched on, and 3 mL of the reaction solution was taken
every 20 min, and the concentration was measured using the
UV-vis spectrophotometer.

2.6 Computational details

First-principles calculations based on density functional theory
(DFT) were performed to analyze the crystal structure and
density of states (DOS) of WO;. The Perdew-Burke-Ernzerhof
(PBE) method based on the generalized gradient approximation
(GGA) was employed for the exchange-correlation function. The
valence electron-ion interactions were substituted by ultra-soft
pseudopotential. The cutoff energy was set to 400 eV for a plane-
wave basis and the k-point mesh was taken as 4 x 4 x 4 for the
bulk calculations. The Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm was used for the optimization. The conver-
gence criteria for energy, maximum force, maximum stress, and
maximum displacement were set as 10~° eV atom ™', 0.03 eV
A™', 0.05 GPa, and 0.001 A, respectively.

3. Results and discussion
3.1 Morphology and structure

Fig. 1 shows SEM images of the WO; films obtained using
various structure-directing agents; it is clear that the structure-
directing agent has an obvious effect on the morphology and
structure of the products. The typical SEM image shows that the
morphology of the samples was mainly 2D nanoplate (Fig. 1a)
and nanosheet (Fig. 1b) arrays using oxalate and citric as the
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Fig. 1 SEM images of the (a) WOz nanoplate, (b) WO3 nanosheet, (c
and d) WOz nanosphere, and (e and f) WOz nanocage.

structure-directing agents, respectively. 3D nanospheres (Fig. 1c
and d) and nanocages (Fig. 1e and f) were obtained using
acetone and acetonitrile as the structure-directing agents,
respectively. From Fig. 2a and b, it is clear that the average
width of WO; nanoplate and nanosheet were 157.2 and
108.2 nm, respectively. The diffusion length of photo-excited
electrons and holes becomes shorter when the diameter
decreases, which is beneficial for reducing the recombination of
photo-excited electrons and improving photocatalytic perfor-
mance. It can be seen from Fig. 1c that the obtained WO;
product represents flower-like hierarchical structures with
a diameter of 7-8 pm. Fig. 1d shows the high-magnification
SEM images of individual micro-flowers, showing that these
WO; assemblies consist of a large number of nanorods. Fig. 1e
and f show the top view of WO; films with approximate nano-
cage morphology. Apparently, the above experimental results
indicate that acetone plays an important role in controlling the
morphology of the WO; microstructure. This distinctive nano-
structure produced a rough surface, which provided a larger

(@) (b)

d=157.2+38.8nm d=108.2+£37.2nm

50 100 150 200 250 50 100 150 200

Size (nm) Size(nm)

Fig. 2 Width distribution images of (a) WOz nanoplate and (b) WO+
nanosheet films.
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surface area for the reactions occurring in the photocatalytic
processes.

Fig. 3 shows the TEM and HRTEM images of WO; films.
Fig. 3a and c reveal typical TEM images of 2D monoclinic WO,
nanoplate/nanosheet arrays, further confirming their typical
sheet-like structure morphology. The characteristic spacings of
0.386 nm (Fig. 3b) and 0.377 nm (Fig. 3d) in the HRTEM images
correspond to the (002) and (020) lattice planes of monoclinic
WO;, respectively. The TEM image of the WO; nanosphere
(Fig. 3e) shows the individual nanorod structure; the HRTEM
image (Fig. 3f) indicates that the lattice fringes of 0.367 nm
correspond to the (110) crystal plane of hexagonal WO;. The
TEM image of the WO; nanocage (Fig. 3g) reveals the dense
branching structure and the lattice width of 0.638 nm in the

0.386 nm

e

Fig. 3 (a) TEM and (b) HRTEM images of m-WOs3z nanoplates, (c) TEM
and (d) HRTEM images of m-WOs nanosheets, (e) TEM and (f) HRTEM
images of h-WOs nanospheres, and (g) TEM and (h) HRTEM images of
h-WOs3 nanocages. Insets(b, d, f, and h) are the corresponding FFT
patterns.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HRTEM image (Fig. 3h) is attributable to the (100) plane of
hexagonal WOj;. The corresponding Fourier transition (FFT)
patterns (inset in Fig. 3b, d, f, and h) suggest the single-
crystalline nature of WO; films.

Fig. 4 shows the XRD patterns of the as-prepared WO; films.
The XRD patterns of the 2D WO; nanoplate and WO; nanosheet
exhibit a typical crystal structure of monoclinic WO;. The
diffraction peaks at 23.1°, 23.6°, 24.4°, 26.6°, 28.9°, 34.2°, 41.9°,
49.9°, and 55.9° can be assigned to (002), (020), (200), (120),
(112), (202), (222), (400), and (420) planes of monoclinic WO,
(JCPDS No. 83-0950), respectively. Compared to the 2D mono-
clinic WO3;, the 3D nanosphere WO; and WO; nanocage show
similar characteristic diffraction peaks of the hexagonal phase.
The peaks at 14.0°, 22.8°, 24.4°, 26.8°, 28.2°, 33.6°, 36.6°,49.9°,
and 55.6° corresponding to (100), (001), (110), (101), (200), (111),
(201), (220), and (221) lattice planes of hexagonal WO; (JCPDS
No. 75-2187), respectively. All the diffraction peaks in the XRD
patterns were sharp and distinct, confirming the high crystal-
linity of the samples. It is worth noting that WO; with a hexag-
onal structure has one-dimensional large tunnels compared
with other WO; phases, which facilitate the transport of the
conductive ions."”

The schematic of the preparation process of the WO; films is
shown in Fig. 5. Normally, the inherent crystal structure and
external reactions affect the crystal growth.' First, the
precursor of tungstic acid was synthesized by acidification with
sodium tungstate, then due to the coordination of oxalate (or
citrate) to the tungstic acid, a kind of water-dissolvable complex
is generated and the complex is slowly hydrolysed and then
polycondensed to WO;-H,0 nanoplate (or nanosheet) crystal
nuclei under hydrothermal conditions. The WO;-H,0 nano-
plates (or nanosheets) were completely converted into mono-
clinic WO; after annealing. In this preparation method, WO;
nanoplates (or nanosheets) were directly grown on the FTO
glass without a seed layer, this may have eliminated grain
boundaries from the seed layers and could reduce the resistance
between the FTO glass and the photocatalyst.
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Fig. 4 XRD patterns of the (a) WOz nanoplate, (b) WO3z nanosheet, (c)
WOs3 nanosphere, and (d) WOs nanocage.
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Fig.5 Schematic illustration of WOs films with different morphologies
on FTO.

The properties of the solvent could play an important role in
the growth of various forms of WO; under solvothermal
conditions. As the acetonitrile is dissolved in the solvent, the
shape of the particle changes, resulting in hierarchical struc-
tures instead of nanosheets. This may be related to the solu-
bility of the precursor in the solvent. The high solubility of
acidified sodium tungstate in the mixed solvent of water and
acetone would induce more uniform nucleation.**** Further-
more, acetone can interact with the oxygen ions close to the
tungsten ion, mainly because the o-hydrogen of acetone is
active, analogous to the interaction between acetone and
germanium, silicon, or titania.*”>* The existence of tungstate
anion impacts the synthesis of different crystalline tungsten
trioxide, so the solubility of sodium tungstate is directly related
to the solubility of tungstate, which affects its existence in the
solution. The hexagonal phase WO; was obtained when acetone
or acetonitrile was added to the solvent.

3.2 Photocatalytic and photoelectrochemical performances

The photocatalysis properties of the WO; films were investi-
gated through the degradation of methylene blue (MB) and
rhodamine B (RhB) reactions. As shown in Fig. 6, the crystal
structure and morphology had an appreciable influence on the
performance of WO;. The degradation rates of MB were 52.2%,

61.7%, 83.2%, and 72.4% after 120 min with m-WO;
() ! ) b
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Fig. 6 (a) Degradation of MB and (b) the corresponding kinetic curves.

(c) Degradation of RhB and (d) the corresponding kinetic curves by the
WOs films.
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nanoplates, m-WO; nanosheets, h-WO; nanospheres, and h-
WO; nanocages, respectively (Fig. 6a). As depicted in Fig. 6b, the
MB degradation is compatible with the first-order reaction
kinetics. The reaction rate of m-WO; nanoplates, m-WO;
nanosheets, h-WO; nanospheres, and h-WO; nanocages were
5.83 x 10> min~%, 7.63 x 10> min~?, 13.67 x 10> min~* and
10.03 x 10~® min~’, respectively. In addition, the degradation
rates of RhB were 56.8%, 70.2%, 87.9%, and 80.3%, respectively,
and the corresponding reaction rates were 6.38 x 10~ ° min *,
9.87 x 10~° min™', 16.45 x 107> min~', and 12.58 x
10~% min ', respectively (ESI Table S17).

The 3D hierarchical h-WO; nanosphere exhibited the high-
est photocatalysis activity, which is mainly due to the large
specific surface area and small branched nanorod structure that
enhanced photo-efficiency. The higher light absorption inten-
sity and lower interface resistance facilitate more photo-
generated holes to participate in the photocatalytic degradation
process.

Fig. 7a shows the linear sweep voltammograms (LSV) of the
as-prepared WO; films photoanodes in the 0.5 M Na,SO, elec-
trolyte. As can be seen from Fig. 7a, the photocurrent density of
the m-WO; nanoplate photoanode is 0.05 mA cm > at 1.23 V vs.
RHE, while the m-WO; nanosheet photoanode showed a much
higher photocurrent density of 0.13 mA cm™?, this indicates
that the crystal structure had a certain influence on monoclinic
WO; samples. Extraordinary, the hierarchical structure of h-
WO; nanospheres showed the highest photocurrent density of
0.37 mA cm ™2, which is 7.4 times higher than that of the m-WO,
nanoplate photoanode. The 3D hierarchical structure increases
the optical absorption and effective separation of the photo-
induced carriers and improves the photoelectric performance.
Fig. 7b shows the transient photocurrent density responses at
1.2 V (vs. RHE) under chopped light illumination. It can be seen
that all the WO; films displayed immediate and good photo
response behaviour.

Fig. 7c shows the electrochemical impedance spectroscopy
(EIS) Nyquist curves of WO; samples under open-circuit voltage
and simulated sunlight illumination. For semiconductor pho-
toelectrochemical reactions, the separation efficiency of the
photo-generated carriers is the key factor, and the impedance of
the semiconductor is determined by the diffusion mass transfer
process and charge transfer resistance. The semicircle in the
high-frequency region represents the charge-transfer resistance
at the WO3/electrolyte interface, the smaller the diameter of the
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Fig. 8 (a) UV-vis absorption spectra and (b) corresponding Tauc
curves of WOs films.

semicircle in the EIS spectrum, the lower would be the charge-
transfer resistance.?

The semicircle radius in the Nyquist curve reflects the reac-
tion rate on the electrode surface, the h-WO; nanosphere
hierarchical structures show a smaller semicircle radius, which
means a lower charge transfer resistance and higher separation
efficiency of the photogenerated electron-hole pairs.>® The 3D
hierarchical structures with a large surface area, increase the
contact area between photoanode and electrolyte, indicating
a faster interfacial charge transfer, which is consistent with the
photocurrent response results mentioned above.

3.3 Photocatalytic mechanisms

To investigate the mechanisms for the improvement of photo-
catalytic performance, the light absorption performance, the
recombination of photogenerated charge carriers, and band
structure were studied. Fig. 8 illustrates the UV-vis absorption
spectra and the corresponding Tauc plots of the WO; films. For
the 2D monoclinic WO; arrays, the absorption edge appears
near the wavelength of 460 nm, it is consistent with the inherent
band-gap absorption edge of WO;.

The addition of acetone or acetonitrile has a significant
effect on the optical properties of the films. Although the
maximum absorption edge of the 3D hexagonal WO; films is
slightly blue-shifted, the light absorption intensity in the visible
region is greatly increased with the addition of acetone or
acetonitrile (425-700 nm).?”?®* This phenomenon might be due
to the absorption caused by multiple scattering in the multilevel
branching structure of WO;. The optical band gap (E,), was
determined using the equation:

ahy = A(hv — E,)

1.5 0.6 14000
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P —— WO, nanoplate — —— WO, nanosheet 12000 "
£ 129 —— WO, nanosheet E —— WO, nanosphere -
> —— WO, nanosphere 3 WO, nanocage 10000 -
£ 0.9 — WOsnanocage 5"‘4 ] o =
Pl = E 8000+ .
E z = " e = WO, nanoplate
= 0.6 2 § 6000 xe . wo, e
] £ 0.21 2000 &7 A WO, nanosphere
E 034 ‘;“ o v WO, nanocage
] &) 2000-‘&,.._
0.0 : ; : : . : 0.0 ; | } 0 : : : : : v
08 09 1.0 L1 12 13 14 15 0 100 200 300 400 0 2000 4000 6000 8000 10000 12000 14000

Potential (V vs.RHE)

Fig. 7
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(a) LSV curves, (b) I-T curves, and (c) EIS measurements of the WO5 films.
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Here, «, h, and v are absorption coefficients, Planck constant,
and frequency of light, respectively. N is equal to 2 for the
indirect band gap material and 1/2 for the direct band gap
material.***® After calculations, the band gap energies of the
films were 2.64 eV, 2.61 eV, 2.48 eV, and 2.51 eV for m-WO;
nanoplate, m-WO; nanosheet, h-WO; nanosphere and h-WO;
nanocage, respectively. This band gap variation may be due to
their special morphology and the crystalline phase. The 3D WO,
films have a small bandgap compared to 2D WO, films, which
suggests that 3D WO; films have good light absorption ability.
The large size of WO; hierarchical structures can effectively
enhance the scattering ability of incident light, which improves
the absorption performance.

To investigate the influence of differences in WO; crystal
structure on the separation and transfer of photogenerated
electrons and holes, the density of state (DOS) simulation
calculations were conducted. As shown in Fig. 9a, monoclinic
WO; exhibited a perovskite-like structure by sharing the angles
of the WO octahedron.?**> While the WO, octahedron is con-
nected to a shared angle to form a six-membered ring in the ab
plane of the hexagonal WO;, and stacked by sharing axial
oxygen in the c-axis (Fig. 9c¢).

The partial density of states (PDOS) is the component of DOS
in different orbitals, which shows the s, p, and d orbitals of each
atom contribution to the total DOS. As the calculated DOS and
PDOS depicted in Fig. 9b and d, the monoclinic and hexagonal
WO; have similar DOS spectra and electronic structures. The
valence band maximum (VBM) potential of monoclinic and
hexagonal WO; is mainly contributed by O-2p orbital, while the
conduction band minimum (CBM) potential for both samples is
mainly from W-5d and a small portion of O-2p orbitals.

Fig. 10 shows the photoluminescence spectra of WO;
samples excited by 325 nm light at room temperature. In
general, higher photoluminescence intensity shows a higher
recombination rate of photoexcited electrons and holes, while
lower PL intensity shows a lower recombination rate.*® The

(b)

Density of states (electrons/eV)

w
2

s

Density of states (electrons/eV)

ml U\/’% \
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Fig. 9 (a) Crystal structure model and (b) calculated DOS patterns of
the monoclinic WO3z phase. (c) Crystal structure model and (d)
calculated DOS patterns of the hexagonal WO3 phase.
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Fig. 10 PL spectra of the WOg3 films.

results showed that all films displayed a peak of similar pho-
toluminescence spectra and the 3D h-WO; nanosphere film
exhibited the lowest fluorescence intensity, indicating the
greater charge separation efficiency of the photogenerated
electron and hole pairs. Moreover, the PL intensities of WO;
with hierarchical structures are obviously lower than that of 2D
m-WO; arrays. As shown in the previous optical absorption
analyses, the hierarchical structure of the microspheres scatters
the incident light, so the transmission path of the light in the
WO; is prolonged, the incident light is absorbed and used
multiple times, so it can capture photons more effectively.
Mott-Schottky plots were recorded to investigate the flat
band potentials (Vg,) and carrier density (Ngq) of WOz samples.
The Mott-Schottky curves of WO; films at 1000 Hz are shown in
Fig. 11. The positive slopes present n-type semiconductor
characteristics of all the WO; films, indicating that electrons
were the majority carriers in the as-prepared films. As shown in
Fig. 11, the flat band potential of m-WO; nanoplates, m-WO;

3.04 = m-WO; nanoplate .
*  m-WO; nanosheet
P 2.54 4 h-WO; nanosphere
VE v h-WO, nanocage "
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Fig. 11 Mott—Schottky plots of the WOs films.
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nanosheets, h-WO; nanospheres, and h-WO; nanocages were
0.33, 0.31, 0.26, and 0.28 V (vs. RHE), respectively. The smaller
flat band potential of 3D h-WO; nanosphere film implies a low
overpotential, thus enhancing the photogenerated carrier's
separation. However, the flat-band potential is 0.1-0.3 eV
positive than the conduction band (CB) potential for the n-type
semiconductors.** Therefore, the Ecg of m-WO; nanoplates, m-
WO; nanosheets, h-WO; nanospheres, and h-WO; nanocages
could be confirmed to be 0.13, 0.11, 0.06, and 0.08 eV, respec-
tively. Combined with the above band gap, the valence band
(VB) positions of m-WO; nanoplates, m-WO; nanosheets, h-
WOj; nanospheres, and h-WO; nanocages were 2.77, 2.72, 2.54,
and 2.59 eV, respectively. The obtained energy band structure
diagram is shown in Fig. S1 ESL}

The carrier density (Nq) can be calculated using the following

equation:*®
2
%= (onm)
Ep€€p

where ¢, is the vacuum permittivity (8.86 x 10> F m™2), e is the
dielectric constant of WO3, e, is the electron charge (1.6 x 10~ *°
C), and V is the potential applied at the photoelectrode. From
the above equation, the carrier density is inversely proportional
to the slope of the M-S curve, the smaller the slope the higher
the carrier density. The slope of 3D WO; hierarchical structures
is smaller than that of 2D WO; samples, demonstrating that
WO; hierarchical structures possess a larger carrier density,
mainly because this hierarchical structure enhances the ability
to capture light. Thus, the WO; hierarchical structures have
a larger carrier density and more efficient carrier transport at
the WOjs/electrolyte interface, which leads to better photo-
catalytic performance.

d(1/c”)]”

dav

4. Conclusions

In this study, WO; films with different crystalline phases and
morphologies were synthesized on FTO substrates using
a template solvothermal process. Four types of WO; films,
including 2D monoclinic WO; nanoplates, 2D monoclinic WO;
nanosheets, 3D hexagonal WO; nanospheres, and 3D hexagonal
WO; nanocages can be prepared by adjusting the structure-
directing agents. The hierarchical structure of the 3D WO;
films increased the surface area, enhanced light absorption, and
promoted charge transfer, which resulted in higher performance
than 2D WOj; films. In addition, the 3D WO, nanosphere
exhibited excellent photocatalytic activity and photocurrent
density compared with other samples, which could be attributed
to the large tunnels in the hexagonal-structured WO3, the lower
charge transfer resistance, and the enhanced charge transfer
efficiency. These findings contribute in several ways to our
understanding of hierarchical structured materials and lay
a good foundation for modifying their morphology.
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