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SPECIAL TOPIC: Advanced Photocatalytic Materials

Sol-gel synthesis of highly reproducible WO3
photoanodes for solar water oxidation
Jianyong Feng1†, Xin Zhao1†, Bowei Zhang1, Guang Yang1, Qinfeng Qian2, Su Su Khine Ma1,
Zhong Chen1, Zhaosheng Li2* and Yizhong Huang1*

ABSTRACT Although monoclinic WO3 is widely studied as a

prototypical photoanode material for solar water splitting,

limited success, hitherto, in fabricatingWO3 photoanodes that

simultaneously demonstrate high efficiency and reproduci-

bility has been realized. The difficulty in controlling both the

efficiency and reproducibility is derived from the ever-chan-

ging structures/compositions and chemical environments of

the precursors, such as peroxytungstic acid and freshly pre-

pared tungstic acid, which render the fabrication processes of

the WO3 photoanodes particularly uncontrollable. Herein, a

highly reproducible sol-gel process was developed to establish

efficient and translucent WO3 photoanodes using a chemically

stable ammonium metatungstate precursor. Under standard

simulated sunlight of air mass 1.5 G, 100 mW cm
−2
, the WO3

photoanode delivered photocurrent densities of ca. 2.05 and

2.25 mA cm
−2

at 1.23 V versus the reversible hydrogen elec-

trode (RHE), when tested in 1 mol L
−1

H2SO4 and CH3SO3H,

respectively. Hence, the WO3 photoanodes fabricated herein

are one of theWO3 photoanodes with the highest performance

ever reported. The reproducibility of the fabrication scheme

was evaluated by testing 50 randomly selected WO3 samples in

1 mol L
−1

H2SO4, which yielded an average photocurrent

density of 1.8 mA cm
−2

at 1.23 VRHE with a small standard

deviation. Additionally, the effectiveness of the ammonium

metatungstate precursor solution was maintained for at least 3

weeks, when compared with the associated upper-limit values

of peroxytungstic and tungstic acid-based precursors after 3 d.

This study presents a key step to the future development of

WO3 photoanodes for efficient solar water splitting.

Keywords: solar water splitting, WO3, photoanode, sol-gel pro-

cess, photoelectrochemical cell

INTRODUCTION
By converting solar energy, the largest renewable energy
source on the planet, into storable and clean chemical
fuels, artificial photosynthesis offers an elegant way to
achieve a fully sustainable society [1–5]. Among various
artificial photosynthesis systems, water splitting by pho-
toelectrochemical (PEC) cells has attracted considerable
interest since the seminal work on TiO2 photoelectrodes
[6]. To maximize the utilization of the solar spectrum,
numerous visible-light-responsive semiconductors have
been explored as photoelectrodes for solar water splitting,
such as (oxy)nitrides [7–10], and chalcogenides [11].
However, metal oxide semiconductors, such as BiVO4

[12,13], Fe2O3 [14,15], and Cu2O [16], remain the state-
of-the-art materials within the PEC field, since metal
oxide semiconductors exhibit relatively high chemical
stability in aqueous solutions, and are easy to fabricate
whilst naturally occurring in abundance within the crust
of the Earth [17–19]. Among these key transition-metal
oxide semiconductors, monoclinic WO3 has received a
wealth of interdependent research as a result of having a
visible spectrum sensitivity up to 470 nm, photostability
in acidic solutions, high electron mobility, and a relatively
long hole diffusion length of ca. 150 nm [20–22].

Extensive research efforts have led to numerous syn-
thetic strategies to produce efficient and translucent WO3

photoanodes, for example, by electrodeposition [20], sol-
gel [23], sputtering [24], hydrothermal [25,26], and sol-
vothermal methods [27]. In terms of efficiency losses
occurring through optical absorption, charge transport
and surface catalysis processes of the WO3 photoanodes,
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various strategies have been developed to minimize the
losses, including morphology control of the nano-
structured electrodes (such as nanorods [25], nanoflakes
[28–31], and nanoporous films [23,32]), heterojunction
construction [33,34], and electrocatalyst decoration [35–
37]. Despite the progress hitherto, establishing efficient
and highly reproducible WO3 photoanodes remains a
challenge. The discrepancy in the reproducibility can be
understood by the fact that the majority of the previous
studies apply peroxytungstic acid and freshly prepared
tungstic acid as the precursors, where the precursor
structures/compositions and chemical environments
change as a function of time, thereby leading to poor
reproducibility of the resulting WO3 photoanodes with
respect to film quality and PEC performance. In this re-
gard, there is an urgent need to develop a facile and yet
highly reproducible fabrication scheme for WO3 photo-
anodes.

Compared with peroxytungstic acid and freshly pre-
pared tungstic acid, ammonium metatungstate (AMT) is
relatively stable under ambient conditions. In previous
reports, AMT aqueous solutions (with added organic/
inorganic acids or surfactants) were hydrothermally
treated to generate WO3 nanopowders, which were pro-
cessed into pastes for WO3 electrode fabrication [38–40].
Conversely, ultrasonic spray pyrolysis of AMT aqueous
solutions [41], and dip-/spin-coating of aqueous sols
comprising AMT and polymer additives [42–45] were
employed to deposit WO3 thin films on various sub-
strates, including glass, fluorine-doped tin oxide (FTO),
and polished alumina substrates. Herein, by establishing a
modified sol-gel process in which chemically stable AMT
was used as the precursor, the above-mentioned challenge
related to enhancing the reproducibility of WO3 photo-
anodes is circumvented. By adopting this modified pro-
cedure, translucent and efficient WO3 photoanodes that
exhibit a high degree of reproducibility are readily rea-
lized. Additionally, compared with the classic perox-
ytungstic acid- and tungstic acid-based precursors, which
only retain a high degree of effectiveness for no more
than 3 d, AMT-derived precursor solutions continued to
produce efficient and reproducible WO3 photoanodes for
at least 3 weeks. This study, therefore, provides a facile
but effective route to construct highly efficient WO3-
based PEC water-splitting devices.

EXPERIMENTAL SECTION

Fabrication of WO3 photoanodes

WO3 photoanode films were fabricated by using a

modified sol-gel method. The precursor solution was
prepared by dissolving 0.5 mmol tungsten in the form of
ammonium metatungstate hydrate (≥66.5% based on W,
Aldrich) in 4.7 mL ethylene glycol (99.8%, Aldrich),
following which 1 mmol fumaric acid (≥99.0%, Fluka)
and 0.3 mL HNO3 (min. 69%, Honeywell) were added.
After sonication, a clear solution was obtained, and the
solution was aged for 24 h before use. The above pre-
cursor solution (20 μL) was dropped onto FTO glass
substrates (1 cm × 1 cm of the coated area), and dried on
a hot plate at 90°C for 20 min and then at 120°C for
another 20 min. The films were then annealed for
20 min in a box furnace (Nabertherm, W × D × H: 90 ×
115 × 110 mm3) that had been preheated to 650°C. Four
consecutive deposition-annealing cycles were needed to
achieve a final ca. 3-μm-thick WO3 film. Different an-
nealing temperatures (500, 550, 600, 700 °C) were also
applied to fabricate WO3 photoanode films, with the
annealing time of 20 min for 700°C and 1 h for other
temperatures.

Electrochemical characterizations

PEC measurements were carried out in a three-electrode
configuration cell, with WO3 films as the working elec-
trodes, a Ag/AgCl electrode in saturated KCl as the re-
ference electrode, and a Pt foil as the counter electrode.
The electrolyte was a 1 mol L−1 H2SO4 aqueous solution.
Potentials were reported vs. the reversible hydrogen
electrode (RHE) unless noted otherwise. Photocurrent
densities were recorded under AM 1.5 G simulated sun-
light (100 mW cm−2), from an Asahi HAL-320 EX3 si-
mulator. The light intensity of the sunlight simulator was
calibrated at 100 mW cm−2 by the standard reference of a
Newport 91150V silicon cell before use. The irradiated
area was a circle with a diameter of ca. 6 mm. The in-
cident photon to current efficiency (IPCE) was measured
under monochromatic light irradiation, provided by the
xenon lamp equipped with band pass filters. The light
intensity was obtained with a photometer (Newport,
840-C).

Sample characterizations

The crystal structures of all the samples were measured by
thin film X-ray diffraction (XRD, Shimadzu LabX-XRD-
6000) with Cu Kα radiation (λ = 1.5418 Å). The optical
absorption spectra of the thin film samples were obtained
on an UV–visible–near-infrared (UV–Vis–NIR) spectro-
photometer (PerkinElmer, Lambda 950). The morphol-
ogy of the thin film samples was observed by field-
emission scanning electron microscopy (FE-SEM; JEOL,
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JSM-7600F), and no conductive coating was deposited
onto the samples for the SEM measurements.

RESULTS AND DISCUSSION

Sol-gel synthesis and PEC behaviors of WO3 photoanodes

The precursor solution for the sol-gel processing of the
WO3 films was formed by dissolving AMT, fumaric acid
and HNO3 in ethylene glycol. Upon dropping onto an
FTO substrate and heating on a hot plate, the esterifica-
tion reaction between fumaric acid and ethylene glycol
occurred in the precursor solution, forming a transparent
gel layer. Thereafter, the gel films were annealed in a box
furnace to produce pale yellow WO3 films that adhere
well to the FTO glass substrates. The associated reaction
process for the sol-gel production of the WO3 films is
schematically illustrated in Scheme 1. On the basis of
annealing temperatures, the as-obtained WO3 films are
denoted as WO3 500, WO3 550, WO3 600, WO3 650 and
WO3 700, respectively. The annealing time for WO3 500,
WO3 550 and WO3 600 films was 1 h, and for the WO3

650 and WO3 700 films, the annealing time was reduced
to 20 min, to minimize the undesirable damages to the
FTO glass substrates.

Fig. 1a shows the current–potential curves of different
WO3 photoanodes in a 1 mol L−1 H2SO4 aqueous solution
under dark and air mass 1.5 G simulated sunlight
(100 mW cm−2). Across the potential range of 0.6–
2.1 VRHE, all WO3 photoanodes exhibit dark current
densities <0.02 mA cm−2. At negative potentials of 0.6
VRHE, obvious capacitive currents are observed, which
decrease gradually as a function of increased annealing
temperature of the WO3 photoanodes. Under simulated
sunlight illumination, water splitting photocurrents on
the WO3 photoanodes increase steadily when the applied

potentials exceed 0.7 VRHE. By analyzing the PEC re-
sponse of each WO3 photoanode, there is a clear trend
that continuous and appreciable performance improve-
ments occur with the increase of WO3 photoanode an-
nealing temperature from 500 to 650°C, followed by an
abrupt decrease in photoactivity beyond 650°C (Fig. 1b).
This phenomenon can be partially rationalized by the
improved crystallinity of WO3 at higher temperatures, as
confirmed by XRD measurements (Fig. 1c and d). All
WO3 photoanodes show XRD patterns having a preferred
(200) orientation, as manifested by the highest peak in-
tensity at ~24.3°.

However, improved crystallinity does not always
guarantee further improvements in photoactivity, as ex-
emplified by the WO3 600 (annealing time 1 h) and WO3

700 photoanodes, which exhibit higher XRD peak in-
tensities but inferior performances when compared with
the WO3 650 photoanode (annealing time 20 min), as
shown in Fig. 1b. Because multiple processes occur dur-
ing the heating procedure (e.g., crystallization, particle
growth and coalescence, defect formation and elimina-
tion), the above observations suggest that, besides crys-
tallinity, other factors may also influence the performance
of the WO3 photoanodes. The film particle size is one of
these factors, in view of the appearances and transmission
spectra of the WO3 films obtained at different tempera-
tures (Fig. S1). Furthermore, the trade-off between crys-
tallinity and particle size is well documented in the
literature [46]. Inter-particle connectivity and film por-
osity, which affect the transport pathways of the majority
of charge carriers and collection of minority charge car-
riers, respectively, are suggested to be the other two
contributing factors [23,47].

The above hypotheses are supported by the SEM ima-
ges, as shown in Fig. 2. For the WO3 films synthesized at

Scheme 1 Schematic illustration of the sol-gel production of WO3 films.
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low temperatures (500 and 550°C), the favorable hole
transport endowed by their porous structures and small
particle sizes could be canceled/weakened by the poor
electron transport that originates from loosely aggregated
film particles and poor crystallinity. The photocurrent
difference between front-side and back-side illumination
can give an indication of which process (electron or hole
transport) limits/dominates the photoelectrode perfor-
mance [48]. As shown in Fig. S2, for the WO3 films
synthesized at low temperatures (500 and 550°C), back-
side illumination yielded significantly higher photo-
currents at high potentials, indicating that poor electron
transport limits the water splitting performances; such
findings are in good agreement with the above analyses
on the WO3 500 and WO3 550 electrodes. Upon elevating
the annealing temperature, the bottleneck associated with
poor electron transport in WO3 is gradually ameliorated
(for WO3 600, WO3 650 and WO3 700 films), as evi-
denced by the comparable, or even higher, photocurrents
observed from front-side illumination than that of back-

side illumination. As discussed above, the enhanced
electron transport in the WO3 600, WO3 650 and WO3

700 photoanodes relates to the increased crystallinity,
particle sizes and inter-particle connectivity (Fig. 1b).
However, annealing WO3 at 700°C leads to an abrupt
development of particles comprising large grains; under
such conditions, poor hole transport, because of reduced
film porosity, largely dominates the overall WO3 700
performance, despite good electron transport ensured by
firmly interconnected film particles (as a result of particle
growth and coalescence at high temperatures) and high
crystallinity. For the WO3 electrode formed at 650°C, the
highly crystalline interconnected film particles facilitates
efficient electron transport to the FTO substrate; con-
versely, the relatively small average particle size of WO3

650, as compared with WO3 600 and WO3 700 (35.4 nm
vs. 51.6 and 81.2 nm), as well as a slightly porous struc-
ture, favors the hole transport to the electrolyte. There-
fore, among all the samples, the WO3 650 photoanode
optimizes crystallinity, inter-particle connectivity, film

Figure 1 PEC and structural properties of the WO3 photoanodes. (a) Current–potential curves of WO3 photoanodes synthesized at different
temperatures in dark (dotted lines) and under AM 1.5G 100 mW cm−2 simulated sunlight (solid lines). (b) Photocurrent densities at 1.23 VRHE,
average grain sizes, and (200) peak intensities of WO3 photoanodes as a function of annealing temperature. The electrodes were illuminated from the
front side, the electrolyte was a 1 mol L−1 H2SO4 aqueous solution, and the scan rate was 30 mV s−1. (c, d) XRD patterns of the WO3 films synthesized
at different temperatures.
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porosity and particle size, by which efficient electron and
hole transport are both enhanced. As such, the WO3 650
electrode exhibits the highest photoactivity among all the
WO3 photoanodes, and the saturation photocurrent of ca.
2.1 mA cm−2 renders WO3 650 among the most efficient
WO3 photoanodes reported in the literature.

Effects of film thickness and precursor solution

components on PEC behaviors of WO3 photoanodes

The effects of film thickness on PEC water splitting for
the WO3 650 photoanodes are presented in Fig. 3a. By
increasing the WO3 650 film thickness, the photocurrents
are gradually increased (Fig. 3b). The best-performing
WO3 650 photoanode is formed by four consecutive de-
position-annealing cycles, corresponding to a total film
thickness of ca. 3 μm (Fig. 3c). Further enhancements in
photoactivity might be attainable by employing thicker
(>3 μm) WO3 650 films, but cracks form when the fifth
layer is applied; this is deleterious for the operation of the
WO3-based tandem cells because of the reduced WO3

film transparency. Furthermore, the present 3-μm WO3

650 film is already sufficiently thick to harvest the ma-
jority of the above-bandgap photons, as confirmed by the
light harvesting efficiency spectrum (Fig. S3). As front-
side illumination always produces higher photocurrents
than back-side illumination for WO3 650 photoanodes
regardless of the film thickness (Fig. S4), the data suggest

that hole transport dominates the WO3 650 photoelec-
trode performance. The relatively poor hole transport
observed in the WO3 650 photoelectrodes is partially a
result of a limited film porosity, as shown in Fig. 3c.

Experiments were also undertaken to investigate the
influence of the precursor solution composition on the
WO3 photoanode performance. As shown in Fig. 4, re-
moving one or two constituents in the precursor solution,
or replacing HNO3 with HCl, resulted in less effective
WO3 photoanodes. Conversely, both reducing and in-
creasing the fumaric acid concentration in the precursor
solution lead to suppressed photocurrents (Fig. 5). The
experimental observations with SEM and XRD analyses
(Fig. 5 and Fig. S5) suggest that each precursor con-
stituent in the solution plays a unique role in determining
the morphology and photoactivity of the resulting WO3

films. In addition to functioning as a solvent, ethylene
glycol also acts as a reactant along with fumaric acid to
form the three-dimensionally interconnected ester net-
work, by which the formation and growth of WO3 par-
ticles during annealing are confined to a specific volume.
Without fumaric acid, the consequent organic ester
template fails to form, leading to an abrupt increase in the
WO3 particle size, as revealed by Fig. 4b and c. A small
amount of HNO3 added into the precursor solution
functioned as a catalyst to promote the esterification re-
action. Eliminating HNO3, or replacing HNO3 with HCl,

Figure 2 SEM images, grain size distributions and mean grain sizes of the WO3 films synthesized at different temperatures.
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may lead to an insufficient/inhomogeneous esterification
reaction within the thin precursor solution layer, thereby
yielding relatively inhomogeneous particle sizes (Fig. 4d
and e). While the fumaric acid concentration determines
the amount of the resulting organic ester template, the
deficiency of fumaric acid actually weakens the confine-
ment effects on the WO3 particles (Fig. 5c). Excessive
amounts of fumaric acid lead to the formation of larger
WO3 particles, which is suggested to derive from addi-
tional heating associated with the presence of high or-
ganic fuel content from the ester template (Fig. 5d
and e).

The fabrication scheme for WO3 photoanodes herein is
noted to be highly reproducible. The photocurrent-
potential curves collected from 50 randomly selected
electrodes were statistically analyzed (Fig. 6a). As ob-
served from Fig. 6b and Fig. S6, average photocurrent
densities of 1.8 and 2.06 mA cm−2 were achieved at 1.23
and 1.8 VRHE, respectively, with small standard deviations.
Among these efficient WO3 650 photoanodes, the opti-
mized photoanode delivered photocurrent densities of ca.
2.05 and 2.23 mA cm−2 at 1.23 and 1.8 VRHE, respectively

(Fig. 6c). Additionally, the effectiveness of the present
AMT-based precursor solution was maintained for at
least 3 weeks, as compared with the associated upper-
limit values after 3 d in the presence of peroxytungstic
acid- and tungstic acid-based precursors. After aging for
110 d, the AMT-based precursor solution could still be
used to fabricate efficient WO3 photoanodes, with a slight
decrease in photoactivity (Fig. S7).

Photocurrent action spectra and photostability of the WO3

650 photoanode

A previous report suggested that the use of CH3SO3H as
the electrolyte promoted WO3 photoanodes to generate
large and stable photocurrents when compared with
commonly applied H2SO4 [49,50]. Fig. 6c displays the
photocurrent–potential profiles of the optimized WO3

650 photoanode when immersed in 1 mol L−1 H2SO4 and
CH3SO3H solutions. As expected, the photocurrent den-
sities of the optimized WO3 650 increased from 2.05 to
2.25 mA cm−2 at 1.23 VRHE, and from 2.23 to 2.4 mA cm−2

at 1.8 VRHE, when switching the electrolyte from H2SO4 to
CH3SO3H; the onset potential of the optimized WO3 650

Figure 3 PEC and morphological properties of the WO3 photoanodes synthesized at 650°C. Thickness-dependent (a) current–potential curves and
(b) photocurrent densities at 1.23 VRHE on the WO3 photoanodes synthesized at 650°C. The electrodes were illuminated from the front side, the
electrolyte was a 1 mol L−1 H2SO4 aqueous solution, and the scan rate was 30 mV s−1. (c) Cross-sectional SEM image of the WO3 650 photoanode (4
layers) showing the WO3 layers are smooth on the micrometer scale.
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Figure 4 PEC and morphological properties of the WO3 photoanodes synthesized from different precursor solution compositions. (a) Precursor
solution-dependent current–potential curves of the WO3 photoanodes synthesized at 650°C. The electrodes were illuminated from the front side, the
electrolyte was a 1 mol L−1 H2SO4 aqueous solution, and the scan rate was 30 mV s−1. (b–f) SEM images, grain size distributions and mean grain sizes
of the WO3 films synthesized from different precursor solution compositions. AMT: ammonium metatungstate; FA: fumaric acid.

Figure 5 PEC and morphological properties of the WO3 photoanodes synthesized from different fumaric acid concentrations. Fumaric acid con-
centration-dependent (a) current–potential curves and (b) photocurrent densities at 1.23 VRHE on the WO3 photoanodes synthesized at 650°C.
Average grain sizes and (200) peak intensities of the WO3 photoanodes as a function of fumaric acid concentration are also shown for comparison.
The electrodes were illuminated from the front side, the electrolyte was a 1 mol L−1 H2SO4 aqueous solution, and the scan rate was 30 mV s−1. (c–f)
SEM images, grain size distributions and mean grain sizes of the WO3 films synthesized from different fumaric acid concentrations.
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was also observed to shift toward the cathodic side by 80–
100 mV, indicating an accelerated surface charge transfer
process.

IPCE spectra of the optimized WO3 650 photoanode at
1.23 VRHE were measured in H2SO4 and CH3SO3H solu-
tions. As shown in Fig. 6d, replacing H2SO4 with
CH3SO3H improved the overall profile of the photo-
current action spectrum for the optimized WO3 650 as a
result of a faster surface-hole transfer rate in CH3SO3H.
Both IPCE curves exhibited an onset wavelength of ca.
470 nm, consistent with the bandgap value of 2.6 eV for
monoclinic WO3. From ca. 450 nm, the IPCE curves
exhibited a sharp increase toward the UV range, with the
highest IPCE values appearing at ~380 nm for the H2SO4

electrolyte and 400 nm for the CH3SO3H electrolyte,
reaching 74.9% and 77.8%, respectively. For photons
having wavelengths of <380 nm, both IPCE curves de-
cayed gradually, which can be rationalized by the shallow
penetration depths of these photons that hinder efficient
electron collection. The high IPCE values on the opti-
mized WO3 650 photoanode guarantee an appreciable

water splitting performance, despite a limited utilization
of the solar spectrum into the blue portion of the visible
light region. The integrated photocurrent values for the
optimized WO3 650 in H2SO4 and CH3SO3H solutions,
calculated from the IPCE curves and standard solar
spectral distributions, are 2.17 and 2.37 mA cm−2 at
1.23 VRHE, respectively (Fig. S8). The good agreement
between the predicted photocurrents and the measured
values validates the reliability of the IPCE values and
acquired photocurrents in the present study.

A brief summary of previously reported PEC perfor-
mances for highly efficient WO3 photoanodes (without
heterojunctions or surface modifications) is provided in
Table S1, which shows that the photocurrents associated
with the optimized WO3 650 photoanode are not suffi-
ciently large. A poor hole-transfer process at the WO3–
electrolyte interface, the lack of appropriate film porosity,
and defects formed at the WO3–FTO interface may lar-
gely suppress the activity of the WO3 650 photoanodes.
Correspondingly, depositing functional overlayers [51,52]
and underlayers [48], and constructing nanostructured/

Figure 6 The reproducibility and photocurrent action spectra of WO3 650 photoanodes. (a) Current–potential curves of 50 pieces of WO3 650
photoanodes. (b) Mean photocurrent density with the standard deviation (0.12 mA cm−2) and the histogram of photocurrent densities at 1.23 VRHE for
50 pieces of WO3 650 photoanodes. The electrodes were illuminated from the front side, the electrolyte was a 1 mol L−1 H2SO4 aqueous solution, and
the scan rate was 30 mV s−1. (c) Current–potential curves and (d) IPCE spectra of the champion WO3 650 photoanode (4 layers) in 1 mol L−1 H2SO4

and CH3SO3H solutions. The electrodes were illuminated from the front side, and the scan rate was 30 mV s−1.
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porous electrodes [23,28–32] may achieve highly efficient
solar energy conversions.

Finally, the photostability of the WO3 650 photoanode
(active area = 0.5 cm2) was tested at 1.23 VRHE in
1 mol L−1 H2SO4. After 10-h irradiation, the photocurrent
of WO3 650 decreased from ca. 1.9 to 0.4 mA cm−2.
Subjecting the WO3 650 photoanode to darkness for 70 s,
followed by illuminating again failed to restore the pho-
tocurrent (Fig. S9). Instead, performing cyclic voltam-
metry toward the negative direction (from 0 to −0.1 V vs.
Ag/AgCl) fully restored the initial photoactivity, while the
gradual decrease in photocurrent remained. Previous
studies have ascribed this decline of photoactivity ob-
served on the WO3 photoanodes to the formation and
accumulation of surface tungsten peroxo species, which
leads to surface deactivation and slow dissolution of WO3

[36,48]. After 10-h irradiation, 0.063 mg L−1 of dissolved
W was detected in the H2SO4 electrolyte by inductively
coupled plasma-atomic emission spectroscopy measure-
ments. Therefore, further improvements of the photo-
stability on the WO3 photoanodes are also necessary to
assemble the photoanodes into efficient PEC water-
splitting devices.

CONCLUSIONS
Prior to this study, the production of highly reproducible
and efficient WO3 photoanodes was complicated by the
ever-changing structures/compositions and chemical en-
vironments of the applied precursor solutions, compris-
ing peroxytungstic acid and tungstic acid. To circumvent
this long-standing challenge, a modified sol-gel process
was developed in which chemically stable AMT was used
as the precursor. Under simulated sunlight the optimized
WO3 photoanode exhibited photocurrent densities of ca.
2.05 and 2.25 mA cm−2 at 1.23 VRHE in 1 mol L−1 H2SO4

and CH3SO3H, respectively, which confirms the WO3

photoanode as one of the WO3 photoanodes with the
highest performance ever reported. Statistical analysis of
the PEC performances on 50 randomly selected WO3

films yielded an average photocurrent density of
1.8 mA cm−2 at 1.23 VRHE in 1 mol L−1 H2SO4 with a small
standard deviation, demonstrating the high reproduci-
bility of the present fabrication scheme for WO3 photo-
anodes. Additionally, the AMT-based precursor solution
maintained an effective environment to produce efficient
WO3 photoanodes for 3 weeks, when compared with the
associated values after 3 d in the presence of perox-
ytungstic acid- and tungstic acid-based precursors. This
study provides a facile and yet effective strategy to fab-
ricate WO3 photoanodes, which would boost the use of

this prototypical photoanode material for highly efficient
PEC water-splitting devices.
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溶胶-凝胶法制备高重复性的WO3光阳极用于太
阳能水氧化反应
冯建勇1†, 赵新1†, 张博威1, 杨光1, 钱勤枫2, 马苏苏1, 陈忠1,
李朝升2*, 黄一中1*

摘要 单斜相WO3是一种用于太阳能水分解反应的经典光阳极材
料, 但如何可靠地制备高效WO3光阳极仍具有挑战性. 这主要是由
于常用的过氧钨酸及新制钨酸前驱体的成分/结构及化学环境不断
变化, 使得后续的制备过程不可控. 本文报道了一种以化学稳定性
好的偏钨酸铵作为前驱体的溶胶-凝胶策略, 可获得高效、高重复
性的WO3光阳极. 结果表明在模拟太阳光辐照下最优WO3光阳极
在可逆氢电极1 .23 V处可产生2 .05与2 .25 mA cm− 2(1 mol L− 1

H2SO4及CH3SO3H中)的光电流 . 随机选择的50片WO3光阳极于
1 mol L−1 H2SO4中的测试结果表明在1.23 V处的光电流平均值为
1.8 (±0.12) mA cm−2. 此外, 偏钨酸铵前驱体溶液可持续生效至少
三周, 而过氧钨酸及新制钨酸前驱体的有效时间不超过三天. 本研
究为构建高效WO3光阳极提供了新的研究思路与实验基础.

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ARTICLES

November 2020 | Vol.63 No.11 2271© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020


	Sol-gel synthesis of highly reproducible WO3 photoanodes for solar water oxidation 
	INTRODUCTION
	EXPERIMENTAL SECTION 
	Fabrication of WO 3 photoanodes
	Electrochemical characterizations
	Sample characterizations

	RESULTS AND DISCUSSION
	Sol-gel synthesis and PEC behaviors of WO 3 photoanodes
	Effects of film thickness and precursor solution components on PEC behaviors of WO 3 photoanodes 
	Photocurrent action spectra and photostability of the WO 3 650 photoanode

	CONCLUSIONS


