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A B S T R A C T

The low quantum efficiency arising from poor charges transfer and insufficient light absorption is one of the
critical challenges toward achieving highly efficient water splitting in photoelectrochemical cells. Three di-
mensions (3D) structures and heterojunctions have received intensive research interests recent years due to their
excellent ability to separate photo-generated charges as well as the enhanced light harvesting property. Herein,
3D CuO/WO3 structure was fabricated through a facile solvothermal method followed by chemical bath de-
position. The loading of CuO clusters on WO3 nanoflake arrays results in a much improved photocurrent density
compared with that of pristine WO3 nanoflake arrays, which reaches 1.8 mA/cm2 at 1.23 V vs. the reversible
hydrogen electrode. The electrochemical impedance spectroscopy measurement demonstrates that the improved
performance of CuO/WO3 electrode is attributed to the accelerated charge transfer kinetics as a result of the
desirable band alignment in CuO/WO3 heterojunction. This work demonstrates a facile strategy to construct
superior WO3 electrode, which will ultimately allow for efficient storage of solar energy into hydrogen.

1. Introduction

Due to the increasing global demand for energy, as well as the im-
pairment of environmental disasters, it has been extremely urgent to
explore clean energy resources. Solar energy is considered as one of the
most promising source of energy for its infinite and reversibility.
Meanwhile, hydrogen energy also gains popularity, because of its high-
energy density and pollution-free energy cyclic process. Therefore,
photoelectrochemical (PEC) water splitting process converting solar
energy into hydrogen should be extremely significant and has been
investigated for over forty years since it was first demonstrated in 1972
by Honda and Fujishima [1]. Among various semiconductors in-
vestigated as photoanodes for PEC water splitting (TiO2, Fe2O3, Ta3N5,
etc.) [2–4], tungsten trioxide (WO3) stands out as a promising candi-
date owning to its chemical stability to photocorrosion, en-
vironmentally benignity and suitable bandgap of 2.6 eV for light har-
vesting. However, the application of WO3 in water splitting has been
severely limited by its sluggish kinetics of holes as well as the re-
combination induced by slow charge transfer [5].

To overcome these shortcomings and improve the solar-to-hydrogen
(STH) conversion efficiency, various nanostructures (including na-
nosheets, nanorods, nanoflowers, inverse opal, nanoporous and so on)

[6–10] have been widely adopted in WO3 as efficient strategies to in-
crease light absorption, enlarge solid-liquid interface, and decrease the
diffusion distance required for photo-generated holes. Meanwhile,
heterojunctions can enforce separated charges to transport in opposite
way owing to an internal electric field induced from band bending,
which is also considered as a promising approach to enhance the PEC
performance of photoelectrodes. CaFe2O4/ZnFe2O4 [11], Fe2O3/WO3

[12] and BiVO4/WO3 [13], have shown promising photoelec-
trochemical activity due to the efficient carrier separation in the het-
erojunction. However, the construction of p-n junction can boost the
photoelectrochemical performance through facilitating the charges
transfer with aligned band position and diminishing the onset potential
with in-built electric field, which seems to be a more efficient strategy.

Herein, for the first time, we design a facile strategy to synthesize
WO3 nanoflake arrays (here denoting the pristine nanoflake WO3

photoanode as NF-WO3) decorated with CuO clusters and apply it in
PEC water splitting. NF-WO3 was first prepared by a simple sol-
vothermal method, which provided enhanced light absorption and
high-specific area for water oxidation [16]. Then, loading of discrete
CuO clusters on the NF-WO3 was performed through chemical bath
deposition of Cu2O as well as the subsequent cyclic voltammetry (CV)
treatment (Fig. 1) [17]. This relatively facile two-step decoration route
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was in favor of uniform distribution of the CuO clusters on the surface.
More importantly, as a p-type semiconductor with much higher valence
band (VB) position than that of WO3 [14,15], CuO is highly suitable for
facilitating the charges transfer in WO3 nanoflakes. Therefore, the su-
perior performance of the CuO/WO3 photoanode (denoted as CuO-
WO3) in PEC water splitting can be achieved, which is result from the
accelerated charges transfer in the WO3/CuO heterojunction.

2. Experimental

2.1. Synthesis of NF-WO3 by solvothermal process

The WO3 seed layer was grown by an electrodeposition method. The
precursor was prepared by dissolving 0.75 g of tungsten powder into
5mL of H2O2 (30%) and diluted to 50mL with deionized water. Then
the solution was preserved at room temperature in air for 3 days to
decompose excess peroxide. The deposition was conducted with a po-
tentiostat in a three-electrode configuration, in which three electrodes
were the fluorine doped tin oxide (FTO) working electrode, a Pt mesh
counter electrode and Ag/AgCl in saturated KCl solution as reference
electrode, respectively. The WO3 films were deposited potentiostati-
cally at − 0.6 V (vs. Ag/AgCl) for 300 s. Afterwards, the as-prepared
electrodes were rinsed and annealed at 500 °C for 2 h.

Precursor solution for solvothermal was prepared by adding 3mL
H2WO4 aqueous solution (0.25M), 0.2 g oxalic acid, 0.5 mL of HCl
(6M) and 2.5 mL H2O into 10mL of acetonitrile. Then this solution was
placed into a 50mL Teflon-lined stainless steel autoclave, holding a
vertically oriented WO3-seed-layered FTO, which was sealed and
maintained at 180 °C for 2 h. Finally, the substrate was annealed at
500 °C for 2 h and purged with deionized (DI) water.

2.2. CuO deposition

Precursor was prepared by adding 16mL Na2S2O3 solution (1M)
into 4mL CuSO4 solution (1M) dropwise, and the solution turned from
blue to colorless gradually. Then the WO3 electrode was dipped into
this solution followed by a drop of 0.5 M NaOH aqueous solution.
Afterwards, the electrode was rinsed with DI water to remove the re-
sidual solution. In the end, 2 cycles of CV (from 0 V to 1 V vs. Ag/AgCl
with the scan rate of 10mV/S) treatment were applied to the electrode
to transform the Cu2O into CuO.

2.3. Characterization of samples

The morphology and structure of WO3 photoanodes were observed

by field emission scanning electron microscopy (FE-SEM, Hitachi
S4800) and transmission electron microscopy (TEM, JEOL JEM-2010F,
F20, 200 kV). The crystal structures of the samples were measured with
an X-ray diffractometer (XRD, D/max2550V). The samples were ana-
lyzed using X-ray photoelectron spectra (XPS, Ulvac-Phi PHI5300, Al
Kα exciting radiation). All binding energies are referenced to the C 1 s
peak (284.8 eV).

2.4. PEC and electrochemical measurements

All the LSV (linear sweep voltammograms) and CV measurements
were carried out with a CHI 660e electrochemical workstation in a
three-electrode configuration using a Pt mesh counter electrode and an
Ag/AgCl reference electrode with 0.1M Na2SO4 solution as electrolyte.
The illumined effective area of photoanode was restricted to 1 cm2 and
the PEC measurements were performed under simulated solar light il-
lumination (Oriel, 91160, AM 1.5 G) with the scan rate of 20mV/s.
IPCE spectra were collected by a solar simulator (Newport 70525)
coupled with a filter (Newport 70625) and an aligned monochromator
(Newport 74000). IPCE and EIS experiments were measured using an
electrochemical workstation (Parstat 2237, Princeton). The frequency
range of EIS experiments was from 100 kHz to 100 mHz.

3. Results and discussion

The as-synthesized WO3 nanoflake arrays by solvothermal method
were yellow green, and it turned to pale green due to crystallization
after annealing. The SEM images show the nanoflake morphology of
WO3, in which the vertically aligned flakes are typically 20–30 nm in
thickness with smooth surface (Fig. 2a). After deposition of CuO, the
surface was decorated with small particles of around 100 nm as ex-
hibited in the SEM (Fig. 2b). The thickness of the film is estimated to be
ca. 3 µm according to the cross-section image recorded in Fig. 2c, which
should be thick enough for light harvesting. Then, the samples were
characterized by TEM and morphology of nanoflakes decorated with
clusters for CuO-WO3 electrode can be observed in Fig. 2d, which is
consistent with the SEM results. High resolution transmission electron
microscopy (HR-TEM) was further conducted to confirm the composi-
tion of the electrodes. As shown in Fig. 2e, the as-synthesized CuO-WO3

electrode is highly crystalline and observed dislocations on the surface
may derive from slight disturbance of temperature during the fabrica-
tion process. Moreover, the lattice fringes of 0.377 nm and 0.384 nm are
correspond to the (020) and (002) lattice plane of WO3. HRTEM image
of particle on the WO3 nanoflake displayed in Fig. 2f exhibits lattice
spacing of 0.363 nm and 0.344 nm, which can be assigned to the lattice
fringes of CuO crystal structure (Monoclinic, JCPDS No. 44-0706).
Meanwhile, the energy dispersive spectrometer (EDS) mapping result
indicates the distribution of Cu elements (Fig. S1), which is consistent
with the SEM image. Therefore, we confirm the deposition of CuO on
NF-WO3 electrode through such facile chemical bath deposition method
followed by a subsequent CV treatment.

The crystal structures of the NF-WO3 and CuO-WO3 were further
investigated by X-ray diffraction (XRD) and XPS analyses. Fig. 3a shows
the XRD patterns of the NF-WO3 and the CuO-WO3, in which all peaks
can be matched to monoclinic WO3 and no other phase can be detected
in CuO-WO3 sample. It is because of trivial amount of CuO deposited on
the WO3 nanoflakes, which can hardly be detected by the XRD mea-
surement. Moreover, the inductive coupled plasma emission spectro-
meter (ICP) measurement confirm the existence of Cu in CuO-WO3

electrode and the ratio of Cu to W is around 0.3%. Meanwhile, XPS was
employed to confirm the oxidation state of copper in CuO-WO3 elec-
trode both before and after the CV treatment. The Cu(II) is character-
ized by two shakeup satellites (ca. 943 eV and 962 eV) at higher binding
energy than the main peaks, which are 2p3/2 (ca. 933 eV) and 2p1/2 (ca.
953 eV) as shown in Fig. 3b. However, the satellite peaks will not be
observed on pure Cu(I) 2p spectrum [18], and the main peaks of Cu(I)

Fig. 1. Schematic illustration of the synthetic strategy of CuO-WO3. NF-WO3 is
prepared by a simple solvothermal method. Discrete CuO clusters on the NF-
WO3 are loaded through chemical bath deposition of Cu2O as well as the sub-
sequent cyclic voltammetry treatment.
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located at 2p3/2 (ca. 932 eV) and 2p1/2 (ca. 952 eV) [19] are lower than
those of Cu(II). The satellite peaks of as deposited electrode without CV
scanning are rather small and the main peaks can be fitted into two
doublets separately, which match to the main peaks of Cu(I) and Cu(II),
respectively, suggesting that Cu(I) and Cu(II) coexisted in the as-de-
posited photoanode and the majority of them were in the form of Cu(I).
After the CV treatments, two main peaks increased to higher binding
energy, while no peaks of Cu(I) can be detected. Moreover, the ratio of
the height of the main peak (2p3/2) to its satellite peak becomes ca. 3,
which is consistent with previous report [18]. Therefore, we confirm
that oxidation state of Cu cation totally turns from Cu(I) into Cu(II)
after the CV scanning.

PEC performances of NF-WO3 and CuO-WO3 were measured using a
standard three-electrode system under simulated solar illumination

(AM 1.5 G, 100mW/cm2). The photocurrent of the NF-WO3 was
1.1 mA/cm2 at 1.23 V vs. reversible hydrogen electrode (RHE), while a
photocurrent of 1.8mA/cm2 could be obtained after decoration of CuO,
increased by over 60% (Fig. 4a). Moreover, the galvanostatic test was
also conducted for CuO-WO3 photoanode (Fig. S2), in which the voltage
remains stable at the photocurrent density of 0.2 mA/cm2 for one hour,
suggesting the stability of as-prepared electrode under low bias. Ob-
vious decay of photocurrent can be observed for PEC measurement at
1.2 V vs. RHE (Fig. S3a). However, this should not demonstrate the
instability of the as-prepared electrode, because the photocurrent will
recover in the second i-t measurement and the LSV plot (Fig. S3b) after
the long-term stability measurement exhibit similar photocurrent as
that before the measurement. This phenomenon should be contributed
to the H2O2 formed during the measurement, which will suppress the

Fig. 2. SEM images of (a) NF-WO3 arrays, (b) CuO-WO3 arrays display the nanoflake morphology of as-prepared WO3 electrode as well as the deposited CuO clusters.
The insert images are the enlarged surface of the two samples. Scale bar in insert figures, 500 nm. (c) Cross section of the NF-WO3 film exhibit the thickness of the film
is around 3 µm. (d) TEM image for CuO-WO3, which exhibits WO3 nanoflake with deposited CuO clusters. (e) and (f) HRTEM images for WO3 flake and CuO clusters.
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water oxidation reaction. However, in this work, we try to emphasis the
leverage of p-n junction on the charge transfer property of the WO3

electrodes and the stability of the electrode can further be enhanced by
passivating the surface or loading catalyst that can decompose H2O2

intermedia. Meanwhile, the onset potential for water oxidation de-
creases from 0.8 V to 0.7 V, which should be attributed to the con-
struction of p-n junction. The build-in electrical field originated from
this p-n junction facilitates charge separation and makes for the de-
creased onset potential [20]. In order to evaluate the external quantum
efficiencies, wavelength dependence of incident photon-to-current
conversion efficiency (IPCE) was measured at 1.23 V vs. RHE for the
NF-WO3 and CuO-WO3 electrodes, exhibited in Fig. 4b. The IPCE values
of CuO-WO3 are relatively higher than those of NF-WO3 over the entire
wavelengths and achieve the maximum of ca. 65% at 320 nm. The
enhanced photocurrent and IPCE values for CuO-WO3 electrode should
be contributed to the formation of p-n junction in CuO-WO3. The
formed junction greatly facilitates the charge separation due to the
internal electrical field, and it outperforms the negative effect of elec-
trical resistance of CuO/WO3 as well as the recombination centers at
CuO/WO3 interface.

To verify the mechanism of improved PEC performance, the NF-
WO3 and CuO-WO3 were investigated by UV–vis absorption spectra and
electrochemical measurement. The UV–vis absorption spectrum of CuO-
WO3 shows a slight increase in ultra-violate light region and decrease in
visible light region compared to NF-WO3 (Fig. S4). However, the light
absorption difference between CuO-WO3 and NF-WO3 is so incon-
spicuous that it could not be the dominating factor account for the

improvement of PEC performance. The formation of the p-n junction on
the interface of CuO and WO3 was further proved by Mott-Schottky
plots. As shown in Fig. S5, Section 1 between 0.8 and 1.0 V vs. RHE
with linear dependence of a positive slope suggests the typical feature
for WO3 as an n-type semiconductor, while Section 2 between 1.3 and
1.5 V vs. RHE reflects the typical p-type feature for CuO, indicating the
construction of p-n junction. Interestingly, due to the formation of p-n
junction, the carrier density of CuO-WO3 photoande also increases
conspicuously, which can be estimated according to the following
equation:

=
−N (2/e εε )[d(1/C )/dV]d o o

2 1 (1)

where e0 is the electron charge, ε is the dielectric constant of WO3, εo is
the permittivity of vacuum, Nd is the dopant density, and C is the ca-
pacitance derived from the electrochemical impedance obtained at each
potential (E) with 1000 Hz frequency. With an ε value of 8 for WO3, the
donor density of CuO-WO3 electrode is calculated to be 1.42×1019,
which is higher than 7.13×1018 for pure WO3 electrode, illustrating
the enhanced photocurrent for CuO-WO3 electrode.

The EIS measurements were carried out to confirm the charges
transfer kinetics on the surface of the photoanodes. It is well-known
that the semicircle in Nyquist plot at low frequencies is the character-
istic of the charge transfer process, and the charge transfer resistance
(Rct) can be described by the diameter of the semicircle at low fre-
quency [21]. As shown in Fig. 4c, the Rct of CuO-WO3 is smaller than
that of NF-WO3 under illumination, which indicates the CuO/WO3

junction remarkably promotes the interfacial charge transport and the
separation efficiency of photoinduced charges. Meanwhile, the Rs is
mainly composed of the bulk resistance of WO3, resistance of FTO glass
substrate, contact resistance, etc. The difference of Rs (Fig. S6) between
NF-WO3 and CuO-WO3 films is reasonable. The barrier between CuO
and WO3 contributes to the relatively large resistant in CuO-WO3 film.

Considering the aforementioned findings, we have proposed a
charge transfer mechanism for the CuO-WO3 electrode. Fig. 4d depicts a
favorable band alignment for charges transfer between CuO and WO3,
in which the mismatch of valence band edge between CuO and WO3

reaches 1.28 eV. Then, the structure is considerably beneficial for the
transfer of photo-generated holes from WO3 into CuO [15]. Upon ir-
radiation, electron-hole pairs are generated in both WO3 nanoflake and
CuO. Driven by the bandgap alignment, the photogenerated holes fa-
vorably transfer from the valence band of WO3 to that of CuO, which
provides a direct pathway for holes transport. Finally, the holes move to
the interface between CuO and electrolyte and participate in the water
oxidation reaction. Simultaneously, the electrons are injected from the
conduction band of CuO to that of WO3 due to the heterojunction-
driven migration of charges, which efficiently suppresses the re-
combination of electrons and holes. It is worth noting that the vertically
aligned nanoflake arrays possess large surface areas and interfaces,
which are pretty favorable for the photogenerated electron-hole pairs to
migrate, and it ultimately contribute to the efficient PEC performance
for water oxidation.

4. Conclusion

A. promising strategy for the synthesis of CuO/WO3 nanoflake ar-
rays has been demonstrated. The electrochemical measurements de-
monstrate the desirable band alignment, increased carrier density and
fast charges transfer property in CuO-WO3 photoanode. Therefore, the
resulting 3D heterojunction structure exhibits significantly enhanced
PEC water splitting performance compared with the pristine WO3

electrode. Furthermore, this remarkable strategy is very robust and
continuous, which can pave the way for large scale production of 3D
heterojunction electrodes and realize practical sunlight-driven PEC
water splitting with further optimization.

Fig. 3. (a) XRD patterns of NF-WO3 arrays and CuO-WO3 arrays. Only peaks of
WO3 can be detected in two samples due to the trivial amount of CuO deposited
on the WO3 nanoflakes. (b) Normalized XPS spectra of CuO-WO3 both before
and after the CV treatment, which indicates the complete conversion of Cu(II)
into Cu(I).
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