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In this paper, we report a novel photoanode fabricated by spin-coating n-type CuWO4 nano-ovoids on the surface
of ﬂuorine-doped tin oxide (FTO) glass and then modiﬁed with p-type Mn3O4 nanospheres using a depositionannealing method. A novel nanocomposite (CuWO4/Mn3O4) with p/n heterojunction formed on the surface of
FTO glass. The characterazation results of the nanocomposite indicate that the two moieties of the nanocomposite intimately contact with each other. The photoelectrochemical tests of the prepared CuWO4/Mn3O4
photoanode reveal that the electrode can produce larger anodic photocurrent and show enhanced incident
photon-to-current eﬃciency (IPCE) than the bare CuWO4 photoanode does. Moreover, the PEC tandem cell
assembled by using the CuWO4/Mn3O4 electrode as photoanode and Pt plate as counter electrode demonstrates
enhanced photocatalytic activity and stability for photoeletrochemical (PEC) water splitting. The amount of
hydrogen and oxygen, collected from the counter chamber and the photoanode chamber, separately, reached to
5.0 μmol and 2.3 μmol, respectively, under 2 h simulated sunlight irradiation at 1.20V vs. RHE bias without any
sacriﬁcial agent. The remarkable performance of the nanocomposite anode owe to the formed heterojunction
structure in the nanocomposite, leading to high photoexcited charge transfer and separation.

1. Introduction
Photocatalytic water splitting over semiconductor has been considered to be an eﬀective strategy to convert the sunlight energy into
hydrogen energy [1,2]. Great eﬀorts had been paid to study a suitable
visible light photocatalyst [3–5]. CuWO4 as an n-type semiconductor
has been used as a photoanodic catalyst for solar water oxidation [6,7],
since the semiconductor with its relative narrow bandgap (2.3–2.4 eV)
can harvest visible light up to 540 nm and its proper valence band
(+2.8 V vs. RHE) has suﬃcient potential for water oxidation [8,9].
However, some intrinsic defects, such as the slow carrier mobility in the
bulk and fast electron/hole recombination at the surface, still need to
be overcome for its practical application [10,11]. Coupling CuWO4 with
other semiconductors to form heterojunction demonstrated improved
photoeletrochemical (PEC) characteristics [12–14]. Nam et al. reported
a heterostructure consisted of manganese phosphate modiﬁed CuWO4,
which demonstrated an enhanced performance for photocatalytic water
splitting to produce oxygen [15].
It has long been known that manganese oxide is essential for oxygen
evolution in the photosynthetic process of green plants by using water
as the electron source. [16,17] Hausmannite (Mn3O4), a p-type
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semiconductor with a band gap of 2.2–2.8 eV, has been extensively
studied in the photocatalytic ﬁeld [18–22]. For example, it has reported
that Mn3O4 was employed as a co-catalyst to build semiconductor
composites for photoelectrochemical oxygen evolution reaction, which
exhibited higher performance than the pristine semiconductor catalyst
since Mn3O4 acted as a noble-metal free co-catalyst reducing the oxygen
evolution overpotential [23,24].
Herein, we report a novel Mn3O4 nanoparticles modiﬁed CuWO4
composite acting as photoanodic catalyst for overall water splitting to
produce hydrogen and oxygen in a PEC tandem cell, in which a Pt plate
was used as counter electrode. Under 2 h simulated sunlight irradiation,
the amount of hydrogen and oxygen produced from the PEC cell at
extra bias of 1.20 V vs. RHE were 5.0 μmol and 2.3 μmol, respectively.
2. Experimental section
2.1. Materials
Sodium tungsten oxide dehydrate (Na2WO4·2H2O, ≥99.0%), polyvinyl pyrrolidone (PVP M.W.8000, ≥99.0%), manganese acetate tetrahydrate (Mn(Ac)2·4H2O, ≥99.0%), copper (II) acetate monohydrate
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(Cu(O2CCH3)·2H2O, ≥99.0%), and anhydrous ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The
ﬂuorine doped tin oxide (FTO) glass was purchased from Southern
China Xiangcheng Science and Technology Co., Ltd. (Shenzhen, China).
All reagents were analytical grade and used without further puriﬁcation.

G2 F20 S-Twin at an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were taken by an AXIS Ultra
DLD system using monochromatic Al Kα radiation. The UV–vis diﬀuse
reﬂectance spectrometry was accomplished on a Hitachi UV-3010
spectrophotometer using BaSO4 as a reference.
2.6. Photoelectrochemical measurement

2.2. Preparation of CuWO4 nanoparticles
The photoelectrochemical experiments were carried out on a CHI
660D potentiostat/galvanostat electrochemical analyser in a threeelectrode system consisting of a saturated calomel electrode (SCE) as a
reference electrode, a working electrode and a platinum wire as counter
electrode. The FTO glass covered with the as-prepared photocatalyst as
the working electrode. The electrodes were immersed in 0.2 M phosphate buﬀer (pH∼7) and the working electrode was irradiated with a
GY-10 xenon lamp (150 W, Tuopu Co., Ltd. (Tianjin, China)). All
measurements were carried out at room temperature. The linear sweep
voltammetry was carried out in the range from 0.4 to 2.1 V vs. RHE.
The electrochemical impedance spectra (EIS) were measured at 1.20 V
vs. RHE with the AC frequency of 1 to 105 Hz. The photocurrent responses of the electrodes were tested under 1.20 V vs. RHE bias. The
Mott-Schottky (M–S) plots were recorded at a frequency of 1000 Hz.
The DC potential was kept in the range from 0.4 to 2.1 V vs. RHE. The
potential vs. SCE was converted to the RHE scale using the following
equation: [30,31].

CuWO4 nanoparticles were prepared by a hydrothermal method
[25]. Typically, 1.32 g of Na2WO4·2H2O (4 mmol) and 0.80 g of Cu
(OOCCH3)·H2O (4 mmol) were added into a round-bottom ﬂask containing 70 mL of PVP solution (2.8 wt.%). The ﬂask was put in an oil
bath and heated to 90 °C under vigorous stirring for 3 h. After cooled
down to room temperature and the formed solid were collected by
centrifugation and washed by deionized water and anhydrous ethanol
several times. The obtained solid was dried at 80 °C for 6 h in air, and
then was calcined at 500 °C for 1 h in muﬄe furnace in air.
2.3. Preparation of Mn3O4 nanoparticles
Mn3O4 nanoparticles were synthesized based on a modiﬁed reported solvothermal method [26]. In brief, 0.88 g of Mn(Ac)2·4H2O
(3.6 mmol) was dissolved in 40 mL of anhydrous ethanol solution. The
resulting solution was transferred into a 75 mL Teﬂon-lined stainless
steel autoclave, and treated at 180 °C for 11 h. After the reaction, the
autoclave was cooled down to room temperature. The precipitate obtained by centrifugation was washed with anhydrous ethanol several
times and dried at 60 °C. The brown Mn3O4 colloidal solution was
prepared by dispersing as-prepared Mn3O4 solid in anhydrous ethanol
for further preparation.

0
ERHE = ESCE + 0.059pH + ESCE

where ERHE is the converted potential vs. RHE, ESCE is the experiment
value of potential vs. SCE, E°SCE = 0.2415 V at 25 °C.
2.7. Photocatalytic reaction

2.4. Preparation of CuWO4/Mn3O4 electrode

The photocatalytic reaction was carried out in a self-made threeelectrode photoeletrochemical (PEC) tandem cell. The FTO glass covered the as-prepared CuWO4/Mn3O4 sample sealing in a chamber acted
as photoanode and a Pt plate in another chamber as counter electrode.
An SCE electrode dipped in a sub-chamber acted as reference electrode.
The chambers were interconnected with a Naﬁon membrane to allow
ions exchange. The electrodes are immersed in 30 mL (0.2 M) of phosphate buﬀer solution (pH∼7) and are connected via a potentiostat. The
system was deaerated by bubbling argon into the phosphate buﬀer for
1 h before the photocatalytic reaction. The photoanode was illuminated
with a solar simulator (300 W, Ultra-vitalux Osram, Slovakia) during
the photoreaction. The distance between the working electrode and the
lamp was kept at about 20 cm and the light intensity is ca. 100 mW/
cm2. An online gas chromatograph (GC1690) equipped with a thermal
conductivity detector (TCD) and a couple of 5 Å molecular sieve columns using Ar as the carrier gas was used for analysing the gases
produced from the PEC cell.

Prior to prepare electrode, ﬂuorine-doped tin oxide(FTO) glass was
ultrasonically cleaned with absolute alcohol for 15 min, followed by
ultrasonically cleaned with Piranha solution (VH2SO4:VH2O2 = 3:1) for
1 h. Finally, the FTO glass was rinsed thoroughly with deionized water
and dried with a nitrogen ﬂow. The CuWO4/Mn3O4 electrode using
FTO as substrate was fabricated through a deposition-annealing process
[27]. The CuWO4 suspension was made by grinding the photocatalyst
powders (50 mg) with 25 mL of ethylene glycol-ethanol-PVP (5 mL: 20
mL: 7.5 mg) solution in a mortar for 10 min. A CuWO4 blocking layer on
FTO was prepared by spin-coating CuWO4 suspension on FTO [28,29]
and was treated at 80 °C for 30 min in muﬄe furnace. Then the CuWO4
suspension was deposited on the FTO glass to from a layer of thin ﬁlm.
Mn3O4 nanoparticles depositing on CuWO4/FTO was also prepared by
spin-coating method. In a typical experiment, 2 mL of Mn3O4/ethylene
glycol-ethanol-PVP suspension was spin-coated on a CuWO4/FTO glass
substrate at room temperature at 1000 rpm, and then was dried in a
nitrogen stream. The obtained electrode was annealed at 300 °C for 1 h
in a nitrogen stream for the formation of CuWO4/Mn3O4 heterojunction. Changing the ratio of Mn3O4 and CuWO4, the nanocomposite
samples with diﬀerent compositions were prepared. The obtained
samples were designated as CuWO4/Mn3O4-x where x stands for the
weight percent of Mn3O4 to CuWO4 in the nanocomposite.

3. Results and discussion
Fig. 1 displays XRD patterns of CuWO4 and CuWO4/Mn3O4-x
(x = 1–4). The CuWO4 sample exhibits diﬀraction peaks located at
22.9°, 28.7°, and 30.1°, which can be indexed to (110), (111), and (111)
crystal planes of triclinic CuWO4 (JCPDS, No. 72-0616). No evident
diﬀraction peaks attributed to Mn3O4 can be found in the XRD patterns
of CuWO4/Mn3O4-x, which may be due to the low content and high
dispersion of Mn3O4 in the samples [32].
The as-prepared CuWO4 demonstrates an irregular nano-ovoid
shape with grain sizes in ca. 50–100 nm (Fig. 2A); while Mn3O4 is
mainly composed of nanospheres with size range from 10 to 20 nm
(Fig. 2A, inset). The high resolution TEM image of the nanocomposite
displays two kinds of nanoparticles with diﬀerent lattice fringe spacing
(Fig. 2B). The lattice fringes with d-spacing of 0.30 nm corresponds to
the (−1 −1 1) plane of CuWO4 and another one with d-spacing of

2.5. Characterizations
The X-ray diﬀraction (XRD) patterns of the samples were measured
on a Philips diﬀractometer equipped with Ni-ﬁltered Cu Kα radiation.
Scanning electron microscopy (SEM) measurements were performed on
SEM FEI Quanta 250 FEG microscope. Transmission electron microscopy (TEM) studies were carried with a Tencnai-G20 electron microscope operating at an accelerating voltage of 200 kV. High-resolution
transmission electron microscopy (HRTEM) was performed on a Tecnai
174
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adventitious hydrocarbon of the XPS instrument. Fig. 3B shows the W 4f
XPS spectra of CuWO4 (curve a) and CuWO4/Mn3O4-3 (curve b). The
peaks centered at 35.3, 37.5, and 41.0 eV are attributed to W 4f7/2, W
4f5/2 and W 5p3/2 of W6+ in CuWO4 [35]. For the CuWO4/Mn3O4-3
composite, the W peak positions slightly shift to lower binding energy
in comparison with those of CuWO4, which may be due to the interaction between CuWO4 and Mn3O4 moieties of the composite. Fig. 3C
shows the Cu 2p XPS spectra of CuWO4 and CuWO4/Mn3O4-3. The
peaks centered at 932.4 and 951.8 eV can be assigned to Cu2+ 2p3/2
and Cu2+ 2p1/2 in CuWO4 (Fig. 3C, curve a) [36]. In addition, two
shakeup satellite peaks centered at 942.2 and 962.1 eV are typical of Cu
(II) in cupric compounds. For the CuWO4/Mn3O4-3 composite (Fig. 3C,
curve b), the Cu 2p peaks show an increased binding energy compared
with those of bare CuWO4, which provides an additional evidence
about the chemical interaction across the interface of CuWO4 and
Mn3O4 [34]. Fig. 3D shows the XPS spectrum of Mn 2p in the CuWO4/
Mn3O4-3 composite. The peaks at about 641.6 and 642.7 eV reveal that
Mn2+ and Mn4+ exist in the sample [32]. Furthermore, the area ratio of
the two peaks is ca. 2:1, which is in good agreement with the stoichiometric value of Mn3O4.
The light absorption properties of the as-prepared composite are
shown in Fig. 4. CuWO4 exhibits strong absorption with a band edge at
ca. 530 nm (Fig. 4, curve a). The Tauc plot of CuWO4 (Fig. 4, inset)
shows that its bandgap is ca. 2.22 eV, which is in accordance with the
reported data [37,38]. For the CuWO4/Mn3O4-x sample (Fig. 4, curve
b–e), the absorption edge of the samples moves to lower energy region
with the increase of the Mn3O4 content, which is in accordance with the
colour change of the samples (from brow to dark brown). The reduction
of the band gap of the composite may attribute to that new energy level
in the band structure of CuWO4 formed because of chemical interaction
between CuWO4 and Mn3O4 [32]. An analogous phenomenon has been
observed in the ZnS-Mn3O4 system [39].
The linear sweep voltammograms recorded under UV–vis light irradiation in the potential range of 0.4 to 2.10 V vs. RHE are shown in
Fig. 5A. Compared with the bare CuWO4 electrode, the CuWO4/Mn3O4

Fig. 1. XRD patterns of (a) CuWO4 (the standard pattern of CuWO4 (JCPDS, No.
72-0616) at the bottom as reference), (b) CuWO4/Mn3O4-1, (c) CuWO4/Mn3O42, (d) CuWO4/Mn3O4-3, and (e) CuWO4/Mn3O4-4.

0.50 nm corresponds to the (010) plane of Mn3O4. Both moieties closely
packed together, indicating that Mn3O4 has been decorated on the
surface of CuWO4. The as-prepared CuWO4 possesses very well ﬁlmforming property. Fig. 2C demonstrates the SEM image of CuWO4/FTO
ﬁlm, from which we can see smooth, non-porous and continuous ﬁlm
composed of CuWO4 nanoparticles. The SEM image of CuWO4/Mn3O4
ﬁlm (Fig. 2D) does not show obvious morphological diﬀerence from the
native CuWO4 one, indicating that Mn3O4 nanoparticles have highly
been dispersed on the surface of the CuWO4 [33,34].
XPS technology was applied to reveal the chemical composition and
the interaction between two moieties of the prepared composite. The
survey spectrum of CuWO4/Mn3O4-3 (Fig. 3A) shows the peaks of Cu,
W, Mn, O, and C element, in which the C peak can be attributed to

Fig. 2. TEM images of (A) CuWO4/FTO; The inset of the image (A): the TEM image of Mn3O4 nanoparticles; (B) HRTEM image of CuWO4/Mn3O4-3; (C and D) SEM
images of CuWO4 ﬁlm and CuWO4/Mn3O4-3 ﬁlm formed on FTO.
175
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Fig. 3. (A) XPS survey spectrum of CuWO4/Mn3O4-3; (B) XPS spectra of W in (a) CuWO4, (b) CuWO4/Mn3O4-3; (C) XPS spectra of Cu in (a) CuWO4, (b) CuWO4/
Mn3O4-3, and (D) XPS spectrum of Mn in CuWO4/Mn3O4-3.

subsequently enhances anodic photocurrent [40,41].
Photocurrent tests were performed in phosphate buﬀer solution at
1.20 V vs. RHE and the results are shown in Fig. 5B. The CuWO4
electrode only shows weak photocurrent (ca.1.6 μA cm−2). The photocurrent for the CuWO4/Mn3O4-x (x = 1, 2, 3) electrode increases
greatly compared with the one of the CuWO4 electrode (ca. 4.2 μA
cm−2 for CuWO4/Mn3O4-1, 18.2 μA cm−2 for CuWO4/Mn3O4-2, and
50.3 μA cm−2 for CuWO4/Mn3O4-3). The enhancement of the composite electrode is attributed to the good light absorption, eﬃcient electron transfer and charge separation of the composite with heterojunction.
Electrochemical impedance spectra (EIS) presented as Nyquist plots
are shown in Fig. 5C. The diameter of the semicircle arc of the Nyquist
curves changes in the order of CuWO4 > CuWO4/Mn3O4-1 > CuWO4/
Mn3O4-2 > CuWO4/Mn3O4-3. The small diameter of the CuWO4/
Mn3O4-3 Nyquist curve indicates the low resistance and the high
charger transfer eﬃciency at the interface of the electrode and electrolyte, which can be ascribed to that the heterojunction built in the
composite suppresses charge recombination and the presence of Mn3O4
on the surface of the electrode increases eﬀective interfacial charge
transfer between the composite electrode and the electrolyte [42,43].
The ﬂat-band potential (Efb) of the prepared catalysts can be estimated from the Mott-Schottky Eq. (1) [44] and the electron density can
be calculated based on the Eq. (2) [45].

Fig. 4. UV–vis diﬀuse reﬂectance spectra of (a) CuWO4, (b) CuWO4/Mn3O4-1,
(c) CuWO4/Mn3O4-2, (d) CuWO4/Mn3O4-3, and (e) CuWO4/Mn3O4-5. The inset
shows Tauc plot of CuWO4.

photoanode exhibits enhanced photocurrent within the entire potential
sweep region. As the ratio of Mn3O4 in the composite augments from
1 wt% to 3 wt%, the photocurrent density at 1.6 V vs. RHE was increased. The enhancement of photocurrent can be attributed to the
heterojunction formed in composite, as well as its increased light absorption. However, when the ratio of Mn3O4 in the nanocomposite increases to 5 wt%, the photocurrent decreases, which may attributed to
that the excess Mn3O4 in the nanocomposite acts as recombination
center, leading to the recombination of the photoexcited hole/electron
pairs. Besides, the onset potential of the photocurrent of the CuWO4
electrode is about 1.78 V vs. RHE; while the onset potential for all
composite electrodes is at about 0.97 V vs. RHE, negative shifting about
0.81 V compared to that of CuWO4. The results imply that the p-n
heterojunction formed between the moieties of the composite eﬀectively facilitates photoexcited charges transfer and separation,

1
2
kT ⎞
=
× ⎛E − Efb −
C2
e0 εε0 Nd ⎝
e0 ⎠

(1)

2 dE
2
1
=
e0 εε0 d 12
e0 εε0 slope

(2)

⎜

Nd =

C

⎟

where C is the capacitance of the electrode, e is the elementary charge,
ε is the dielectric constant of the electrode material, ε0 is the permittivity of the vacuum, E is the applied potential, k is the Boltzmann
constant and T is the absolute temperature. By extrapolating the linear
region of the plot of 1/C2 against E, Efb can be determined from the
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Fig. 5. (A) linear sweep voltammetry plots of the samples scanning from 0.4 to 2.10 V vs. RHE; (B) photocurrent responses of the samples recorded at 1.20 V vs. RHE;
(C) Nyquist plots of electrochemical impedance spectra (EIS) for the samples. (D) Mott-Schottky plots of the samples recorded at 1.20 V vs. RHE. (E) Mott-Schottky
plot of Mn3O4. The electrodes were impregnated in 80 mL (0.2 M) of phosphate buﬀer (pH ∼ 7) and the working electrode was irradiated with a 150 W xenon lamp
during the measurements.

composite electrodes is determined to be 0.41 V vs. RHE. The small
change of the band alignment indicates that modifying CuWO4 with
Mn3O4 does not change the position of the energy band of the composite [44,46]. Additionally, the donor density (Nd) of pure CuWO4 is
ca. 5.4 × 1020 cm−3; while Nd of the composite electrodes changes
from 2.2 × 1021 cm−3 for CuWO4/Mn3O4-1 to 3.7 × 1021 cm−3 for
CuWO4/Mn3O4-3. The composite electrode possesses higher electron
density is beneﬁcial to the enhancement for photocurrent density,
which is accordance with the results of the photocurrent tests.
The Mott-Schottky plot of Mn3O4 exhibits a negative slope (Fig. 5E),
indicating that Mn3O4 is a p-type semiconductor [32,47,48]. The ﬂatband potential of Mn3O4 determined from the curve, which can be
treated approximately as the potential of valence band of p-type
semiconductor, is 1.30 eV vs. RHE. The Tauc plot of Mn3O4 is shown in
Figure S1, from which we got that the optical band gap for Mn3O4 is
2.10 eV. Thus, the levels of the conduction band and valence band edge
of CuWO4 are 0.42 V and 2.64 V vs. RHE, respectively; while for Mn3O4
−0.8 V and 1.30 V vs. RHE, respectively. These data are consistent with
the values reported in other literatures [24,49,50].
Fig. 6 shows spectra of the incident photon-to-current eﬃciency
(IPCE) for CuWO4 and CuWO4/Mn3O4-3 electrodes measured at 1.20 V

Fig. 6. IPCE spectra of CuWO4 and CuWO4/Mn3O4-3 recorded at 1.20 V vs.
RHE.

intercept on the E axis. As shown in Fig. 5D, the Mott-Schottky curves of
CuWO4 and the composite electrodes exhibit a positive slope, indicating
that the prepared CuWO4 and composites are n-type semiconductors.
By extrapolating the linear region of Mott-Schottky plots to the E axis,
Efb of pure CuWO4 is determined to be 0.42 V vs. RHE; while Efb for the
177
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Fig. 7. (A) The amount of H2 and O2 evolved from
the PEC cell at 1.20 V vs. RHE bias under 2 h simulated sunlight irradiation. (B) Current density
vs. time behaviours of the various photoanodes.
The light source: sunlight simulator (300 W,
Osram). The irradiation area was about 19 cm2.
The distance between the working electrode and
the lamp was about 20 cm.

Scheme 1. Proposed mechanism of the gases evolution from the PEC cell consisting of the CuWO4/Mn3O4 photoanode and a Pt counter electrode.

excess Mn3O4 in the composite becomes a recombination centre for the
photogenerated charges [55]. Fig. 7B presents the variation tendency of
the current density along the process of gas evolution. During 2 h
sunlight illumination, the current keeps basically stable without obvious decrease, indicating that CuWO4/Mn3O4 as photoanode material
possesses pretty good stability.
The proposed mechanism for solar water splitting to produce hydrogen and oxygen in the PEC cell is illustrated in Scheme 1. Since the
both positions of the conduction band and valance band edge of CuWO4
are lower than those of the corresponding bands of Mn3O4, the photoinduced electrons transfer from the conduction band of Mn3O4 to
CuWO4, then transfer to the Pt electrode through the external circuit
under bias. The protons in the solution are reduced to form H2 on the
surface of Pt plate; meanwhile, holes transfer from valence band of
CuWO4 to Mn3O4 and react with water to produce O2. The potential
gradient formed at the interface between CuWO4 and Mn3O4 facilitates
the electron-hole transfer and separation and prevents the charge recombination.

vs. RHE. The bare CuWO4 sample shows that the responsive wavelength
of IPCE to the irradiation light is cutoﬀ at ca. 500 nm, which is in line
with its absorption spectrum. However, the responsive wavelength of
IPCE for CuWO4/Mn3O4-3 electrode is up to 600 nm. Moreover, it can
be seen that the CuWO4/Mn3O4-3 composite demonstrates an obviously
enhanced IPCE compared to that of the pure CuWO4 in whole range of
responsive wavelengths. Such an enhancement can be attributed to the
formation of heterojunction between CuWO4 and Mn3O4 moieties,
which increases the separation eﬃciency of the photoinduced charge
carriers and reduces charges recombination in the composite [51–53].
The photocatalytic performances of the prepared samples were investigated in a photoelectrochemical tandem cell consisting of a photoanode fabricated by coating pure CuWO4 or the CuWO4/Mn3O4
composite on FTO surface and a Pt plate as counter electrode for overall
water splitting under simulated sunlight irradiation. The amount of H2
and O2 evolved from the PEC cell at 1.20 V vs. RHE bias under 2 h light
irradiation is shown in Fig. 7A. No gases can be detected when CuWO4/
FTO is used as photoanode. Modiﬁcation of CuWO4 with Mn3O4 nanoparticles increases the photocatalytic activity obviously. The amount
of H2 and O2 evolved from the PEC cell using CuWO4/Mn3O4-1 as
photoanode is 1.1 and 0.5 μmol under 2 h simulated sunlight irradiation. When CuWO4/Mn3O4-3 is used as photoanode, the amount of H2
and O2 evolved from the PEC cell is 5.0 μmol and 2.3 μmol under the
same reaction conditions. The enhancement of the photocatalytic activity of the catalyst is attributed to the formation of p-n heterojunction
in the composite, which has a beneﬁcial eﬀect on the separation of the
photo-generated carriers, decreasing the recombination of photoexcited
electrons and holes. Besides, Mn3O4 can also perform as cocatalyst
providing active sites for water oxidation, reducing the overpotential of
the oxidation reaction which was consistent with previous studies
above Mn-based oxide. [54] But, the yield of gases decreased when the
content of Mn3O4 reached to 5%, which may be attributed to that the

4. Conclusions
In summary, we successfully prepared a novel composite consisting
of n-type CuWO4 and p-type Mn3O4 for fabricating photoanode of a PEC
cell for photocatalytic water splitting to produce H2 and O2. H2 and O2
can be collected from the cathodic and anodic chamber of the PEC cell,
separately, under simulated sunlight illumination and a low extra bias.
The p-n junction formed between CuWO4 and Mn3O4 in the composite
eﬃciently promotes the separation of photogenerated electron-hole
pairs. Meanwhile Mn3O4 in the nanocomposite also acts as the site of
water oxidation, reducing the overpotential of the oxidation reaction
and consequently enhancing the eﬃciency of overall solar water splitting reaction.
178
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