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A B S T R A C T

In this study, the structure and photoelectrochemical properties of CuWO4 porous films synthesized by a
co-precipitation method followed by a hydrothermal treatment were investigated. The film was
deposited on fluorine-doped tin oxide (FTO)-conducting glass, from a suspension containing
polyethylene glycol, and heat-treated at 500 �C for 30 min. X-ray diffraction patterns, the Rietveld
refinement data, and the micro-Raman spectrum showed that the CuWO4 film has a triclinic structure.
The optical band gap energy of the film was estimated to be 2.45 eV by the Tauc plot. Field emission
scanning electron microcopy images of the films indicated that they are about 4.0 � 0.5 mm thick. The
photoelectrochemical properties of the film were investigated in a Na2SO4 aqueous solution, in the
absence of light and under polychromatic irradiation. The CuWO4 film exhibited photoelectrochemical
behavior of a n-type semiconductor, with a negative photopotential and an anodic photocurrent density
of 68 mA cm�2 at 0.73 V vs. Ag/AgCl (1.23 V vs. RHE). The n-type photoelectrochemical behavior was
confirmed by a chronoamperometry measurement biased condition at + 0.7 V, at different pH values.
From these studies, it was noted that when the pH values increased from 3 to 11, the photocurrent density
increased about 9 times. Also, the flat band potential (Efb) of the semiconductor was estimated by the
Butler-Gärtner model at + 0.34 V, which was utilized to calculate the conduction band edge. The studies
presented here reveal that the CuWO4 porous film is a promising candidate to be applied as a photoanode
in photocatalytic processes under irradiation by visible light.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Copper tungstate (CuWO4) can be classified as a semiconductor
material that has an energy band gap (EBG) in the range of 2.2 to
2.4 eV [1–3]. This semiconductor belongs to the tungstates series,
with a triclinic structure and a space group (P1). In this material, Cu
and W are coordinated to six oxygen atoms forming octahedral
[CuO6]/[WO6] clusters [4–6]. This compound contains 3d orbitals
corresponding to the transition metals, which are responsible for
some specific electronic and magnetic properties [7]. The ability to
absorb visible light and its excellent chemical stability makes this a
promising material for various applications. Among the studies
reported, we can highlight its applications in sensors for nitric
oxide detection [8], electrodes for lithium rechargeable batteries
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[9], photoanodes for water oxidation [10–12], and photodegrada-
tion of organic pollutants in aqueous media (photocatalysis) [13].

For applications involving the degradation of organic pollutants
in water, CuWO4 has been used as a catalytic material supported as
a film or dispersed in suspension in the reaction medium [14,15].
Garcia-Perez et al.[16] investigated the photoactivity of a suspen-
sion of several tungstates, used for 4-chlorophenol and methanol
degradation under visible light irradiation. For CuWO4, these
authors registered a removal of about 12% of methanol and 23% of
4-chlorophenol. According to the heterogeneous photocatalysis
theory, the material activity can be limited by the rapid
recombination of photogenerated hole-electron pairs [17]. A
strategy to overcome this problem is the use of catalyst films
that allow the application of a potential, which may retard the
recombination of electron-hole pairs and improve the efficiency of
photocatalytic processes [18]. Recently, Oliveira et al., [19]
investigated the photocatalytic activity of porous films of TiO2

and TiO2/WO3 for the degradation of 17-a-ethinylestradiol under
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irradiation by a solar simulator. The authors observed that the
degradation efficiency increased significantly when the catalyst
system was polarized at 0.7 V (assisted electrochemical system).

For the preparation of films, the most investigated methods are
electrodeposition [20] pulsed laser deposition [21], hydrothermal
synthesis [22], sputtering deposition [23], and spray pyrolysis [24].
In general, the use of semiconductor oxide films in photocatalytic
processes benefits from the porous structure of the films, which
allows a better diffusion of the electrolyte and facilitates catalyst
removal from the reaction medium after the catalytic process [25].
According to Hagfeldt and Graetzel [26] the transport of photo-
generated electron-hole charges in porous films occurs through
the colloidal particles and grain boundaries of particles that make
up the film. In n-type semiconductors, electrons are transferred
from particle-to-particle until they reach the conductive substrate
and are collected by the external circuit, while the holes are
transported towards the electrolyte solution [27]. Considering this
mechanism, the electrodes made of porous films have a better
catalytic performance than oxides in suspension.

In this contribution, we report a simple method for the
preparation of CuWO4 porous films on a FTO-substrate. Further-
more, the structural and photoelectrochemical properties of these
films are studied. The results show that the CuWO4 porous films
are promising photoanodes for the degradation of organic
pollutants in aqueous media and also in the photooxidation of
water.

2. Experimental details

2.1. Synthesis of CuWO4 porous films and photoelectrode preparation

All chemicals were of purely analytical grade and were used
without any further purification. CuWO4 was synthesized by a co-
precipitation method followed by a hydrothermal treatment,
according to the conditions described in a previous report [28].
Briefly, 2.0 mmol of copper nitrate trihydrate ([Cu(NO3)2.3H2O];
99% purity, Sigma-Aldrich) and 2.0 mmol of tungstate sodium
dihydrate (Na2WO4.2H2O; 99% purity, Sigma-Aldrich) were dis-
solved in 100 mL of deionized water (Milli-Q) and then transferred
to an ultrasonic bath for 10 min, resulting in a green color
suspension. This suspension was placed in a Teflon lined stainless
steel autoclave, which was sealed and heated at (200 �C � 5) for 8 h.
After cooling down to room temperature (25 �C), the colloidal
suspension was concentrated to approximately 17 wt.% using a
rotary evaporator. After that, polyethylene glycol (PEG, Mw

� 20.000) and TritonX 100 Vetec were added to the aqueous
CuWO4 suspension (40 wt.% relative to the oxide) and stirred for
24 h at room temperature.

The CuWO4 porous film was prepared on FTO conducting glass
(TCO22-7, Aldrich, �7 V/sq.). Before the film preparation, the FTO
glass was cleaned by sonication in successive steps with water and
a neutral soap, deionized water, and finally with isopropyl alcohol
for 15 min. For CuWO4 film preparation, a small aliquot of the
suspension was spread onto the FTO-glass with a glass rod
(“doctor-blade” method); an adhesive tape was used to define the
geometrical area of the films (1.0 cm2) and their thickness. After
drying, the films were heated at 500 �C a rate of 10 �C/min, and
maintained there for 30 min in a furnace. This thermal treatment
results in a gradual elimination of PEG, leading to a porous film
with interconnected particles [29].

The microstructure and thickness were evaluated by observing
the surface and the cross-section of the CuWO4 films using a field-
emission scanning electron microscope (FE-SEM; Carl Zeiss, Model
Supra 35-VP, Germany), operated at an accelerating voltage of 2 kV.
X-ray diffraction (XRD) patterns of the CuWO4 films were obtained
using a LabX XRD-6000 diffractometer (Shimadzu, Japan) with
CuKa radiation (l = 0.15406 nm) in the 2u range of 10� to 70� with a
scanning velocity of 1�/min. Micro-Raman measurements were
recorded using a Bruker (Senterra) spectrometer, in the wave-
number range of 50�1000 cm�1 with a 532 nm wavelength laser
and maximum output power of 5 mW. The transmittance spectrum
was measured using a Shimadzu spectrophotometer (Model UV-
2600) using FTO-glass as the reference.

2.2. Photoelectrochemical analysis

The photoelectrochemical properties were investigated using
an electrochemical cell assembled with a glass window (100%
transmittance for irradiation with l > 360 nm). Measurements
were carried out with a three-electrode system and investigated in
aqueous solutions containing 0.1 mol L�1 Na2SO4 (pH = 5.6) as the
supporting electrolyte. A film of CuWO4 was utilized as the
photoanode, while a Pt wire and Ag/AgCl electrode were employed
as the counter-electrode and reference electrode, respectively. For
comparison purposes only, the potential registered using the
Ag/AgCl reference electrode was adjusted to a reversible hydrogen
electrode (RHE), according to the equation (1) [20]:

E (vs. RHE) = E (vs. Ag/AgCl) + 0.0591 V � pH + 0.199 V (1)

The measurements were performed using an Autolab Potentio-
stat/Galvanostat (PGSTAT302N Metrohm) and the NOVA 1.7
software, in the absence of light (condition named dark) and
under backside polychromatic irradiation. A metallic vapor
discharge lamp (HQI-TS NDL) with a nominal potency of 150 W
was used to irradiate the sample. The photocurrent-potential was
measured using cyclic voltammetry (CV) with a scan rate of 20 mV/
s in the dark and under polychromatic irradiation. The variance in
the current generated by the electrodes was measured using the
chronoamperometry method. The determination of the flat band
potential (Efb) was carried out using linear sweep voltammetry
(LSV), with the data recorded in the anodic potential range of
0.1–1.2 V at a scan rate of 1.0 mV s�1, using a chopped illumination
at 33 mHz. Also, the chronoamperometric curves were recorded at
different pH conditions, using a Britton-Robison (B-R) buffer
solution. This buffer was prepared by mixing acetic, phosphoric,
and boric acids at 0.04 mol L�1, with the pH adjusted by adding
2.0 mol L�1 NaOH solution.

3. Results and discussion

3.1. Structural characterization of CuWO4 porous films

The structural properties of the lattice at long-range and the
periodicity of the CuWO4 films heat-treated at 500 �C for 30 min
were evaluated by XRD. Fig. 1(a) illustrates the XRD patterns
registered for the CuWO4 films and Fig. 1(b) depicts a schematic
representation of the pure CuWO4 unit cells.

All the diffraction peaks are in good agreement with the
Inorganic Crystal Structure Data (ICSD) card No. 16009, indicating
that the CuWO4 film is monophasic with a triclinic structure and
high periodicity [30]. The asterisk (*) in diffraction peaks
correspond to the crystalline phases of the FTO substrate [23].
To confirm if the structure of CuWO4 film is really triclinic, a
structural refinement by the Rietveld method was performed [31].
The experimental lattice parameters, unit cell volumes, and atomic
positions were calculated using the ReXPD program (version 0.8.1
for Windows 10 64 bit) [32]; the data obtained by the Rietveld
refinement is shown in Table 1.

The structural refinement data (Table 1) indicate that the
CuWO4 films have a triclinic structure with a space group (P1),
point group (Ci), and two molecular formula units per unit cell



Fig. 1. (a) XRD patterns of the CuWO4 film annealed at 500 �C for 30 min. The *
peaks are reflections associated with the FTO substrate. The vertical bars represent
the ICSD card No. 16009 for the pure CuWO4 phase. (b) Schematic representation of
a triclinic CuWO4 unit cell.

Table 1
Lattice parameters, unit cell volume, atomic coordinates, and site occupation data
obtained by Rietiveld refinement for the CuWO4 film annealed at 500 �C for 30 min.

Atoms Wyckoff Site x y z

Cu1 2i 1 0.496292 0.653965 0.242942
W1 2i 1 0.012582 0.174954 0.251821
O1 2i 1 0.170118 0.337789 0.455181
O2 2i 1 0.125458 0.899374 0.42898
O3 2i 1 0.684348 0.455443 0.116248
O4 2i 1 0.741849 0.902689 0.092856

a = 4.7949 Å, b = 5.9524 Å, c = 4.9736 Å, a = 91.6273� , b = 92.4965�, g = 82.7843� ,
V = 140.655 Å3, Rp = 16.898 (%), Rexp = 6.941 (%), Rwp= 24.711(%), Gof = 3.55.

Fig. 2. Micro-Raman spectrum of a CuWO4 film annealed at 500 �C for 30 min. The
vertical bars represent the positions and relative intensities of the Raman-active
modes.
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(Z = 2). Moreover, the results obtained showed that there are
variations in the atomic positions related to the oxygen atoms,
while the copper and tungsten atoms have fixed atomic positions
due to their being heavy metal atoms. These results indicate the
existence of octahedral distortions or the Jahn-Teller effect on the
[CuO6] and [WO6] clusters in the CuWO4 lattice due to the
increased O��Cu��O bond distance [33,34].

A schematic representation of the triclinic CuWO4 unit cell
modeled from the Rietveld refinement data for CuWO4 films is
presented in Fig. 1(b). This unit cell was modeled through the
Visualization for Electronic and Structural Analysis (VESTA)
program version 3.4.0 for Windows 10 [35], using lattice
parameters and atomic positions obtained from the Rietveld
refinement data in Table 1. According to Fig. 1(b), tungsten (W) and
copper (Cu) atoms are coordinated to six oxygen (O) atoms,
forming distorted [CuO6] and [WO6] clusters with an octahedral
configuration and an octahedral-type polyhedral (6 vertices, 8
faces and 12 edges). Moreover, the model depicts that the
O��Cu��O and O��W��O bonds are projected out of the unit cell.

3.2. Micro-Raman spectroscopy analysis of CuWO4 porous films

Micro-Raman spectral analysis was performed to generate
information on the degree of the structural order-disorder in the
CuWO4 films at short-range. Fig. 2 shows the Micro-Raman
spectrum of a CuWO4 film heat treated at 500 �C for 30 min in
range from 50 to 1,000 cm�1. The calculations related to the group
theory show that the tungstates with a triclinic structure have 36
distinct vibrational modes (Raman and infrared), as calculated
using the equation (2):

G RamanþInfravermelhoð Þ ¼ 18Ag þ 18Au ð2Þ
where, Ag are Raman-active vibrational modes and Au are infrared-
active vibrational modes. Therefore, 18 Raman-active vibrational
modes are expected for the CuWO4 crystal. According to literature
[36], two types of vibrational modes are observed in the Raman
spectra of tungstates � external and internal modes. The external
modes are related to phonon lattice vibrations, which correspond
to the motion of the distorted octahedral [CuO6] clusters with (Oh)
symmetry and rigid cell units. The internal vibrational modes are
related to the vibration of the distorted octahedral [WO6] clusters
in the lattice.

Fig. 2 identifies all 18 Raman-active modes related to the
triclinic structure of CuWO4. Besides, the formation of small bands
located at 240, 593, 618, and 841 cm�1 was observed, which may be
attributed to the FTO substrate (bands at *). The sharp and intense
vibrational internal (Ag) Raman mode at around 900 cm�1

indicates that the CuWO4 film is structurally ordered at short-
range, with a strong interaction corresponding to the distorted



Fig. 4. FE-SEM images of the (a) cross-section and (b) surface of a CuWO4 film. Inset
in (b) shows a low magnification image of the CuWO4 film surface.
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octahedral [WO6] clusters, because of the symmetric stretching of
O–W–O (see inset in Fig. 2). The Raman results are in good
agreement with the XRD information and reinforce that the
CuWO4 films are formed with the nanocrystals in an organized
triclinic structure.

3.3. Band gap energy determination

The optical energy band gap (EBG) of the CuWO4 film heated at
500 �C for 30 min was estimated by the Tauc plot method assuming
an indirect optical transition, according to the equation (3) [37,38]:

ahyð Þ1=2 ¼ C hy � EBGð Þ ð3Þ
where, hy is the incident photon energy, C is a constant of
proportionality, EBG is the optical indirect band gap energy, and a is
the optical absorption coefficient of the film.

Fig. 3 shows the Tauc plot generated from the transmittance
spectrum of the heat treated CuWO4 film.

According to the literature [39], CuWO4 displays indirect
electronic transitions; thus, EBG was obtained by extrapolating
the linear part of the graph of (ahy)1/2 as a function of the photon
energy hy. The CuWO4 film showed a band gap energy of about
2.45 eV (see Fig. 3), this value was slightly higher than those
usually reported in the literature [40,41]. However, this higher
value of EBG is attributed to the differences in the structure and
composition of the bulk and surface of the CuWO4 films [42].
Furthermore, literature indicates that the EBG of CuWO4 can be
influenced by the distortion of the bonds in the octahedral [CuO6]
clusters, which are in turn dependent on the film thickness [43].
This CuWO4 octahedral distortion was discussed earlier using the
Rietveld refinement technique (see Table 1). The ability to absorb
visible light makes this material promising as a photoanode in
photoelectrochemical cells.

3.4. Morphological and photoelectrochemical properties of CuWO4

electrodes

The deposition of a CuWO4 film on a conductive surface (FTO-
glass), followed by annealing at 500 �C, led to an immobilized
particle density of ca.1.7 � 0.1 mg cm�2 . Fig. 4(a) and (b) shows the
FE-SEM images of the cross-section and the surface of the CuWO4

film deposited on a FTO-glass, respectively.
The FE-SEM image of the cross-section of a CuWO4 porous film

is illustrated in Fig. 4(a) and it reveals that the average film
thickness is 4.0 � 0.5 mm . A high magnification FE-SEM image of
Fig. 3. Tauc plot of a CuWO4 film annealed at 500 �C for 30 min.
the film surface is shown in Fig. 4(b), which exhibits a presence of
several grains agglomerates very similar that spectated to triclinic
structure crystals, with their sizes in the range from 60 to 130 nm.
Moreover, the FE-SEM image of the film surface exhibits a porous
structure with a uniform pore distribution (Fig. 4(b) inset). This
porous morphology can be attributed to the interconnected
interstices between the crystalline grains, which can contribute
to a superior charge mobility and provide a large surface area on
the photocatalyst [44].

The photoelectrochemical properties of the CuWO4 film were
investigated on electrodes with a geometric area of 1.0 cm2, in
aqueous solutions containing inert 0.1 mol L�1 Na2SO4 as the
supporting electrolyte. The CuWO4 electrode displayed an open
circuit voltage (VOC) of 0.23 V vs. Ag/AgCl, in the dark; under
irradiation condition, the VOC shifted toward more negative values,
corresponding to 0.17 V. The difference between the open circuit
potential in the absence of light and under irradiation resulted in a
photopotential of �0.06 V. This shift in the Voc to more negative
values is a property of n-type semiconductors subjected to
illumination. The difference registered in the Voc before and after
illumination may be attributed to electron accumulation in the
conduction band (CB), due to the electron-hole charge separation
[45].

Fig. 5 shows the cyclic voltammetry (CV) curves of the CuWO4

registered at 20 mV s�1 in the dark and under polychromatic
irradiation. In the dark, the electrode showed an almost null
capacitive current. At potentials larger than 1.1 V, low current
values (0.35 mA cm�2) were observed, which is associated with the



Fig. 5. Cyclic voltammograms (20 mV/s) of the CuWO4 electrode in 0.1 mol L�1

Na2SO4 aqueous solution, in the dark and under polychromatic irradiation. The inset
indicates the linear sweep voltammetry of the CuWO4 electrode under chopped
light illumination.

Fig. 6. Variation in the square of the photocurrent density with applied potential,
for a CuWO4 electrode in 0.1 mol L�1 Na2SO4 aqueous solution, irradiated by a solar
simulator. The inset shows the experimentally determined band diagrams for
CuWO4.
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oxygen evolution reaction (OER). This potential value serves to
limit the potential window toward anodic reactions. Under
polychromatic irradiation, a higher current density was obtained
than in the dark. According to theory, after adequate illumination,
the electrons accumulated in the CB are collected on the Pt
counter-electrode, while the photo-generated holes are trans-
ferred to the semiconductor/electrolyte interface, thus generating
the anodic photocurrent [26]. Fig. 5 displays a photocurrent
density of 68 mA cm�2 at 0.73 V (1.23 V vs. RHE). This behavior is
the result of the oxidation of the photo-generated holes reaching
the CuWO4/electrolyte interface.

The inset in Fig. 5 shows the linear sweep voltammograms of a
CuWO4 film, obtained at 1 mV/s under chopped illumination. As
expected, the photocurrent density values obtained by linear
voltammetry were very similar to the cyclic voltammetry and the
current density spikes in each chopping cycle. These photocurrent
measurements at different applied potentials were utilized to
estimate the flat band potential (Efb) of this semiconductor,
following the Butler-Gartner model [19,46]. This model assumes
that the photocurrent (Iph) is observed only when the electrode
potential is more positive than the semiconductor flat band
potential (i.e., when E > Efb and Iph> 0). Thus, the Butler-Gartner
model can be represented by equation (4):

Iph ¼ aW0q’0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E � Ef b

q
ð4Þ

where, a is the absorption coefficient, W0 is the depletion layer
width, w0 is the radiation intensity, q is the electron charge, and Efb
is the flat band energy. Therefore, the flat band potential of the
CuWO4 film electrode can be estimated through measurements of
its photocurrent under different applied potentials (see inset in
Fig. 5). Fig. 6 illustrates the variation in the square of the
photocurrent density with applied potential for a CuWO4

electrode.
The Efb obtained by the extrapolation of photocurrent onset

potential was estimated to be 0.34 V (0.87 V vs. RHE). The Efb value
is strongly dependent on the medium conditions such as pH,
crystallographic structure of the semiconductor, electrolyte
composition, as well as the morphology and film thickness
[47,48]. Gaillard et al., [49] used the Mott-Schottky plot to obtain
an Efb of � 0.1 VSCE (0.73 VRHE) for CuWO4, when measured in
Hydrion buffer (pH = 10) solutions (0.25 M sodium bicarbonate/
0.25 M sodium carbonate). On the other hand, Pilli et al., [50]
observed an Efb of � 0.13 V vs. Ag/AgCl, as measured from
illuminated open-circuit voltages in 1.0 mol L�1 NaHCO3 (pH = 7.0)
aqueous solution.

The Efb is an important parameter for understanding the
photoelectrochemical properties of a semiconductor electrode,
since this potential can be related with the Fermi energy level and
the conduction band edge position [51]. Usually, Efb can be
estimated by the EIS analyzed using the Mott-Schottky plot [52].
The relationship between the flat band potential and conduction
band is defined by equation (5):

EBC ¼ Ef b �
kT
e
ln

NC

ND

� �
ð5Þ

where, k is the Boltzmann constant, T is the absolute temperature, e
is the electron charge, NC the effective density of states in the
conduction band, and ND is the effective charge density [53].
Considering that the values of ND and NC are similar, the second
term in equation (5) should be relatively small and then ECB can be
approximated to Efb [23,54].

The inset in Fig. 6 depicts the conduction and valence band edge
positions of CuWO4; both are estimated on the vacuum scale with
respect to the RHE reference. The ECB edge value was estimated at �
5.4 eV through the correlation between Efb and energy on the
vacuum scale E eVð Þ ¼ �4:5eV � eERHE Vð Þ½ �, where e is the electron
charge and ERHE is the potential with respect to the reversible
hydrogen electrode [55]. Then, the EVB edge was calculated
knowing that the difference between ECB and EVB approximately
corresponds to the semiconductor band gap energy (EBG = 2.45 eV).
Thus, the EVB edge value for CuWO4 film is �7.8 eV. Considering the
band diagram in the inset in Fig. 6, the CuWO4 film is a promising
material for the half-reaction of O2 evolution in water splitting
under visible light illumination. However, to achieve hydrogen
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production, an external bias is required. Photo-assisted electrolysis
can be achieved by applying a potential using an external device,
such as a solar cell, or by using two different electrolytes placed in
two half-cells [56]. This assisted process is called chemical bias and
the chosen electrolytes reduce the voltage required to cause water
splitting [57].

CuWO4 is chemically stable in a large pH range [43]. In order to
evaluate the effect of pH on the photocurrent density of the CuWO4

film, chronoamperometry studies were performed with measure-
ments biased at 0.7 V, employing B-R buffer solutions in the pH
range of 3 to 11. Fig. 7 shows a progressive increase in the
photocurrent density when the pH of the electrolyte changed from
acidic to alkaline.

As discussed earlier, when an n-type semiconductor is
irradiated, holes are transported to the electrode/electrolyte
interface. In an alkaline medium, there is a large OH�

concentration that can react quickly with the photogenerated
holes, prevent charge recombination, and consequently increase
the photocurrent response [56]. Furthermore, from Fig. 7, it was
observed that immediately after irradiation, a little spike of
anodic photocurrent was registered due to a buildup of electrons
on the conduction band. After that, it was observed that a
reduction in the photocurrent occurred due to the recombination
of photogenerated holes on the surface with the electrons in the
conduction band of the semiconductor, even at large pH values
[58]. Moreover, others papers reported in the literature [59–61],
has confirmed that different oxides, such as: TiO2, WO3, and
BiVO4 can be used as photoanodes. These strategies usually
improve the hydrogen evolutions onto cathode in a photo-
electrochemical cell. As discussed in the text, in alkaline solution
OH� can react rapidly with hole prevent charge recombination
increase the photoresponse. Similar result was reported in study
developed by Kong et al. [62] for TiO2 nanotubes. Theferere, this
study shows that a CuWO4 film can be employed as a
photoanode for photo-assisted electrolysis under bias chemical
conditions. Also, the results suggested that an alkaline medium
favors charge separation.
Fig. 7. Transient photocurrent densities measured with chopped illumination
(100 s interval) under application of 0.7 V vs. Ag/AgCl for CuWO4 electrodes in
Britton-Robison (B-R) buffer solutions.
4. Conclusions

In summary, a CuWO4 porous film was successfully synthesized
by a co-precipitation/hydrothermal method. Nanograins of the
n-type semiconductor CuWO4were deposited on a FTO conductive
substrate and annealed at 500 �C for 30 min. XRD patterns, Rietveld
refinement, and micro-Raman analysis indicated that the CuWO4

film have a triclinic structure and a space group (P1). FE-SEM
images showed that the CuWO4 film is porous, uniform, and is
comprised of irregular grains with sizes varying from 60 to 130 nm.
The thickness of the film on the FTO-glass substrate is around
4.0 mm. The CuWO4 porous film shows an ability to harvest visible
light, with its band gap energy estimated to be 2.45 eV. Photo-
electrochemical studies indicated that the semiconductor films
present a typical n-type behavior, with a negative photopotential
(�0.06 V) and an anodic photocurrent of 68 mA cm�2 at 1.23 V vs.
RHE. From the photoelectrochemical studies, it was possible to
determine the relative band edge positions of the semiconductor.
These results suggest that CuWO4 porous films are promising
photoanodes for photoelectrocatalysis applications.
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