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A B S T R A C T   

In this work, we report on the photoelectrocatalytic properties of nanostructured ZnO/CuWO4 heterojunction 
film prepared by combining the hydrothermal and doctor-blade methods. For ZnO and CuWO4 heterojunction 
films, X-ray diffraction (XRD) spectra showed the wurtzite and triclinic structure phases, respectively, and no 
deleterious phases were observed. Scanning electron microscopy (SEM) images showed ZnO nanorods (NRs) 
grown perpendicular to the substrate and a CuWO4 nanoparticle surface coating on the ZnO/CuWO4 film. The 
formation of heterojunction film allowed a greater use of visible light and better photoelectrochemical behavior 
for the ZnO/CuWO4 film. The ZnO, CuWO4, and ZnO/CuWO4 films were used for electrochemically assisted 
(PEC) RhB photodegradation. The ZnO/CuWO4 film had a PEC photodegradation efficiency of 82 %, making it 
approximately twice as effective as ZnO film. The incorporation of CuWO4 into the ZnO NR array film with a bias 
potential remarkably promoted the photogenerated carrier separation and increased the use of photogenerated 
carriers in photocatalytic reactions, resulting in a higher photocatalytic activity under visible light.   

1. Introduction 

The semiconductor heterojunction systems have attracted research 
interest in recent years due to novel properties that make them suitable 
for application, especially in photocatalysis for environmental water 
remediation, water splitting to produce clean hydrogen fuel, and pho-
tovoltaic devices [1]. Heterojunction formation involves the combina-
tion of two or more semiconductors to form new materials with su-
perior electrical, optical, and catalytic properties due to transfer of the 
interfacial charge and a synergistic effect between coupled semi-
conductors [2]. 

Many semiconductor materials have been investigated, such as the 
binary oxides, TiO2 [3], ZnO [4] and CuO [5], and the complex oxides: 
CuWO4 [6], BiVO4 [7], and LaFeO3 [8]. The selection of a semi-
conductor catalyst for efficient activity depends on properties such as 
adequate band gap energy, good stability, high carrier mobility, the 
correct band-edge position, and efficient light absorption [9]. The for-
mation of an appropriated heterojunction can result in properties that 
overcome the intrinsic drawbacks of the use of a single catalyst [10]. 

In this context, zinc oxide (ZnO) has been widely studied for use as a 
photocatalyst in optoelectronic devices and solar cells due to its 

physical properties, high catalytic activity, environmental sustain-
ability, synthetic facility, high electronic mobility, and high thermal 
conductivity [11,12]. ZnO is also advantageous because it can be ob-
tained in a wide variety of nanostructures such as nanoparticles [13], 
core-shell nanoparticles [14], hierarchical structures [15], nanoflowers 
[16], nanosheets [17], vertically aligned nanowires [18], nanorods [4], 
and nanotubes [19], which can directly alter material properties. De-
spite its many advantages, ZnO has a wide band gap energy (Ebg) of 
approximately 3.2 eV, which limits its absorption of solar radiation to 
the ultraviolet region (approximately 3%–5% of total solar energy), and 
it has a high recombination rate of photogenerated loads. In addition, it 
undergoes photocorrosion and is soluble in acidic and basic media. 
These drawbacks make pure ZnO an unattractive choice as a photo-
catalyst under visible light [9]. 

ZnO-based heterojunction strategies can be adopted to improve the 
optical, photoelectrochemical, and photocatalytic properties as well as 
the stability. Several studies have investigated the ZnO heterojunction 
with oxide catalysts such as ZnO/CuO [20], ZnO/Fe2O3 [21], ZnO/WO3 
[22], and ZnO/BiVO4 [23], and these heterojunctions exhibited im-
proved photocatalytic activity (mainly derived from the prolonged 
lifetime of the photoexcited e−/h+ pairs), enhanced transfer of the 
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interfacial charge, greater photostability, and expansion of the ab-
sorption spectrum to the visible range [2,9]. 

Copper tungstate (CuWO4) has recently attracted attention in the 
scientific community due its narrow band gap energy, chemical stabi-
lity, and photocatalytic activity in photoelectrochemical (PEC) water 
splitting and the degradation of organic pollutants [24–26]. CuWO4 has 
an Ebg ranging from 2.0 to 2.4 eV and is therefore a semiconductor that 
can absorb visible radiation [27,28]. Despite these inherent advantages, 
the application of CuWO4 remains hampered due to drawbacks such as 
a low transfer speed and a high recombination rate of charge carriers 
[29]. To overcome some of the disadvantages presented by many 
semiconductors and increase their photocatalytic efficiency, oxides 
supported in film form (photoelectrode) have been used. In semi-
conductor electrode films, it is possible to apply a bias potential, which 
can promote a reduction of electron–hole pair (e−/h+) recombination 
[30–32]. The investigations of ZnO/CuWO4 heterostructure are recent 
and the works report only the study of powder composites. [33,34]. 

Therefore, to improve the chemical stability and optical properties 
of ZnO, in this work we prepared a heterojunction film by coating ZnO 
nanorods with CuWO4 nanoparticles deposited on a fluoride-doped tin 
oxide (FTO) glass substrate. In addition, we determined the optical, 
structural, morphological, and photoelectrochemical properties of the 
film. Furthermore, the synergetic effects in charge transport, stability, 
and application to photocatalysis was investigated using rhodamine B 
as a model pollutant under polychromatic irradiation. 

2. Experimental details 

2.1. Chemicals 

Zinc acetate dihydrate (Zn(C2H3O2)2 2H2O ≥ 99.0 %), 2-methox-
yethanol (C3H8O2 ≥ 99.8 %), zinc nitrate hexahydrate (Zn(NO3)2 6H2O 
≥ 99.0 %), cupric nitrate trihydrate (Cu(NO3)2 3H2O ≥ 99 %–104 %), 
sodium tungstate dihydrate (Na2WO4 2H2O ≥ 99 %), and rhodamine B 
(RhB ∼ 95 %) were purchased from Sigma Aldrich. 2-Aminoethanol 
(MEA ≥ 99 %), sodium sulfate (Na2SO4 ≥ 99.0 %), and hexamethy-
lenetetramine (HMTA ≥ 99.5 %) were purchased from Dinâmica. Glass 
fluorine-doped tin oxide–FTO (SnO:F, sheet resistance 8 Ω/sq) was 
purchased from Aliyiqi. Deionized water was used in all experiments. 
All chemicals were of purely analytical grade and were used without 
any further purification. 

2.2. Preparation of ZnO nanorod films 

FTO glass (with the dimensions of 2.5 cm × 1 cm) was used as the 
substrate for all films. The FTO was cleaned in an ultrasonic batch first 
with neutral detergent and water, and then with water and isopropyl 
alcohol. The area of all prepared films was 1 cm2. 

ZnO nanorod array films were prepared following the typical two- 
step methodology [35]. First, a seed layer was deposited onto the FTO 
substrate using the spin coating method. A seed layer solution con-
sisting of a sol-gel solution of 0.5 M Zn(Ac)2 in 2-methoxethanol solvent 
with the MEA stabilizer (mole ratio 1:1 Zn2+/MEA) was prepared. The 
seed layer solution was dropped onto a glass substrate, which was ro-
tated at 1000 rpm for 30 s, and the spin-deposition was repeated three 
times, with the sample heated at 200 °C for 20 min between each de-
position. After the deposition, the film was heated in a furnace at 500 °C 
for 60 min at 2 °C min−1. The precursor solution for nanorod growth 
was an equimolar (25 mM) mixture of aqueous solutions of Zn(NO3)2 
and HMTA. The film with the seed layer was vertically immersed in this 
solution in a glass bottle, sealed, and then heated at 95 °C for 8 h. Fi-
nally, the film was rinsed with deionized water, dried in atmospheric 
conditions, and then treated at 500 °C for 60 min at 2 °C min−1. 

2.3. Synthesis of the CuWO4 electrode film and heterojunction electrode 
preparation 

CuWO4 was synthesized using the co-precipitation method followed 
by hydrothermal treatment, and the CuWO4 electrodes were prepared 
using the doctor-blade method reported by Lima et al. [36]. Briefly, 
2 mmol of CuNO3 and Na2WO4 precursor solutions were transferred to 
the same beaker and sonicated for 10 min, allowed to rest for 48 h, and 
then the resulting suspension was washed in a centrifuge to remove 
ions. Then, the suspension was transferred to an autoclave with a Teflon 
inner container, sealed and heated at 200 °C for 8 h. For preparation of 
the CuWO4 electrode, a 25-μL aliquot of the CuWO4 suspension was 
deposited onto FTO using the doctor- blade method, dried at room 
temperature (repeated two times) and heated at 500 °C for 30 min at 
2 °C min−1. For the preparation of ZnO/CuWO4 heterojunction films, 
this same procedure was used but an aliquot of suspension was de-
posited onto previously prepared ZnO nanorod arrays and heated at 
500 °C for 30 min at 2 °C min−1. 

2.4. Characterization of films 

The crystalline structure was analyzed using a D/MAX/2500PC 
diffractometer (Rigaku, Japan) operating at 40 kV and 150 mA with Cu 
Kα radiation (ʎ =1.5406 Å) in the 2θ range of 10°–110° at a scan rate of 
0.02°/min. The morphologic properties of the films were investigated 
using a field emission scanning electron microscope (Carl Zeiss, Model 
Supra 35-VP, Germany) operated at an accelerating voltage of 2 kV. The 
optical properties of the films were investigated using a UV–vis spec-
trophotometer Model UV-2600 (Shimadzu, Japan) 

2.5. Photoelectrochemical studies and photocatalytic performance 
measurements 

Photoelectrochemical analyses were conducted in a glass cell (100 
% transmittance for λ  >  360 nm) with three electrodes including the 
prepared films as the work electrode. A platinum wire was used as the 
counter electrode and Ag/AgCl (KCl sat.) was used as the reference 
electrode. A 0.1 M aqueous solution of Na2SO4 was used as an inert 
support electrolyte (pH = 5.6). The measurements were performed in a 
potentiostat/galvanostat (PGSTAT302 N Metrohm) under polychro-
matic irradiation from a metallic vapor discharge lamp (HQI-TS NDL) 
with a nominal potency of 150 W. Some measurements were taken in 
the absence of irradiation, which is named the dark condition. All 
measurements were performed at room temperature. 

For comparison with the values reported in the literature, the po-
tentials applied in the Ag/AgCl reference electrode were adjusted to 
that of a reversible hydrogen electrode (RHE) using Eq. (1) [37]:  
(1) (RHE) = –E(Ag/AgCl) + 0.0591. pH + 0.199 V                          
Further, the potentials adjusted with respect to the RHE (in volts) were 
converted to electron-volts (eV) using Eq. (2) [30]:  
(2) (eV) = – 4.5 eV – eE(RHE)                                                       
The photocatalytic activity of the ZnO, CuWO4, and ZnO/CuWO4 film 
electrodes was investigated by degrading 17 ml of a 1 × 10−6 M solu-
tion of rhodamine B (RhB) dissolved in a 0.1 M aqueous solution of 
Na2SO4 as the support electrolyte. These studies were performed in the 
following three configures: (i) photolysis—irradiation of the solution 
without the photocatalyst, so that only the clean FTO substrate was 
used; (ii) photocatalysis (PC)—irradiating photocatalyst films; and (iii) 
electrochemically assisted photocatalysis (PEC)—the films were irra-
diated and polarized in a bias voltage of +0.7 V vs Ag/AgCl. The dis-
tance between the lamp and the photocatalysis cell was 10 cm. In the 
assays, the system was not stirred or heated. At regular time intervals, 
an aliquot of the solution was collected and analyzed with a UV/Vis 
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absorption spectrometer to determine the kinetic parameters and to 
monitor the relative variation of RhB concentration. 

3. Results and discussion 

3.1. Structural and morphological characterization 

The phases and crystalline structure of the films were analyzed 
using X-ray diffraction (XRD) spectroscopy. Fig. 1 presents the XRD 
patterns of the ZnO, CuWO4, and ZnO/CuWO4 films as well as that of 
the FTO substrate. The peaks located at 2θ values of 26.7°, 33.8°, 38.1°, 
51.9°, 54.8°, 61.9°, 63.3°, and 65.8° are present in all spectra and are 
related to the FTO glass conductive substrate. For the ZnO and CuWO4 
films, all peaks are in great agreement with the inorganic crystal 
structure data n° 26,170 (ZnO) and n° 16,009 (CuWO4) [38,39], re-
spectively, referring to the phases of the wurtzite zinc oxide and tri-
clinic copper tungstate structures. 

In the ZnO/CuWO4 heterojunction XRD pattern, the peaks referring 
to the phases of CuWO4 and ZnO are preserved, which proves the 
successful synthesis of the crystalline ZnO/CuWO4 heterojunction. 

SEM images for the top-view and cross-section view of deposited 
ZnO, CuWO4 and ZnO/CuWO4 films are shown in Fig. 2. The density of 
the mass deposited onto the FTO glass was 0.7  ±  0.1; 1.3  ±  0.3, and 
2.4  ±  0.5 mg cm−3 (n = 6) for ZnO, CuWO4 and ZnO/CuWO4, re-
spectively. All films showed a uniform recovery of the FTO-glass sub-
strate. The top-view SEM images in Fig. 2a–b show that ZnO nanorods 
with an average diameter of 68  ±  9 nm grow perpendicularly from the 
substrate. The cross-section image (Fig. 2c) shows that the nanorods 
have a non-uniform length of approximately 3 μm. 

Fig. 2d–f show the CuWO4 film SEM images. The top-view images 
(Fig. 2d–e) reveal films containing agglomerated, irregularly shaped 
grains with sizes of 98  ±  32 nm, whereas the cross-section image 
(Fig. 2f) shows that the thickness of the film is 1.20 μm. 

Fig. 2g–i exhibit SEM images of the heterojunction films formed by 
CuWO4-layered ZnO nanorods. The layer of CuWO4 thoroughly covers 
the top surface of the nanorods, whose morphology is maintained after 
formation of the ZnO/CuWO4 heterostructure. 

3.2. Optical characterization and estimate of the band gap energy 

The transmittance UV–vis spectra and the Tauc plot for estimating 
the Ebg of the films are shown in Fig. 3. In Fig. 3a, the UV–vis spectrum 
of the ZnO film shows the characteristics of the UV–vis spectra of other 

ZnO films, with a high transmittance in the visible region and an abrupt 
termination near 400 nm; however, the ZnO/CuWO4 heterojunction 
film presents absorption shifted to the visible region. Association of 
ZnO with a narrow gap semiconductor is a well-reported way to shift 
the absorbance to the visible region, suggesting facilitation of the ef-
fective separation of the photoexcitation charge carriers [21,33,40]. 

Optical band gap values were estimated from the transmittance 
UV–vis spectra using the Tauc method, according to Eq. 3 [41,42]. =h A h( ) ( E )n bg (3) 
where α is the absorption coefficient, A is a constant, h is Planck’s 
constant, ν is the photon frequency, Ebg is the optical band gap, and n is 
equal to 2 for a direct transition or 1/2 for an indirect transition; thus, 
the value of the indirect optical band gap of the CuWO4 film is 2.08 eV, 
and that of the direct gap of the ZnO film is 3.22 eV, which agrees with 
the results of previously published studies [27,43]. The direct Ebg for 
ZnO/CuWO4 is 2.19 eV, suggesting that CuWO4 significantly expands 
the absorption of ZnO film to the visible region, and thus the ZnO/ 
CuWO4 film can produce electron–hole pairs under visible light irra-
diation [44]. 

3.3. Photoelectrochemical properties 

The photocurrent response of ZnO, CuWO4 and ZnO/CuWO4 films, 
shown in Fig. 4, was investigated using cyclic voltammetry, linear 
voltammetry, and chronoamperometric analysis in 0.1 M of inert elec-
trolyte Na2SO4 under polychromatic irradiation. The voltammetric re-
sponses displayed in Fig. 4a (dashed lines) present almost no current 
density in the absence of irradiation; however, when the semi-
conductors were irradiated, photoelectrons were excited from the va-
lence band to the conducting band and a photocurrent was generated 
[35]. In addition, the photocurrent densities increased with the applied 
potential, suggesting that the potential could effectively drive the 
photogenerated electrons to the counter electrode, avoiding electron 
and hole pair recombination [45]. 

Fig. 4b–c show the photocurrent-time responses in chronoampero-
metric analysis at 0.7 V vs Ag/AgCl. All films present the n-type semi-
conductor behavior, exhibiting negative variations of the open-circuit 
potential after light irradiation. The ZnO/CuWO4 heterojunction film 
presents the most photocurrent density among the investigated films. 
The enhancement in its anodic photocurrent can be attributed to a fa-
vorable alignment of the semiconductor energy band-edge positions 
that improves the mobility of the photogenerated charges and decreases 
electron–hole recombination [46]. In addition, the one-dimensional 
structure of the ZnO nanorod arrays can act as a directional charge 
transport path [47]. 

It is well known that ZnO is chemically unstable and undergoes 
photocorrosion [48]. Fig. 4c compares the results of a photostability 
test developed for the ZnO/CuWO4 photoelectrode with the results for 
ZnO film. The exponential decay of the photocurrent density is related 
to ZnO photocorrosion [49], which is induced by reaction with pho-
togenerated holes (hVB

+) according to the equation ZnO + 2hVB
+ → 

Zn2+ + ½ O2 [50]. This analysis shows that the photostability of the 
ZnO/CuWO4 film improved in comparison to that of pure ZnO film. The 
enhanced stability may be closely linked to the charge transport opti-
mization of holes in the ZnO/CuWO4 semiconductors, as such holes do 
not accumulate in the ZnO semiconductor. 

The linear voltammogram anodic scans from −0.1 to 1.1 V vs Ag/ 
AgCl, with a chopper irradiation of 0.1 Hz, are shown in Fig. 5a–b. The 
photocurrent density intensities recorded here agree with the results of 
cyclic voltammetry presented in Fig. 4. From these photoresponse 
measurements, it is possible to estimate the semiconductor flat band 
potential (Efb), which is related to the relative Fermi level [51]. The Efb 
was determined using the Buttler–Gartner model, according to Eq. 4 
[52]. 

Fig. 1. XRD patterns for substrate FTO, ZnO, CuWO4 and ZnO/CuWO4 het-
erojunction films. 
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Fig. 2. SEM images for films (a-c) ZnO nanorods; (d-f) CuWO4 and (g-i) ZnO/CuWO4.  

Fig. 3. (a) UV–vis transmittance spectra and corresponding Tauc plot of (b) ZnO, (c) CuWO4 and (d) ZnO/CuWO4 films.  
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=I W E Efb0q 0 ( ) (4) 

where α is the absorption coefficient, W0 is the depletion layer, φ0 is 
the photon flux, q is the electron charge, and Efb is the flat band energy. 

The estimated Efb values (inset of Fig. 5) are 0.02 and 0.16 V vs Ag/ 
AgCl for ZnO and CuWO4 films, respectively. For type-n semi-
conductors, Efb is a useful parameter because it is close in value to the 
conduction band (EBC) potential [53]. By combining this result with the 
previously determined Ebg, it is possible to predict the band-edge po-
tential alignment for all semiconductor materials in ZnO/CuWO4 het-
erojunction film, as illustrated in Fig. 5d. Semiconductor heterojunction 
band alignments allow the transport of e−/h+ pair charges, which is 
favorable for decreasing the number of recombination and enhancing 
the photocurrent density. 

The electrochemical behavior of RhB at the ZnO/CuWO4 film pho-
toanode, shown in Fig. 5c, exhibits no redox signals when 0.1 M Na2SO4 

is used as a supporting electrolyte; however, in 1.0 × 10−6 M RhB 
solution, one oxidation peak is observed at 0.9 V vs Ag/AgCl, which is 
attributed to direct electro-oxidation of RhB [54,55]. Using this oxi-
dation potential in Eq.s 1 and 2, a value of −6.03 eV is obtained for the 
energy of the highest occupied molecular orbital (HOMO) of RhB [56]. 
From an analysis of the UV–vis spectrum, it is possible to determine the 
energy gap between the HOMO and the lowest unoccupied molecular 
orbital (LUMO) [57]. Fig. 5c (inset) shows the optical absorption 
spectrum of an RhB solution in 0.1 M Na2SO4. The HOMO-LUMO en-
ergy difference may be estimated from the maximum dye absorbance of 
553 nm using the following relationships: Eg(eV) = 1241/ʎ(nm); and 
ELUMO = EHOMO–Eg [58]. The value of the RhB HOMO-LUMO energy 
gap is 2.24 eV, and thus the energy of the LUMO is −3.79 eV. 

From the positions of the energy band edges of the catalyst and 
pollutant (Fig. 5d), the feasibility of photocatalysis application can be 
predicted. When the valence band of the catalyst is higher in energy 
than the HOMO of the organic pollutant, the photodegradation process 
can occur, as the pollutant is oxidized by photogenerated holes in the 
catalyst surface [59]. As seen in Fig. 6d, the alignment of bands is 
suitable for photodegradation of RhB using heterojunction film; where 
the valence band of the heterojunction film is above (in the RHE scale) 
the HOMO of RhB, the photogenerated holes can directly oxidize the 
RhB molecule. The potential of the valence band edge of the semi-
conductors can also oxidize water, assisting the formation of inter-
mediate species such as hydroxyl radicals and increasing the photo-
catalytic activity [60]. 

3.4. Photoelectrocatalytic activity 

The photocatalytic properties of ZnO and CuWO4 were compared to 
those of heterojunction films. These studies were performed under the 
following conditions: (i) photolysis (in the absence of any semi-
conductor), (ii) photocatalysis, and (iii) photoelectrocatalysis or elec-
trochemically assisted photocatalysis (PEC). For these studies, an aqu-
eous solution of RhB dye was used, and the results are shown in Fig. 6.  
Fig. 6a and c show the RhB degradation curves and kinetic curves (PEC 
configuration), respectively. Fig. 6b compares the photocatalytic ac-
tivity of PC, PEC, and RhB photolysis. For Fig. 6a, the first 30 min of 
degradation were performed in the absence of irradiation to obtain 
adsorption equilibrium on the semiconductor surface. After the ad-
sorption/desorption equilibrium period, the system was irradiated and 
the resulting decrease in RhB concentration was related to the photo-
catalysis process, in which the RhB dye was oxidized by photogenerated 
oxidant species [61]. Fig. 6b shows the degradation efficiency of the 
films. In the absence of a catalyst, the dye photolysis was approximately 
10 %. Under PC conditions, the CuWO4, ZnO and ZnO/CuWO4 films 
presented a degradation efficiency of 35 %, 35 %, and 14 %, respec-
tively, whereas under PEC conditions, the degradation efficiency was 
46 %, 45 %, and 82 %, respectively. The photocatalytic degradation 
followed first-order kinetics [62] and the adjustment for PEC conditions 
is shown in Fig. 7b. Fig. 6c shows that the degradation PEC rate con-
stant of ZnO/CuWO4 heterojunction film was 7.86 × 10−3 min−1, 
which is approximately threefold larger than the 2.75 × 10−3 min−1 

rate constant of pure ZnO film. The heterojunction film had the highest 
degradation efficiency and a better kinetic profile. The kinetic rate 
constants of the PC, PEC, and photolysis processes are summarized in  
Table 1. 

The degradation efficiency for the electrochemically assisted system 
is improved, which is expected because semiconductor photocatalytic 
activity and e−/h+ pairs recombination limiting factors [63,64]. The 
application of an external potential between the electrodes assists in the 
charge separation process, consequently delaying the recombination 
process [65,66]. 

Photoelectrochemical characterization and RhB degradation results 
showed that the ZnO/CuWO4 heterojunction film possesses a higher 
activity than that of individual oxide films, especially under PEC 

Fig. 4. (a) Cyclic voltammetry at scan rate 20 mV s−1 and (b-c) chron-
oamperometric curves under applied 0.7 V vs Ag/AgCl with polychromatic ir-
radiation in 0.1 mol L−1 Na2SO4 aqueous solution. 
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conditions, which can be attributed to better light absorption and an 
improvement in photogenerated charge transport between semi-
conductor bands under a bias external potential. Under PC conditions, 
as the conduction band (CB) of ZnO is more negative than that of 
CuWO4, the photogenerated electrons do not flow in the direction of the 
substrate, favoring the recombination process and, thus, drastically 
reducing the photocatalytic activity. Under PEC conditions, the voltage 
applied at 0.7 V vs Ag/AgCl provides potential energy for the photo-
generated electrons in the CuWO4 CB to flow toward the ZnO CB in bulk 
and be collected by the system. Meanwhile, the holes flow toward the 
semiconductor/electrolyte interface and can directly oxidize the dye or 
cause indirect oxidation through the generation of oxidizing species 
such as the hydroxyl radical. 

The PEC reusability of the heterojunction and ZnO was evaluated by 
reusing the film to photocatalyze RhB dye for five cycles (Fig. 7). Ac-
ceptable efficiency was observed after five cycles of reuse; therefore, 
the association with CuWO4 conferred good stability to the ZnO/ 
CuWO4 heterojunction, and this result corroborates the previously 
discussed findings. 

4. Conclusions 

In this work, we successfully fabricated heterojunction nanos-
tructured ZnO/CuWO4 film electrodes onto an FTO conductive sub-
strate. In the first step, the ZnO nanorods were synthesized using the 

hydrothermal method. In addition, CuWO4 was synthesized using the 
co-precipitation/hydrothermal method and deposited onto ZnO na-
norods via a doctor blade. From structural and morphological char-
acterizations, it was observed that the top surface of wurtzite zinc oxide 
nanorods was covered by triclinic copper tungstate nanoparticles. The 
optical and photoelectrochemical results indicated that the covering of 
CuWO4 on ZnO enhanced absorption of the film in the visible region, 
improved the photoelectrochemical activity of the ZnO film, and en-
hanced the photocorrosion stability. The photocatalytic activity for 
degradation of RhB solution under polychromatic irradiation presents 
better efficiency for ZnO/CuWO4 film than for pure films, especially 
under a bias condition (PEC). The higher efficiency can be attributed to 
efficient charge separation and suppression of the recombination of e−/ 
h+ pairs, thereby facilitating charge transfer. 
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vs E used for determination at EFB). (c) Cyclic voltammetry curve for RhB solution (Inset: UV–vis RhB absorbance spectra) and (d) energy diagram for the semi-
conductors/rhodamine-B interface in aqueous solution. 
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