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In this work an easy way to prepared heterojunction electrodes based on ZnO and Cu2O were developed. 

The electrodes were synthetized by a simple electrodeposition method. The photoelectrodes obtained 

were not submitted to a high temperature treatment. The electrodeposited films prevent the 

recombination of photogenerated charge carriers and thus allow the continuous formation of electrons 

and holes on photoelectrocatalytic reactions. Moreover, the films electrodeposited were characterized 

by X-ray diffraction, Raman spectroscopy, scanning electronic microscopy and UV-Vis. The 

photoelectrochemical activity was evaluated under visible light irradiation.  The Cu2O addition at the 

photoelectrodes were efficient to improve the properties of pure ZnO and also promote superior 

photoelectrochemical and photoelectrocatalytic responses for methylene blue discoloration.  
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1. INTRODUCTION 

Photocatalytic and photoelectrocatalytic devices have aroused great interest in recent years due 

to the fact of using, in their configuration, solar energy for the hydrogen gas production, degradation of 

organic pollutants in aqueous medium and generation of clean electric energy [1-4]. About the 

configuration and architecture of photoelectrocatalytic system, some studies are concentrated in the use 

of n-type electrodes, called photoanodes, such as TiO2 [5], ZnO [6], CdS [7] and BiVO4 [8, 9]. In another 

hand, p-type electrodes, called photocathodes, are still little explored. However, some previously 

published works report the use of them, such as NiO [10], Cu2O [4, 11] and CaFe2O4 [12]. 

http://www.electrochemsci.org/
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Zinc oxide (ZnO) is classified as a n-type semiconductor material with a wide band gap energy 

of 3.37 eV [13, 14]. This oxide material has been widely used in photocatalysis and photoelectrocatalysis 

application due to its high chemistry stability in aqueous medium, high electrical conductivity, low cost 

of production, non-toxic, and can be obtained in nano-size domain in different particle shape [6, 13, 14]. 

For example, Lucilha and co-workers [6] synthesized ZnO and Ag-ZnO nano-crystal for heterogeneous 

photocatalysis application. The obtained results showed that Ag-ZnO more than doubled the 

decolorization rate constant with respect to ZnO, attributed to the increase of available surface area, as 

well as the recombination decrease of the photogenerated charge carriers, by removal of electrons by 

silver, generating hydroxyl radical.  

ZnO oxide semiconductor material can be obtained by numerous different techniques, such as 

chemical vapor deposition [15], thermal evaporation [16], hydrothermal processing [17], sol-gel [18] 

metal-organic chemical vapor deposition [19], chemical spray pyrolysis [20], electrodeposition process 

[14, 21], among others. Electrodeposition process is technologically attractive, being fast, simple, low-

cost technique and control over film thickness. Besides, this process can produce nanostructured thin 

film materials, which is a very important parameter for the photoelectrocatalysis application [14].  

In another hand, the cuprous oxide (Cu2O) is known a p-type semiconductor material due the 

intrinsic copper atoms vacancies in the Cu2O lattice [4, 22, 23]. This oxide material presents direct band 

gap energy of 2 eV and theoretical visible light conversion efficiency in electric energy of about 20% 

[24]. In the Cu2O semiconductor, the valence and conduction bands positions are close to the redox 

potential of water. This factor makes the Cu2O a viable candidate for the use as electrode material in 

direct hydrogen production by water photolysis driven visible light irradiation [25, 26]. In order to obtain 

nanostructured Cu2O thin film format,  various physical and chemical techniques have been used, such 

as, thermal oxidation [27], chemical vapor deposition [28], plasma evaporation [29], reactive sputtering 

[30], electrodeposition [4, 11, 23, 23], among others. 

The effect of photogenerated charge carriers separation with high efficiency is the key to the high 

quantum efficiency of the photoanode and photocathodes electrodes, leading to an improved 

photoelectrochemical performance of photoelectrocatalytic system [9]. The combination of photoactive 

semiconductor materials as heterojunctions seems to be an interesting approach, where a well-designed 

interface may lead to photoinduced charge separation and the suppression of electron–hole 

recombination [31]. In this context, n-ZnO and p-Cu2O semiconductor emerge as important materials to 

construction of p-n heterojunction electrode. Previously published papers have dealt with the use of 

Cu2O and ZnO as p-n heterojunctions electrodes in photoelectrocatalysis device. For example, Bial and 

co-workers [32] synthesized a novel three dimensional (3D) ZnO/Cu2O nanowire photocathode material 

by chemical oxidation and hydrothermal growth methods. Compared with the isolated Cu2O NWs, the 

3D ZnO/Cu2O NWs showed a highly efficient photoelectrocatalytic performance, with a larger 

photocurrent (−4.55 mA cm−2) and better stability under continuous illumination. More recently, Lahmar 

and co-workers [33] synthesized p-Cu2O/n-ZnO heterojunction directly on fluorine-doped tin oxide 

(FTO) substrate by two electrodeposition step in aqueous solution. The p-Cu2O/n-ZnO heterojunction 

show long electron lifetime and high electron-hole separation efficiency according to the electrochemical 

impedance spectroscopy (EIS) measurements and photocurrent response. 
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This paper deals with the synthesis, characterization and potential application of n-ZnO/p-Cu2O 

heterojunction material in photoelectrochemical system. To the construction and architecture of device, 

we used the simple, low-cost and efficiently   electrodeposition process. The material in the thin film 

format were electrodeposited on conductor indium-doped tin oxide (ITO) electrode and characterized 

physically by XRD, Raman, SEM and UV-Vis. The photoelectrochemical measurements were carried 

out by cyclic voltammetry (CV) and chronoamperometry techniques in the 0.1 mol L−1 phosphate-

buffered saline (PBS) solution.   

 

 

 

2. EXPERIMENTAL  

2.1. Synthesis of ZnO, Cu2O and n-ZnO/p-Cu2O thin film electrodes 

The ZnO and Cu2O thin films were obtained by electrodeposition process on indium-doped tin 

oxide (ITO) electrode, adapted from widely published procedures [4, 11, 14, 22, 27, 33, 34]. Firstly, ITO 

substrates were washed with sodium hydroxide (NaOH, 1 mol L−1) and hydrogen peroxide (H2O2, 30 

%) solutions. After, the substrates were rinsed several times in acetone and deionized water, and dried 

at room temperature. The ZnO thin film was obtained by electrodeposition process in 5 mmol L−1 of zinc 

nitrate hexahydrate (Synth, 99.4%) and 0.1 mol L−1 of potassium nitrate (Synth, 99.4%). The ITO 

substrate was immersed in this solution and a fixed potential of −1.15 V was applied, at 70 oC for 20 

min. The Cu2O thin film was obtained by electrodeposition process in 1 mmol L−1 of copper sulphate 

hexahydrate (Synth, 99.5%) and 0.1 mol L−1 of citric acid (Synth, 99.5%). The pH this solution was 

adjusted to 11 by dropwise addition of 0.1 mol L−1 of sodium hydroxide. The ITO substrate was 

immersed in this solution and a fixed potential of −0.4 V was applied, at 60 oC for 20 min. Then, the 

obtained film was dried in muffle oven for 1 hour at 100 ° C. The n-ZnO/p-Cu2O heterojunction electrode 

was obtained by electrodeposition of ZnO thin film over ITO substrate, followed by electrodeposition 

of Cu2O over ZnO thin film surface. Both the obtained films, in the isolated and heterojunction forms, 

were dried in muffle oven for 1 hour at 100 oC. 

 

2.2. Physical Characterization 

X-ray diffraction (XRD) measurements were carried out using a PANalytical diffractometer, 

model X’Pert PRO MPD, with the CuKα (1.5418 Å) radiation, coupled to a nickel filter, in order to 

reduce the unfavorable CuKβ radiation. The applied tension was 40 kV and the current was 30 mA. The 

scanning range was from 10° to 80°, with regular step of 0.05° s−1. Scanning electron microscopy (SEM) 

images were obtained in a Quanta 200-FEI microscope with 30 kV of applied voltage. Raman scattering 

data were obtained by Renishaw 3000 spectrometer, with excitation at 523 nm. The scanning system 

works with accumulation of 256 scans and 2 cm−1 spectral resolution. The optical absorption spectra 

were determined with the help of Shimadzu UV-2600 PC equipment within the range 200–800 nm.  
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2.3. Photoelectrochemical measurements 

Conventional electrochemical cell with three electrodes were used for the electrochemical and 

photoelectrochemical experiments, where an Ag/AgCl (3 mol L−1 KCl) is the reference electrode, a 

platinum wire (10 cm in length and 0.5 mm in diameter) is the counter electrode, and the ZnO, Cu2O 

and ZnO/Cu2O thin films, deposited on ITO conductor substrate are the work electrodes (the geometrical 

electrode area in contact with the solution is set to 1 cm2). The light irradiation in the electrochemical 

system is done through a Philips dichroic lamp with a power of 50 W at an applied voltage of 12 V. This 

light source presents wide spectra, with emission from λ ≥ 400 nm. It must be mentioned that 

illumination was done in the front part of the p–n junction electrode. The photoelectrochemical 

characterization procedures are carried out by cyclic voltammetry and chronoamperometry techniques, 

through a potentiostat/galvanostat Autolab 84057, version 4.9, using 0.1 mol L−1 phosphate-buffered 

saline (PBS) solution as electrolyte support. 

For the methylene blue (MB) degradation tests, was used a solution contend 16 μmol L−1 of 

methylene blue and 0.1 mol L−1 of phosphate-buffered saline (PBS) solution as electrolyte support. The 

MB degradation evaluation was carried out by chronoamperometry technique, with controlled potential 

of +0.2 V during different degradation times. After degradation, aliquots were withdrawn at different 

times (0 – 90 min), and put inside quartz cuvette to verify the relative (percentage) amount of MB that 

had vanished. The adopted parameter was the decreasing of the MB optical absorption band, taken at 

approximately 665 nm. These spectra were taken just after the chronoamperometry measurements by 

Ocean Optics USV-4000 spectrophotometer with 5 scans and integration time of 20 Ms. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Physical Characterization 

The X-ray results obtained from ZnO, Cu2O and ZnO/Cu2O films, are shown in Fig. 1. In all 

diffractograms it is possible to observe the diffraction peaks of the ITO substrate. The diffracted peaks 

in Cu2O at about 2θ = 29.6o, 36.5o, 42.3o and 73.6o, associated with the crystallographic planes (110), 

(111), (200) and (311), are due the cubic system with spatial group Pn-3m (224) and lattice parameter a 

= 4.258 A ° , as obtained by comparison with the crystallographic pattern (PCPDFWIN software, version 

2.4, JCODS-ICDD, card 77-0199). The diffracted peaks in ZnO at about 2θ = 31.8o, 34.3o, 36.2o, 47.4o, 

56.5o, 62.8o and 67.8o, associated with the crystallographic planes (100), (002), (101), (102), (110), (103) 

and (112), are due the hexagonal system that belongs to spatial group P63mc (186), with lattice 

parameters a = b = 3.2498 Å, and c = 5.2066 Å (card 36-1451 of the same mentioned software). 
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Figure 1. X-ray diffractogram of ZnO, Cu2O and ZnO/Cu2O thin films electrodeposited on ITO 

substrate. 
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Figure 2. Raman spectra of of ZnO, Cu2O and ZnO/Cu2O thin films electrodeposited on ITO substrate. 

 

The obtained diffraction patterns are in good agreement with previously published reports, with 

samples either in the nanocrystalline thin film form [13, 14, 22, 23, 27, 34], obtained by electrodeposition 
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process. In the diffractograms of ZnO/Cu2O it is possible to observe only the diffracted peaks of 

hexagonal structure of ZnO photoelectrode. In this case, it is possible that the high intensity of diffracted 

peaks of ZnO hexagonal structure make it difficult to visualize of the cuprous oxide peaks. In addition, 

it is possible too that on the ZnO/Cu2O surface has a smaller amount of Cu2O phase, when compared 

whit ZnO phase. 

The Raman spectra of ZnO, Cu2O and ZnO/Cu2O films are shown in Fig. 2. In Cu2O thin film 

structure, the strong peak at 212 cm−1 and the weak peak at 628 cm−1 originated from the Raman-allowed 

mode of the Cu2O crystals. This result is in good agreement with some published reports [35-37]. 

Concerning the Raman spectra of ZnO photoelectrode, the peaks at about 439 cm−1 and 563 cm−1 are 

associated with first-order Raman scattering from the ZnO vibrational modes [38], and the peak at 439 

cm−1 is typical of wurtzite structure. Besides, others two peaks are visualized on ZnO Raman spectra, 

the peaks at about 1059 cm−1 and 1104 cm−1 that are associated with 2LO vibrational mode of ZnO 

crystal [39]. In the Raman spectra of ZnO/Cu2O heterojunction, when Cu2O is the top layer, are 

visualized tow peaks associated with ZnO vibrational modes, 563 cm−1 and 1104 cm−1. In this case, the 

peaks associated with de Cu2O crystal not appears. This results obtained by Raman spectroscopy are in 

good agreement with the XRD results discussed above. In both techniques, it's not possible to check the 

Cu2O phase in the ZnO/Cu2O heterojunction configuration electrode. 

 

 
 

Figure 3. SEM surface images with different magnifications of (a) ZnO, (b) Cu2O and (c) ZnO/Cu2O 

thin films. 

 

SEM topographic images of ZnO, Cu2O and ZnO/Cu2O films electrodeposited on ITO conductor 

substrate can be seen in Fig. 3. In the ZnO photoelectrode (Fig. 3a) the surface image is quite 

homogeneous, being formed of round-shaped particles homogeneously distributed throughout the 

investigated area. In the other hand, the surface image of the Cu2O photoelectrode (Fig. 3b) is not 

homogeneous, with some areas formed by aggregates of particles with spherical shape. Figure 3c 

corresponds to ZnO/Cu2O, when Cu2O is the top layer. The image shown that in the heterojunction thin 

film the surface is similar to the Cu2O surface (Fig. 3b), a non-homogeneous surface with some deep 

regions formed by channels surrounded by aggregate particles, which may leading to a high roughness 

surface, implyng in a higher surface area. This surface behavior may be very interesting for 

electrochemical system which means greater efficiency. 
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Diffuse reflectance UV-Vis spectra for the all samples are shown in Fig. 4a. The fundamental 

absorption edge for the ZnO thin film starts at about 290 nm and then two absorption bands appear, one 

at about 337 nm and other at 383nm, which are typical behavior of thin film material [14]. Besides, from 

600 nm, the transmittance of ZnO thin film is lower than Cu2O and ZnO/Cu2O heterojunction thin film. 

For the Cu2O, the fundamental absorption edge starts at about 450 nm, in the visible region of 

electromagnetic spectrum. Another absorption band at 340 nm in this material can be associated for the 

absorption of ITO substrate. In relation of ZnO/Cu2O heterojunction, two absorptions bands appear, one 

at about 324 nm due the ZnO contribution material and other at 406 nm due the Cu2O contribution. In 

this case, the absorption band of ZnO is shifted to higher wavelength, while the absorption band of Cu2O 

is shifted to lower wavelength, which is a typical behavior of heterojunction thin films electrode material 

[27].  
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Figure 4. (a) UV-Vis optical transmittance spectra of all samples, (b) bandgap energy evaluation. 

 

Considering direct band gap transition for the all samples [14, 27, 40, 41], the value of the band 

gap for this film can be evaluated using the method proposed by Wood and Tauc [42], which is in good 

approximation, by a plot of (αhυ)2 as function of hυ plot, and taking the crossing of the slope of the linear 
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part with the “x” axis. The obtained results, showed in Fig. 4b, yields band gap values of about 3.3 eV, 

2.3 eV and 3.2 eV for the ZnO, Cu2O and ZnO/Cu2O, respectively. These results are in good agreement 

with reported results for these materials in the form of thin films [14, 22, 27, 40, 41] obtained for 

electrodepositon process. 

 

3.2. Photoelectrochemical measurements 
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Figure 5. Photochronoamperogram of thin film electrode in 1.0 mol L−1 Na2SO4 solution under chopped 

visible light irradiation source (dichroic lamp): (a) ZnO, (b) Cu2O and (c) ZnO/Cu2O. Inset: 

details of stability and decay of photocurrent density. Controlled potential at +0.2 V versus 

Ag/AgCl.  

 

The stability of photo-induced current was evaluated by chronoamperometry in 1.0 mol L−1 

Na2SO4 solution with a controlled potential at +0.2 V versus Ag/AgCl (3 mol L−1 KCl), under chopped 

visible light irradiation condition from dichroic lamp. The photochronoamperogram illustrated in Fig. 

5a show the photocurrent decay profile of ZnO electrode, where is observed a decrease of 40% in the 

photo-induced current value during the first 80 seconds. After this time, the current value, that is obtained 

by the difference between the current reached under illumination (light on) and without illumination 

(light off) [8, 9], is equal 0.43 μA. This behavior, photocurrent decay profile, is similar to the ZnO/Cu2O 

thin film electrode, Fig. 5c, where also a decrease of 40% in the photo-induced current is observed, and 

the current value obtained is equal 0.57 μA. On the other hand, the photocurrent decay profile of Cu2O 

electrode, Fig. 5b, a decrease of only 7% in the photo-induced current value is observed during all time 

of chronoamperogram. In this case, the current value obtained is higher than ZnO and ZnO/Cu2O, 

approximately 5.7 μA. Besides, the photo-induced current acquires stability under light irradiation, as 

observed by inset graphic in this figure. In this case, when the light on, the photo-current increase quickly 

and during all time (under light on) remains stable, the same value. This behavior, photo-induced current 

stability, is quite similar to ZnO/Cu2O electrode and very different to the ZnO electrode.  

The performance of these thin films electrodes was investigated by using a 10 mmol L−1 MB 

solution in 1.0 mol L−1 Na2SO4 electrolyte solutions. MB degradation analysis was performed by the 

chronoamperometric technique at +0.2 V versus Ag/AgCl controlled potential. The results are showed 

in Fig. 6. Under visible light irradiation condition, a high degradation percentage of MB by all electrodes 

is observed. These degradation percentages are summarized in table 1.  
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Figure 6. UV-VIS spectra of MB solution degradation in 1.0 mol L−1 Na2SO4 using a ZnO/Cu2O film 

under visible light irradiation and potential applied of +0.2 V versus Ag/AgCl. 
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Figure 7. Decay curves of MB concentration at different degradation times in Na2SO4 solution under 

continuous visible light irradiation and potential applied of +0.2 V vs Ag/AgCl. 

 

In this case, the photo-induced effect on the excitation of the semiconductor film, coupled with 

the external potential applied effect to the working electrode, provides greater system efficiency, due to 

generation of a higher density of charge carriers and decrease of electron-hole pairs recombination effect. 
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In addition, in the ZnO/Cu2O electrode, the effect of p-n heterojunction leads to greater degradation 

percentage of MB molecule.  

 

Table 1. Values of the rate constant (kobs) of methylene blue discoloration (10.0 µmol L−1) under visible 

irradiation. All measurements were carried out at room temperature applying + 0.2 V versus 

Ag/AgCl. 

 

Photoelectrode kobs 

(10−3 min−1) 

Discoloration 

(%) 

ZnO 24.3 43 

Cu2O 28.6 50 

ZnO/Cu2O 50.1 91 

 

Figure 7 shows the kinetics studies of MB degradation reaction. Decay profile of the curves 

suggests that both processes follow first-order kinetics. The rate constant of the reaction (kobs) can be 

easily evaluated, as widely published [7, 8]. The rate constant values obtained are also summarized in 

Table 1. The rate constant values to ZnO, Cu2O and ZnO/Cu2O are 24.3, 28.6, 50.1 × 10−3 min−1, 

respectively. From these results, it is observed that the rate constant of MB degradation by p-n function 

electrodes is higher than single ZnO and Cu2O films. Due to the visible light spectra, used for the sample 

excitation, a comparison with the single ZnO film sample is not adequate, because the ZnO bandgap is 

about 3.3 eV, in the UV range, whereas the Philips dichroic excitation source presents emission from λ 

≥ 400 nm. 

Due the two effect: external potential applied to the system and p-n heterojunction, in the surface 

of thin film materials there may be a large number of electrons/holes photogenerated charge. So, this 

high density of surface charge can oxidize water molecules to •OH type radicals that are fundamental in 

the MB degradation process, due to the attack to the chromophore group of the molecule [7, 8], as already 

mentioned. 

Simple comparisons of our results with previously published results are shown below. For 

example, in the paper of Cui and co-workers [43], using a electrode configuration a little bit different of 

our work, the authors obtained 98 % of MB degradation using ZnO nanorod arrays on Cu2O thin film. 

This result is higher than the result obtained in our paper. In another paper, Hajji and co-workers [44], 

using the electrodeposition procces, as in our paper, obtained ZnO/Cu2O thin film electrode. The authors 

obtained 78 % of MB degradation with this electrode, and this result is little bit lower when compared 

with our result, 91 %.  
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4. CONCLUSION 

The electrodeposition process used in this paper was quite efficient in obtaining ZnO, Cu2O and 

ZnO/Cu2O thin film semiconductor material as demonstrated by the characterization measurements 

carried out by XRD, Raman, SEM and UV-Vis techniques.  

These thin films electrodes materials presented good photoelectrocatalytic response for the 

discoloration of the MB dye. However, the heterojunction photoelectrode presented a remarkable 

response, compared to the films alone, that can be associated whit the effect of external potential applied 

to the system and p-n heterojunction, leads to the better preventing the fast electron–hole recombination-

back process. 

Overall, the results presented here allow concluding that these thin films deposited on ITO 

conductive electrode by fast and ease electrodeposition process stands as an important methodological 

tool with technological potential to be used directly in environmental preservation, specifically in the 

decontamination of surface water and wastewater. 
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