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Abstract 

A cuprous oxide (Cu2O) thin film was decorated with copper metal (Cu) using a 
simple electrochemical deposition method on a substrate of indium tin oxide at a 
potential of -0.3 V vs. Ag/AgCl and a temperature of 60 °C. This study aimed to 
investigate the role of Cu as a co-catalyst. The structure, phase, and morphology of 
Cu2O/Cu were characterized by X-ray diffraction, scanning electron microscopy, 
and energy-dispersive X-ray spectroscopy, respectively. The electrocatalytic 
performance of Cu2O/Cu was recorded using linear sweep voltammetry and 
electrochemical impedance spectroscopy techniques. The X-ray diffraction and 
scanning electron micrograph show that Cu was successfully deposited covering 
Cu2O. The current density of Cu2O/Cu increased by 2.70 mA/cm2 confirming the 
lower charge current resistance of 2.48 kΩ. The Cu-decorated Cu2O demonstrated 
an improved photocatalytic activity, as shown by increased MB degradation from 
46.33% to 50.87%. It was believed from characterizations that Cu deposition leads 
to more dense carriers and charge transfer, hence higher photocatalytic activity 
towards MB degradation than bare Cu2O thin film. 
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1. Introduction 

Nanotechnology has been a rapidly growing field of 

research in recent decades, with wide potential 

applications across various sectors, including the 

environment. One environmental issue that is currently 

the focus of significant attention is water pollution caused 

by effluents. The textile industry, for instance, generates a 

large volume of wastewater containing synthetic dyes such 

as Methylene Blue, a known toxic and carcinogenic 

pollutant [1]. Methylene Blue (MB) is a heterocyclic 

aromatic chemical compound with a planar structure, 

making it part of complex compounds that are difficult for 

nature to biodegrade. Waste containing organic 

pollutants, particularly MB, is often discharged directly 

into water bodies without adequate treatment, leading to 

serious pollution and negative impacts on ecosystems and 

human health [2-4]. Various methods have been proposed 

to address this problem, including adsorption [5-7], 

filtration [8–10], catalytic oxidation [11,12] and chemical 

precipitation [13]. However, these methods are often 

ineffective due to limitations such as toxicity, production 

of secondary pollutants, and high operating costs [5]. The 

limitations of these methods highlight the need to explore 

other effective approaches that are both highly efficient 

and economically viable.  

Photocatalytic processes involving semiconductor 

catalysts can be the solution to the appropriate method for 

decomposing MB waste that has been present in water 

bodies. The process can significantly increase the reaction 

rate to achieve optimal degradation efficiency. However, 

some factors are still considered in using this method, 

including the band gap energy of the photocatalyst 

http://creativecommons.org/licenses/by/4.0/
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material used, the rate of charge recombination, crystal 

structure, and surface roughness [15,16]. Several 

semiconductor materials have been studied and 

successfully used as the main material in photocatalysts, 

including ZnWO4 [17], TiO2 [18], ZnO [19], ZnS [20], Bi2WO6 

[21], BiVO4 [22], Fe2O3 [23], and Cu2O [24]. Currently, 

semiconductor materials, particularly those based on 

copper(I) oxide (Cu2O), have garnered attention for use as 

the primary material in photocatalysts due to their ability 

to degrade organic pollutants in wastewater through 

photocatalytic reactions [25].  

Cu2O is a p-type semiconductor that is environmentally 

friendly, has unique electrical properties is non-toxic, and 

is abundant in nature [26,27]. However, Cu2O has a narrow 

band gap energy of approximately 1.2 eV to 2.18 eV, which 

results in rapid electron recombination and consequently 

low photocatalytic efficiency [28]. Several approaches 

began to be used to be able to increase the efficiency of 

the photocatalytic activity of Cu2O such as the addition of 

doping [29], metal modification [30], semiconductor 

composite [31], structural control [32], and 

heterostructure [33] as well as by combining metal oxide 

co-catalysts [34]. It is known that the Cu2O/noble metal 

structure is one of the promising candidates to lift 

photocatalyst efficiency because it can suppress the 

occurrence of charge recombination [35]. In addition, it 

has also been proven that efficiency can be improved by 

utilizing the synergistic effect of surface plasma resonance 

[36–38].  

However, non-noble metal co-catalysts, such as Cu-

based photocatalysts, are favoured due to the high cost 

and limited availability of precious metals. Non-noble 

metal co-catalysts, such as Cu, are highly active, stable, 

and inexpensive, and can also facilitate the transfer of 

excited electrons to the Cu (or Cu2O) surface without the 

Schottky barrier [39]. This rationale underpins the 

incorporation of Cu co-catalysts to boost the catalytic 

activity of Cu2O. Several methods have been widely used in 

the synthesis of Cu2O, including hydrothermal [40], 

chemical vapour deposition [41], and electrodeposition 

methods [42]. The electrodeposition method has attracted 

much attention due to its advantages, such as cost-

effectiveness, energy efficiency, ease of synthesis, and 

environmental compatibility [43].  

In this paper, to overcome the disadvantages of Cu2O, 

a Cu2O/Cu thin film was synthesised using the 

electrodeposition method for MB photodegradation, to 

explore the role of Cu as a non-noble co-catalyst. MB 

synthetic dyes were selected due to their exceptional 

stability, which makes them difficult to degrade naturally 

[44]. By introducing Cu into the Cu2O thin film, the MB 

degradation efficiency was increased, which is consistent 

with its photoelectrochemical properties. Therefore, this 

report may contribute to the development of new types of 

photocatalysts for wastewater treatment applications. 

2. Materials and Method 

2.1 Materials 

Materials such as copper(II) sulphate pentahydrate 

(CuSO₄·5H₂O), sodium sulphate (Na2SO4), lactic acid 

(C3H6O3), sodium hydroxide (NaOH) and indium tin oxide 

(ITO), as the substrate, were used in this experiment. All 

solutions were prepared with distilled water. 

2.2 Synthesis of Cu2O and Cu2O/Cu 

The electrochemical deposition procedure was 

performed using a potentiostatic technique in a three-

electrode cell with ITO as the working electrode, Ag/AgCl 

(with 3 M KCl) as the reference electrode, and platinum 

(Pt) foil as the counter electrode. Before electrochemical 

deposition, the 3 × 2 cm² ITO substrate was thoroughly 

cleaned. The cleaning process involved sequential rinsing 

with distilled water, ethanol, and distilled water. This 

sequence was performed twice to ensure optimal 

cleanliness. Each liquid was carefully dispensed onto the 

substrate using a squeeze bottle to prevent contamination.  

The electrochemical deposition procedure was 

performed using a potentiostatic technique in a three-

electrode cell with ITO as the working electrode, Ag/AgCl 

(with 3 M KCl) as the reference electrode, and platinum 

(Pt) foil as the counter electrode. Before electrochemical 

deposition, the 3 × 2 cm² ITO substrate was thoroughly 

cleaned. The cleaning process involved sequential rinsing 

with distilled water, ethanol, and distilled water. This 

sequence was performed twice to ensure optimal 

cleanliness. Each liquid was carefully dispensed onto the 

substrate using a squeeze bottle to prevent contamination.  

Cu2O was carried out for 1 h with a potential of –0.3 V 

and a temperature of 60 °C controlled by Corrtest CS310 

workstation using 25 mL of 0.025 M CuSO4. The solution 

was prepared by stirring 0.156 g of CuSO₄·5H₂O and 6.3 mL 

of lactic acid in a 100 mL beaker glass with a magnetic bar. 

The magnetic stirrer (DLAB MS-H280-Pro) was turned on at 

390 rpm for 20 minutes to obtain a homogenous solution. 

Afterwards, the pH of the electrolyte solution was adjusted 

with 10 M NaOH to a pH value of 10.00. 

2.3 Characterization 

A Thermo Fisher Scientific Quattro S scanning electron 

microscope (SEM) was used to investigate and analyze the 

surface morphology of Cu2O/Cu thin film, coupled to an 
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EDAX Ametek energy dispersive X-ray analyzer (EDX) to 

examine the composition of Cu2O/Cu deposited on ITO. 

Additionally, the crystal structure of Cu2O/Cu 

nanoparticles was characterized using a PANalytical AERIS 

X-ray diffractometer (XRD). 

2.4 Photoelectrochemical test 

The photoelectrochemical properties of Cu2O/Cu were 

evaluated by electrochemical impedance spectroscopy 

(EIS) and linear sweep voltammetry (LSV) techniques using 

a calibrated AM 1.5 G radiation solar simulator from a 

halogen lamp at an intensity of 100 mW/cm2 (1 Sun). The 

tests were carried out in 0.5 M Na2SO4 solution controlled 

by Corrtest CS310 workstation with a conventional three-

electrode system, in which the sample@ITO as the working 

electrode, Ag/AgCl (with 3 M KCl) as the reference 

electrode, and platinum foil as the counter electrode. The 

EIS tests were performed at the frequency region from 0.1 

Hz to 100 kHz. The photocurrent responses were recorded 

by scanning the potential from 0.1 V to 0.5 V vs. Ag/AgCl at 

room temperature, and a scan rate of 50 mV/s [45]. 

2.5 Photodegradation test  

The photocatalytic activity was studied by irradiating 

visible light to 5 ppm of MB solution by adding Cu2O or 

Cu2O/Cu thin film. Measurement data were collected at 5 

minute intervals up to 30 minutes, then at 10 minute 

intervals up to 120 minutes. The concentrations were 

monitored using UV-Vis spectrophotometry (GB Cintra 

2020) to observe the shifts resulting from the 

photodegradation of the MB solution [46]. The 

degradation efficiency was calculated using Equation 1. 

            Degradation efficiency =
𝐶0−𝐶

𝐶0
× 100%                 (1) 

Where C0 represents the initial concentration and C 

denotes the concentration measured at specified 

irradiation times.  

3. Results and Discussion 

3.1 Structure, phase, and morphology 

Figure 1 displays the XRD patterns of Cu2O and Cu-

decorated Cu2O. The Cu2O sample exhibits peaks 

attributed to Cu2O, with diffraction peaks at 2θ values of 

36.24°, 42.00°, 61.27°, and 73.42°, corresponding to the 

(111), (200), (220), and (311) planes of Cu2O, respectively 

[45]. The intensity of these peaks suggests that Cu2O has a 

cubic structure, with the (111) plane being far more 

dominant than the other crystal planes, similar to the XRD 

pattern reported by Tezcan et al. [47]. For the Cu2O/Cu 

sample, both Cu and Cu₂O are detected, with a peak at 2θ 

of 43.11° corresponding to the (111) plane of cubic Cu 

[48,49]. After deposition, no observable shifts in the Cu2O 

diffraction peaks, indicating that Cu atoms load onto the 

surface of Cu₂O rather than interstitially distorting the 

Cu₂O lattice [49,50].  

Figure 1. XRD diffractograms of Cu2O and Cu2O/Cu. 

 

Understanding the formation of Cu2O and the coating 

process of metallic Cu is essential for distinguishing 

between Cu nanoparticles embedded within Cu2O (Cu+) 

and the Cu metal (Cu) deposited on the Cu2O thin film. This 

knowledge is critical for identifying the unique properties 

and interactions of these nanoparticles within the 

material. Ait Hssi et. al.  [51] reported a LSV study of Cu2O 

on FTO substrates deposited from 0.2M CuSO4 and 3 M 

lactic acid with a pH of 9 at 60 °C. It is known that two 

reduction reactions undergo for Cu2+ ions, first Cu2+ into 

Cu+ (Eqn. 2), formed Cu+ ions then react with the OH- ions 

in the solution to form the Cu2O (Eqn. 3). Secondly, Cu0 

nanoparticles are formed from the reduction of Cu+ ions, 

which do not get to bond with OH- (Eqn. 4) [52,53]. 

Cu2+
(aq) + e−               ↔ Cu+

(aq)       (2) 

2Cu+
(aq) + 2OH−

(aq) ↔ Cu2O(s) + H2O(l)      (3) 

Cu2+
(aq) + 2e−             ↔ Cuo

(s)       (4) 

 

The surface morphology of Cu₂O and Cu₂O/Cu is shown 

in the SEM micrographs in Fig. 2. It is evident Cu deposition 

alters the surface morphology of the Cu₂O thin film. The 

formed thin films consist of an aggregation of smaller 

nanoparticles distributed uniformly. Depositing Cu from a 

0.025 M CuSO₄ solution at –0.3 V onto Cu₂O made the grain 

boundaries of the aggregated Cu₂O nanoparticles more 

noticeable. The thin films have average grain sizes of 378 

nm and 309 nm, as determined by manual particle size 

analysis using ImageJ software, for Cu₂O and Cu₂O/Cu thin 

films, respectively. The difference in average grain sizes 

could be due to the presence of Cu, which is relatively 

smaller, covering the surface of Cu₂O [50].  
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Figure 2. SEM micrograph of the Cu2O and Cu2O/Cu. 

 

XRD analysis confirmed that no Cu peak was observed 

in the Cu₂O thin film, suggesting that the higher Cu content 

in Cu₂O/Cu can be attributed to adding Cu to the overall Cu 

atomic ratio. The coating process of Cu onto the Cu₂O thin 

film is believed to follow the reaction shown in Eqn. 4, as 

there are no OH⁻ ions available to bond within the 0.025 M 

CuSO₄ solution, which is acidic with a pH value of around 5 

[39]. This result aligns with Cheng et. al.  (2016) report on 

Cu-Cu₂O nanocomposites, where the size of Cu₂O 

microspheres decreases while the size of Cu nanoparticles 

increases as the reaction progresses [41]. The atomic ratio 

of Cu in the thin films, as measured by EDX, is 31.7% and 

44.0% for Cu₂O and Cu₂O/Cu, respectively. The EDX results 

indicate that Cu content increases with the addition of Cu 

onto the surface of Cu₂O, thereby confirming the 

deposition of Cu in Cu₂O/Cu. The SEM-EDX results are 

consistent with the observations from the XRD analysis 

that Cu-decorated Cu2O thin film was successfully 

obtained. 

3.2 Electrochemical impedance analysis 

The Nyquist diagram (Z imaginary versus Z real) from 

Cu₂O and Cu₂O/Cu under irradiation, shown in Fig. 3, are 

the results of EIS measurements. These plots show straight 

lines in the low-frequency range and semicircles in the 

high-frequency range, indicating the mass and transfer 

resistivity of the electrolyte and the presence of total 

charge transfer resistance (Rct), respectively [14]. It was 

observed from Fig. 3 and Table 1 that the diameter of the 

semicircle of Cu2O/Cu is shorter with an Rct of 10.80 Ω than 

that of Cu2O, which has an Rct of 21.46 Ω. The lower Rct 

value for Cu2O/Cu indicates an easier charge transfer 

resulting in a more charge-abundant interface confirmed 

by the elevated Rs value from 29.78 Ω to 34.23 Ω [45]. This 

result also implies that Cu2O/Cu is more conductive, it 

opens the possibility of a narrower bandgap. Similar 

observations have been noted where Cu deposition on 

certain materials did not significantly alter the bandgap 

[40]. This suggests that the Cu co-catalyst may be 

predominantly confined to the surface of the substrate, 

enhancing surface charge density without impacting the 

intrinsic bandgap of the material. 

 

Figure 3. Nyquist plots were measured with irradiation for Cu2O  

and Cu2O/Cu. 

Table 1. Solution resistance (Rs) and charge transfer resistance 

(Rct) value from EIS measurement. 

Sample Rs (Ω) Rct (Ω) 

Cu2O 29.781 10369 

Cu2O/Cu 34.234 2488 

3.3 Photoelectrochemical analysis 

The photoelectrochemical (PEC) test was conducted to 

assess the impact of Cu decoration. This PEC measurement 

aimed to record the photocurrent densities of Cu2O and 

Cu2O/Cu. Figure 4 shows LSV curves that illustrate the 

relationship between voltage and photocurrent density for 

the photocatalyst materials, both with and without 

irradiation. According to the results presented in Fig.  4, the 

photocurrent density of bare Cu2O reaches 1.73 mA/cm² at 

a potential of 0.30 V vs. Ag/AgCl. After the deposition of 

the Cu co-catalyst, this photocurrent density increases to 

2.70 mA/cm² at a potential of 0.40 V vs. Ag/AgCl. Thus, it 

can be concluded that Cu2O with Cu has a higher 

photocurrent density than Cu2O alone. This enhancement 

occurs because Cu, as a co-catalyst, effectively reduces the 

recombination of electron-hole pairs caused by the narrow 

band gap energy of Cu2O. Additionally, Cu improves the 

trapping of photoexcited electrons, further boosting the 

photocatalytic performance [46].   

The PEC flat response recorded without irradiation 

implies that the photocurrent enhancement gain 

generated by Cu2O and Cu2O/Cu was from the formation 
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of photoexcited electron (e–) and hole (h+) pairs driven by 

the adsorbed photons under visible light illumination 

[48,54]. This result is consistently in line with and confirms 

the EIS results. Decorating Cu on Cu2O led to an increase in 

electron-hole density on the surface, which is the spot 

where the photocatalytic activities will occur [48]. Thus, it 

is proven that the deposition of Cu co-catalyst on Cu2O 

shows a good synergistic effect and better influences MB 

degradation than bare Cu2O.  

 

Figure 4. Photocurrent responses without and with irradiation for 

Cu2O and Cu2O/Cu. 

3.4 Photocatalytic degradation of methylene blue 

The reduced concentration (conc.) of MB after 2 h of 

irradiation in the presence of Cu-decorated Cu2O when 

subjected to visible light. Based on the UV-Vis spectra 

shown in Fig. 5. indicating the degradation of MB, the 

intensity of absorbance peaks decreases meaning a more 

reduced concentration of MB. It was observed that MB has 

an absorption peak at 664.24 nm whose intensity reduces 

over irradiation time [41]. Figure 6. presents the 

degradation efficiency of the MB solution, showing that Cu 

holds a role in improving the photocatalytic activity of Cu2O 

from 43.66% to 50.87%. The high percentage value of 

degradation efficiency achieved in the photocatalytic 

activity of Cu2O/Cu thin films is due to the much larger 

surface area possessed by the Cu-added thin films, which 

is also related to the low average grain size produced based 

on SEM analysis results. Thus, the smaller the particle size, 

the greater of surface area owned by the thin film [49]. 

Besides that, of course, surface area has a major role in 

photocatalysts, so that with increasing surface area, the 

activity of photocatalysts in MB degradation will also 

increase. This is because the contact area between the 

photocatalyst and the target material will be much larger,  

which then has an impact on the high level of UV 

absorption and the percentage value degradation 

efficiency which is also high [50]. 

 

Figure 5. UV-Vis absorbance spectra of (a) Cu2O and (b) Cu2O/Cu. 

 

Photocatalysts when exposed to irradiation will absorb 

photon energy, which generates a photoexcited electron 

(e−) in the conduction band (CB) and a hole (h+) in the 

valence band (VB). The photoexcited electrons in Cu2O can 

be more efficiently transferred to the dispersed Cu on the 

surface because of the low work function and good 

conductive ability that was validated by EIS analysis 

[41,51]. This results in low charge carriers recombination 

since the introduction of Cu will further raise the VB of 

Cu2O [41]. The photogenerated electrons and holes 

facilitate photocatalytic reactions to form oxidative 

radicals. These oxidative radicals react with the MB 

compounds, thereby exhibiting strong redox capabilities 

and increasing the photodegradation efficiency of MB. 

The raised VB of Cu2O makes it higher than the 

oxidation potential of water (H2O), preventing the holes 

from reacting with OH- to form hydroxyl radicals (•OH), 

essential for breaking down MB. Additionally, the dissolved 

oxygen in water is insufficient to effectively produce 

superoxide radicals (•O2−), which are also crucial for the 
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degradation process. Consequently, due to the lack of 

generation of these reactive oxidative species, the 

Cu2O/Cu photocatalyst may need further development for 

more extra photocatalytic activity [40,41].  

 

Figure 6. Photodegradation of MB using Cu2O or Cu2O/Cu. 

 

A plausible explanation for the stability of the 

photocatalytic properties is that both Cu metal and Cu₂O 

exhibit activity under visible light [55]. Photocatalytic 

reactions occur under required circumstances, like 

appropriate energy band potential (including the demands 

of band gap and energy band potential) and abundant 

active sites on the photocatalyst’s surface [49]. Therefore, 

the Cu metal nanoparticles on Cu2O thin film play a role in 

photocatalytic properties in the following ways: (1) EIS 

results show the relatively low resistance of Cu2O/Cu is 

convenient for the photoexcited electron transfer; (2) PEC 

analysis indicates that the Cu metal nanoparticles are 

electron storage centers, which facilitate charge 

separation in the photocatalyst; (3)  the higher Cu2O/Cu 

degradation efficiency shows the contribution to 

photocatalytic property under visible light.  
 

  
Figure 7. Color change of MB solution photodegradation (a) using 
Cu2O; (b) with Cu2O/Cu photocatalysts. 

 

 

4. Conclusion 

The Cu-decorated Cu2O photocatalyst was successfully 

synthesized via electrodeposition on an ITO substrate for 

MB photodegradation. The degradation experiments 

revealed that the presence of Cu as a co-catalyst on Cu₂O 

improved the photodegradation efficiency from 46.33% to 

50.87% under visible light irradiation. Additionally, by 

examining the photocatalytic activity under a specific 

wavelength of incident light (664.24 nm), it was confirmed 

that Cu significantly enhances the performance of the 

photocatalyst. The Cu co-catalyst likely acts as a receptor 

for photoexcited electrons, enhancing charge separation 

and preventing electron-hole pair recombination. This 

increased separation boosts the number of electrons 

available to initiate reduction and oxidation reactions 

involving the adsorbed species on the surface, as 

supported by the photocurrent responses and EIS Nyquist 

plots. 
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