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The thermal oxidations of cuprous oxide were effectively prepared 

via simply annealing on copper foil substrate Cu2O photocathodes. 

They were characterized by Fourier transport infrared spectroscopy 

(FTIR), scanning electron microscopy (SEM). The results during the 

annealing process showed that a heteroepitaxial layer of CuO/Cu2O 

formed, which displayed the nature of a p-type semiconductor. 

Compared to pure Cu2O, the photocurrent density and 
photoelectrochemical (PEC) stability of the p-type heteroepitaxial 

CuO/Cu2O photocathode improved significantly, largely due to 

changes in annealing time and temperature. The best performance 

and stability were achieved by annealing at 475°C, showing a 

considerable enhancement over the as-deposited Cu2O. This indicates 

that the CuO/Cu2O heteroepitaxial layer helps separate electron-hole 

pairs, boosting both the current and stability of the photocathode. 

Although the heteroepitaxial layer is thin, its effect on catalytic 

activity is substantial. It alters the band and electronic structures of 

Cu-Cu2O, which aids in activating O2 and transferring electrons 

during the oxidation process, thereby enhancing catalysis.  
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I. Introduction 

Recently, there has been a lot of interest in semiconductor photocatalysis because it can help produce hydrogen 

and remove pollutants. These are important ways to address both energy and environmental issues [1–7]. 

Compared to the traditional photocatalytic process, using a photoelectrochemical (PEC) cell makes it easier to 

separate products and production of electricity [5]. An ideal PEC system would need a photoanode (n-type 

semiconductor) for oxidation and/or a photocathode (p-type semiconductor) for reduction [6]. Titanium dioxide 

(TiO2), an n-type semiconductor, is widely used for treating pollutants [8,9]. While many studies focus on 
creating efficient n-type semiconductor photoanodes, there are fewer reports about effective photocathodes. Most 

PEC systems use platinum as the cathode for reduction of water, but this raises the cost of the PEC system. 

Therefore, it is interesting to look for new cathode materials that are cheaper and made from more readily 

available resources instead of platinum. For many oxide-based photocathodes, such as CaFe2O4, SrTiO3, 

CuFe2O4, LaFeO3 and ZnFe2O4 [10–14], face challenges like availability, cost, and complex production methods 

limit their use. On the other hand, cuprous oxide (Cu2O) prove that is a promising candidate because it is easy to 

prepare, abundant in nature, non-toxic, naturally p-type, and can absorb visible light with a direct band gap of 2.0 

eV[15,16].  The poor stability of the photo in water-based electrolytes and the quick recombination of charge 
carriers significantly hinder the practical use of Cu2O in photoelectrochemical (PEC) applications.  
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To address these issues with Cu2O, researchers have looked into several effective methods. For example, studies 

have shown that creating heterostructures through layer-by-layer deposition of n-type semiconductors with more 

positive conductive bands, such as ZnO, TiO2, and CdO, can improve photo corrosion resistance and stability 

[17–21]. There are several reports of making P-Cu2O/n-Cu2O and n-Cu2O/pCu2O using a two-step electro-

deposition method, but this approach is complicated and results in unstable samples [22,23]. Additionally, the 

CuO/Cu2O heterojunction synthesized by heating deposited copper on FTO exhibited high dark current, low 

photo current, poor photo stability and was prone to detaching from its substrate [24]. It is known that the 

conduction band minimum (CBM) of Cu2O is slightly higher than that of CuO, while the valence band 

maximum (VBM) of CuO is lower than that of Cu2O [25,26]. The differing band edges within the CuO/Cu2O 

heterojunction may help in separating electrons and holes effectively [27,28]. Among various p-type 
semiconductors, cuprous oxide (Cu2O), which has a direct band gap of 2.0 eV, shows promise as a photocathode 

material [29-32]. In this study, we introduce a simple method for synthesizing Cu2O/CuO on a copper substrate. 

We synthesized the CuO/Cu2O heteroepitaxial structure in two steps by oxidizing a copper film into cuprous 

oxide (Cu2O). With an optimal ratio of CuO to Cu2O, our sample synthesized at 475°C showed the best 

performance according to photoelectrochemical solar cell tests. This process is straightforward, easy to scale up, 

does not require templates, is inexpensive, and environmentally friendly. We thoroughly examined how 
annealing time affects crystallinity, morphology, structure, and photoelectric properties.  

II. Research Method  

We cut copper foil into squares measuring 2cm x 2cm. Subsequent we cleaned the pieces using ultrasonic waves 

with 2 proponal, ethanol and distilled water. After that, we preheated the substrates in a microwave oven at 

250°C for 10 minutes to eliminate any leftover water and unwanted solvents on their surfaces. We then placed 

them in a clean envelope while waiting for the oxidation temperature to be reached. The samples were positioned 

between ceramic crucibles and placed in a high-temperature furnace set to 950℃, where they oxidized for 8 
minutes. Immediately afterward, we quenched them in cold distilled water and dried them by placing them 

between tissue papers and finally letting them to air dry. The samples showed the structure displayed below (see 

Figure 1).  

 

 
 

Figure 1. Block illustration of the engraving process 

 

The thermal oxidized films were heated at various temperatures to heal appeared defects in the samples that 

occurred during the long oxidation process, which was done at temperatures of 460℃, 465℃, 470℃, 475℃, 

480℃, 485℃, 490℃, and 495℃.  
 

The pH of the electrolytic solution was kept constant by diluting NaCl as the PEC analysis electrolyte. The 

preparative parameters such as oxidation time, annealing time, weight of the as prepared sample and temperature 

were optimized by noting short circuit current (Isc) and open circuit voltage (Voc) of the PEC cell formed by the 

films deposited at various preparative parameters to get more photosensitive Cu2O thin films. 

 

The PEC cell was fabricated by using Cu2O thin film as active photoelectrode, Sodium Chloride solution as an 

electrolyte and copper as a counter electrode and was illuminated under the solar irradiance as shown in figure 2. 
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The water compartment was inserted between the counter electrode and the main electrode to allow the direct 

heating of the cell. The films deposited at optimized preparative parameters were annealed at eight different 

temperatures. Annealing temperature was also optimized by PEC technique. 

 

 

 
 

Figure 2. Illustration of the fabricated Cu – CuxO Photoelectrochemical solar cell. 

III. Results and Discussion 

III.1. Surface Morphology 

Figure 2 shows SEM images of the films both as they were deposited and after being annealed at a temperature 

of 400 °C. The images indicate that the surface of the film became quite smooth after annealing, and no cracks 

appeared even though the O/Cu ratio increased significantly due to the annealing process.  

 

                  
Figure 3. SEM photographs for the films of (a) as deposited and (b) annealed at 400°C. 

 

Figure 3 displays the surface and cross-sectional views of both the as-deposited Cu2O and the samples that were 
annealed at different temperatures. The findings indicate that the morphology of the samples changed noticeably 
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after annealing. The as-deposited Cu2O appeared red-brown, featuring a compact pyramid-like structure with a 

thickness of 917 nm. However, after being annealed at 400°C (referred to as as-annealed-400°C), the surface 

transformed from pyramid-like shapes to irregular small particles, although some faint outlines of the original 

pyramids (marked by the highlighted red circle) were still visible.  

 

III.2. Photoelectrochemical Solar Cell Performance 

The PEC performances of both the newly deposited Cu2O sample and the annealed photocathodes samples were 

examined using two-electrode setup under illumination [33]. The analyzed current-potential curves from eight 

different samples that were annealed at various temperatures (460°C, 465°C, 470°C, 475°C, 480°C, 485°C, 

490°C, and 495°C), as well as an unannealed sample. All findings are illustrated in Figure 3, which highlights 
the PEC analysis of the most effective synthesized sample. The results revealed that the CuO/Cu2O photocathode 

synthesized at 470°C produced a significantly higher photocurrent density compared to the Cu2O photocathode 

and the other seven samples (460℃, 465℃, 475℃, 480℃, 485℃, 490℃ and 495℃) heated at different 

temperatures. The slope of the Mott-Schottky plot for those samples was negative, indicating that they acted as 

p-type semiconductors. To test stability of the synthesized sample under illuminated the photocathodes annealed 

at various temperatures were characterized for 10 minutes, with results shown in Figure 3. The photocurrent 

density of the sample heated to 470 °C was five times greater than that of the bare Cu2O photocathode. This 

finding suggests that creating CuO/Cu2O heteroepitaxial structures can enhance light absorption and improve 

charge carrier transport.  

 

Table 1: The values of current-voltage charactreristic curve under illumination 
 

I(mA) 54.0 0.0 50.0 53.4 53.1 45.0 

V(mv) 0.0 96.0 83.0 89.3 93.2 94.5 

 

                 
 

Figure 4. The graph of current – voltage characteristic of Cu-Cu2O photoelectrochemical solar cell. 

 

By observing the maximum values of Isc and Voc of the PEC cell the Optimization of preparative parameters is 

carried out. Figure 4 show the PEC analysis arrangement of the characteristic variation of Isc and Voc with 

deposition time. From the graph it is observed that Isc and Voc rises with increase in deposition time, attains 

maximum values for film deposited at 60 min and extra increase in deposition time both Isc and Voc decrease, this 
shows that the formation of good quality and practically stoichiometric compound at 60 min. 

 

III.3. Fourier infrared spectroscopy (FTIR) 

Figure 4 displays the FTIR analysis of annealed Cu2O at temperatures of 460°C, 465°C, and 470°C. The results 

show that all samples have more than five peaks, except for the one at 465°C, which does not show a complete 

single peak. This suggests that the chemical being analyzed is complex because of the numerous peaks observed. 

Hydrogen bonds appear in a broad absorption band between 3650 and 3250 cm-1 [33]. The presence of hydroxyl 
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compounds is also confirmed by spectra found at frequencies ranging from 1600–1300, 1200–1000, and 800–

600 cm-1. A peak indicating that aromatic structures is present at 3088 cm-1, which falls between 3000 and 3200 

cm-1 [34]. Narrow bond peaks below 3000 cm-1 are attributed to C-C bonds. Additionally, a range of triple bonds 

from 2000 to 2500 cm-1 indicates the presence of C≡C bonds in the material [35,36]. In the double bond region 

(1500–2000 cm-1), there is a prominent sharp peak that points to the existence of a double bond. This suggests 

that there might be a carbonyl double bond from ketones, aldehydes, esters, or carboxylic acids. All these peaks 

are present in both the samples at 460°C and 470°C. [34] Peaks in the single bond region can be seen between 
2500 and 4000 cm-1, with oxygen-related bonding indicated by a sharp bond around 3506 cm-1 that appears only 

in the sample annealed at 460°C.  The peaks that show up only in the sample heated at 470°C were explained 

below. The sharp bond around 3506 cm-1 indicates that oxygen-related bonding is present. There are narrow 

bond peaks below 2920 cm-1, which are linked to the OH bond. A peak near 1629 cm-1 shows the presence of C 

= C bonds in the sample. The peak at 1462 cm-1 signifies an aromatic ring. The band at 3320 cm-1 represents the 

NH2 stretch. The peak at 2950 cm-1 corresponds to symmetric O-H vibration. Another peak at 1621 cm-1 

indicates an O-H bond. The peak at 1439 cm-1 is due to C-H bending vibration, while the peak at 807 cm-1 

represents C-N bonds in the samples. Lastly, a benzene ring is indicated by a peak at 1421 cm-1. [36] 

 

 

 
 

 
Figure 4. The analysis of the annealed Cu2O FTIR at 460°C, 465°C and 470°C. 

 

Figure 5 presents the analysis of the annealed Cu2O FTIR at temperatures of 475°C, 480°C, and 485°C. In graph 

we found those hydrogen bonds in a broad absorption band between 3650 and 3250 cm-1 (Abdurrahman et al., 

2023). In the graphs also confirmed the presence of hydroxyl compounds because of spectra observed at 

frequencies of 1600–1300, 1200–1000, and 800–600 cm-1. The sharp bond around 3506 cm-1 indicates oxygen-

related bonding. Aromatic structures are identified by a peak at 3088 cm-1, which falls between 3000 and 3200 

cm-1 (Abdurrahman et al., 2023). There are narrow bond peaks below 2920 cm-1 due to OH bonds. No distinct 

peak for aldehyde was detected in the range of 2700 to 2800 cm-1. A range of triple bonds from 2000 to 2500 cm-

1 suggests the presence of C≡C bonds in the material (Abdurrahman et al., 2023; Abdurrahman et al., 2023). A 

peak around 1629 cm-1 shows C = C bonds in the sample, while a peak at 1621 cm-1 represents O-H bonds. All 
these peaks are apparent at temperatures of 475°C, 480°C, and also at 485°C. Two similar peaks appear at both 

475°C and 480°C one at 807 cm-1 representing C-N bonds in the samples and another at a peak of 1421 cm-1 

related to the benzene ring. Three similar peaks point out at both 480°C and 485°C. These peaks, which indicate 

aromatic structures can be perceived with a peak at 3088 cm-1, falling between 3000 and 3200 cm-1 

(Abdurrahman et al., 2023).  In the double bond region (1500-2000 cm-1), there is a large, sharp peak that 

suggests a double bond's presence. Additionally, the band at 3327 cm-1 indicates the urethane-N-H stretch. At 

both 475°C and 485°C, two similar peaks appear: the band at 3320 cm-1 indicates the NH2 stretch, while the peak 

at 2950 cm-1 corresponds to symmetric O-H vibration. At 475°C, two unique peaks are found the peak at 1462 

cm-1 represents an aromatic ring, and the peak at 1439 cm-1 is due to C-H bending vibration. At 485°C, two 

distinct peaks also emerge: the peak at 1470 cm-1 signifies melamine-N-H, and the peak at 2325 cm-1 indicates P-

H stretching. 
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Figure 5. The analysis of the annealed Cu2O FTIR at 475°C, 480°C and 485°C. 

 

Figure 6 presents the analysis of the annealed Cu2O FTIR at temperatures of 490°C and 495°C. The presence of 

more than five peaks suggests that the analyzed chemicals consist of complex molecules. Hydrogen bonds are 

detected in a broad absorption band between 3650 and 3250 cm-1 (Abdurrahman et al., 2023). Additionally, 

hydroxyl compounds are confirmed by the spectra seen at frequencies of 1600–1300, 1200–1000, and 800–600 

cm-1. Sharp bonding related to oxygen appears around 3506 cm-1. A range of triple bonds from 2000 to 2500 cm-

1 indicates the existence of C≡C bonds in the material (Abdurrahman et al., 2023; Abdurrahman et al., 2023). In 

the double bond region (1500-2000 cm-1), a projecting peak signifies a double bond's presence, which could be 
due to carbonyl double bonds from ketones, aldehydes, esters, or carboxyl groups. The peak at 1439 cm-1 is 

associated with C-H bending vibrations. All these peaks are found in both samples at 490°C and 495°C. At 

490°C, unique peaks in the single bond region occur between 2500 and 4000 cm-1. Aromatic structures show a 

peak at 3088 cm-1 within the range of 3000 to 3200 cm-1 (Abdurrahman et al., 2023). Narrow bond peaks below 

3000 cm-1 relate to C-C bonds. The band at 3320 cm-1 corresponds to NH2 stretching, while the one at 2325 cm-1 

represents P-H stretching. The distinct peak at 1629 cm-1 observed only at 490°C indicates the presence of C=C 

bonds in that sample.   

 

 

 
 

 

Figure 6. the analysis of the annealed Cu2O FTIR at 490°C and 495°C. 
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IV. Conclusion 

In summary, we have prepared a highly efficient and promising CuO/Cu2O photocathode using a 

straightforward, affordable method. The preparation method comprised thermal oxidation and thermal annealing 

in air. Annealing treatment of the film in air shows an improvement in the polycrystalline nature of the film. The 

highest photo current density and stability were recorded on the CuO/Cu2O heteroepitaxial annealed at 475°C for 

15 min. To prepare good quality deposits, optimization of preparative parameters by PEC technique is suitable. 

As evidenced by characterization results, the improved photo electrochemical performance was attributed to the 

formation of the CuO/Cu2O heteroepitaxial, which made the photogenerated electron-hole pairs effectively 

separated. The annealing process in air improved the film's polycrystalline quality. Both the as-deposited and 
annealed films showed nearly perfect compound formation. The optical and morphological, analysis of as-

deposited as well as annealed films has been carried out. Annealing treatment of the film in air shows an 

enhancement in the polycrystalline nature of the film synthesized optimizing output of the PEC analysis. The as-

deposited and annealed films showed nearly stoichiometric compound formation. By concocting a single 

orientation of CuO thin film poor mobility of an electron inside the oxide layer can be further enhanced. Higher 

grain size offers less barriers for electron mobility. 
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