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Abstract: The purpose of this work is to determine the mechanism for the formation of copper(II) 

oxide in a neutral medium under conditions of polarization of the copper electrode with alternating 

current to obtain a copper oxide powder of the desired dispersion. The anodic behavior of copper 

was investigated in potassium sulfate solutions. As a result of the research, the mechanism of electro-

oxidation-reduction of copper was established and it was shown that the potential scan rate and the 

electrolyte temperature had an effective impact on the ionization process of copper. The results of 

potentiodynamic studies were used to obtain copper(II) oxide by alternating current electrolysis. 

Electrolysis was performed using titanium wire and plate copper electrodes. The resulting copper 

oxide was investigated by X-ray phase analysis. As a result of the research, a mathematical model of 

copper(II) oxide current efficiency was obtained. This result is compared with the electron density of 

copper oxide calculated on the basis of the solution of the Schrödinger equation, which was 

considered in our earlier published papers. The use of copper oxide as a photocell is associated with 

its chemical properties. The efficiency of a copper oxide-based photocell is directly dependent on the 

quality of the maintenance of the structural units, including impurities. By the method described in 

this work, copper oxide was obtained with 62% copper and 32% oxygen. The resulting copper oxide 

allows it to be used as a photocell with a higher efficiency. This paper describes a method of 

producing copper oxide in its pure form, suitable for widespread use in industry, which would 

increase the production of photovoltaic cells based on copper oxide to the required volumes. The 

ratio of the structural units of a thin copper oxide film obtained in the microelement analysis and the 

calculated electronic density in the reciprocal space are 0.5. 
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1. Introduction  

Consider the synthesis of inorganic substances by chemical method. Let’s start with the 

synthesis of copper sulfide and cadmium. Copper and cadmium sulfide was synthesized by passing 

H2S gas to copper and sulfide salts. This method is cheaper at this stage. The method differs in 

productivity and purity of an exit. The obtained substances were further used as elements of the 

“fusion” of the substance with the organic polymer. 

In this paper, the conditions for the formation of copper(II) oxide during electrolysis by 

alternating current of industrial frequency are studied. The electrolysis was carried out in a neutral 

medium in a solution of sodium sulfate using titanium wire and lamellar copper electrodes. We used 

the titanium electrode based on the ability of titanium to form valve oxide films. The experiment was 

performed using potassium sulfate as the electrolyte. There are a large number of methods for 

producing metal oxides based on gas-phase, plasma-chemical, thermal and other processes [1–3]. 

Detonation synthesis and electric explosion are developing. The most well-studied are methods 

based on the precipitation from solutions of salts and subsequent hydrolysis, which make it possible 

to obtain hydrated metal oxides in the form of gels, which have a high dispersion and developed 

porous structure. Recently, new promising directions for the synthesis of metal oxide powders have 

been developed, one of which is the electrochemical method. The main advantage of this method is 

the possibility of obtaining very pure oxides, and the regulation of the electrical parameters of the 

electrolysis process allows the formation of powders with a given dispersion, which further enhances 

its practical value. 

In the present work, the conditions for the formation of copper(II) oxide during electrolysis by 

alternating current of industrial frequency were studied [4,5]. The electrolysis was carried out in a 

neutral medium in a solution of sodium sulfate using titanium wire and lamellar copper electrodes.  

At low temperatures, copper dissolves to form copper hydroxide, and at higher temperatures to 

form metal oxides. The values of the apparent activation energy are calculated, which testifies to the 

process at a low temperature in the kinetic, at a higher—in the diffusion modes. 

The trace element composition of the copper(II) oxide sample was investigated by X-ray 

fluorescence analysis on an X-ray fluorescence spectrometer with processing the data obtained using 

the program attached to the spectrometer, which forms the images of the spectrum (dependence of 

intensity on energy) and the table of the sample composition. 

This technique for obtaining copper oxide was used for the first time with selected characteristic 

parameters of a spin coating apparatus (spin coating) MikasaSpinCoater 1H-D7 and electrolyte 

composition to obtain a uniform film of a given thickness covering the entire substrate. 
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2. Materials and method 

In the work presented here, silicon substrates and glass with a layer of indium tin oxide (OIO) 

deposited on it were used as substrates. The glass is cut into rectangular pieces with a characteristic 

size of 2 cm, after which the etching is carried out in order to subsequently obtain the desired 

geometry of the device. The etching procedure includes coating the indium tin oxide site with a 

protective paraffin tape and the chemical etching process itself, which consists in bringing the 

substrate into contact with a rapidly reacting mixture of zinc powder and hydrochloric acid diluted in 

half. The atomic hydrogen released during the reaction will react with indium and tin oxides, which 

will lead to the removal of unprotected portions of indium tin oxide from the substrate. The most 

important step in the preparation of substrates is cleaning. 

Cleaning consists of sequential washing of the substrates in an ultrasonic bath for several 

minutes in a detergent mixture and purified water (several times in water). Acetone and isopropanol 

are used as a mixture. As purified water, it is consistently used first distilled and then distilled, but 

also passed through two Elgacan deionizing filters. Each cleaning process lasts about 10 minutes, 

and after washing the substrate is dried. 

Thin layers of different materials (50–100 nm) are applied using a spin coating apparatus (spin 

coating) MikasaSpinCoater 1H-D7 (Figure 1b). The method consists in the accumulation of a 

solution of a substance on a rotating substrate (or on a fixed substrate with its subsequent  

unwinding) [6,7]. By changing the concentration of the solution, the solvent, the rotational speed and 

the method of accumulation, it is possible to achieve a uniform film of a given thickness covering the 

entire substrate (Figure 1a). When applying several layers one after the other, it must be borne in 

mind that if the previous layer dissolves in the solvent applied, the first may be washed off. Of great 

importance is the wettability of the surface on which the film is applied, the solvent from which it is 

made. The higher the wettability, the easier it is to obtain a film covering the entire substrate. 

We used this method of obtaining copper oxide with some changes: we selected the 

characteristic parameters for a spin coating apparatus (spin coating) MikasaSpinCoater 1H-D7, as 

well as the composition of the electrolyte, so that the output of the film of a given thickness was the 

same throughout its area should have been the whole substrate. 

 
 (a) (b) 

Figure 1. (a) The method of application and (b) the device for applying films to the 

substrate. 
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The rotation speed and rotation time is selected depending on the properties and characteristics 

of the applied material (ω = 1000–5000 rpm; t = 1–3 min) and also on the thickness of the film layer 

desired by the researcher (30–100 nm). That is, the higher the rotation speed and the rotation time, 

the thinner the film is. After obtaining a thin film layer, the substrate is removed from the apparatus, 

and a thermal annealing process (100–200 °С, depending on the material properties) is carried out 

for 15–60 minutes, to remove residual solvent [8]. 

It is necessary to separately mention the preparation of polymer solutions. Polymer solutions 

were prepared by applying sound to an ultrasonic bath of mixtures of polymers and solvents for  

10–20 minutes to several hours (depending on the polymer). Epoxy silane is also added to polymer 

solutions in ethanol to improve film-forming properties. 

After cleaning and obtaining inorganic compounds, the next stage is sputtering onto the plates. 

Two methods are used in sputtering: vacuum spraying through decomposition using argon gas and 

the method of vacuum deposition using thermal decomposition. This series of experiments is 

applicable to obtain thin and uniform surfaces [9]. To do this, set the difference between temperature 

and pressure [10]. 

Cathode electrodes are deposited by thermal spraying of the metal in a vacuum. As a rule, 

aluminum was chosen as the material of the electrodes. Spray is carried out in a vacuum unit. The 

process lasts 2 hours, P = 2 × 10
−5

 Pa, Т = 800–1000 °С. When spraying, a mask is used in order to 

achieve a given device geometry. The thickness of the sprayed layer is, as a rule, not less than  

100 nm. Contacts from thin metal wire are attached to the electrodes with the help of silver paste. 

The aluminum layer serves as a kind of energy mirror for charge carriers. Electrons and holes in 

semiconductors tend to recombine, i.e., move from free to bound state. Recombination takes place, 

for example, if two charges with different signs meet at one point. One of the extreme cases is 

surface recombination [11,12], since any surface is a set of dangling bonds of the crystal lattice—

“traps” for free charge carriers [6,7]. It is in order to reduce the effect of this type of recombination 

in solar cells with the help of aluminum metallization that the so-called BSF (back side field) is 

formed—the back field, “mirroring” charge carriers that have not yet had time to contribute to the 

generation current [13]. 

Thin-film technology has great potential to reduce the cost of solar modules [14]. Thin-film 

technology has a number of specific applications that are impossible or difficult when using 

crystalline semiconductors (flexible modules, translucent modules, etc.) [15,16]. One of the 

advantages of thin-film technology is to obtain layers at low temperature [17,18]. This makes it 

possible to create semiconductor structures on flexible substrates [19,20]. Solar cells on a flexible 

basis are lightweight, mounted on any surface and can be used to make bags, covers, fit into clothes, 

etc. Finally, a significant advantage of thin-film technology is the ability to create instrument 

structures on very large areas [21]. 

An ultraviolet radiation apparatus, an ultrasonic radiation apparatus, a tile, an atomic-force 

microscope (AFM, Seiko Instruments SPA-300/SPI-3800), a spectroscopic ellipsometer (SE), a 

stylus profilometer (SP, AlphastepIQ) are used. Also, a sunlight stimulator (BunkoukeikiCEP-25BX) 

is used to remove current–voltage curves (J–V) in the dark and under illumination (parameters: AM 

1.5 G, 100 mA/cm
2
). 

During the experiments, silicon plates, ITO-plates, isopropanol, methanol, hydrofluoric acid, 
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distilled water, anthracene, styrene, poly(pyroll sulfate), Cu2O (copper oxide II), aluminum wires, 

copper wires, silver paste [22,23]. 

The following physico-chemical research methods used for measurements were also used: 

NMR spectroscopy (sample preparation, solvents, standards, instrument characteristics), EPR, IR and 

electron spectroscopy, cyclic voltammetry, X-ray phase analysis, microelement microscopy [24–27]. 

It is possible to obtain electricity from solar energy by the method of thermodynamic 

transformation almost the same way as from other energy sources, however, solar radiation incident 

on the earth has a number of characteristic features [1,28]: 

1. low energy flux density; 

2. daily and seasonal cyclicity; 

3. weather dependence. 

Therefore, in the thermodynamic conversion of this energy into electrical energy, one should 

strive to ensure that the use of thermal regimes does not introduce serious limitations to the operation 

of the system and does not arise difficulties associated with its use, i.e., such a system should have 

storage devices to eliminate random fluctuations in operating conditions or provide the necessary 

changes in energy production over time. 

A number of experiments have been carried out on the listed tasks. The first work is on the 

synthesis of copper(I) oxide, where the method of electrolysis of metals is used [2,4,5,29]. For 

electrolysis, NaCl solutions of different concentrations are used, which are cheap and affordable. 

Copper plates serve as an anode and cathode (Figure 2a). Obtaining samples of copper oxide through 

electrolysis (Figure 2b) has greater productivity and gives a net output for analysis [30]. 

  

(a) (b) 

Figure 2. (a) The anode and cathode of electrolysis and (b) the resulting copper oxide 

powder. 

This method is new and promising in obtaining copper(I) oxide. Cu2O can be obtained both in 

crystalline form and in amorphous, in the form of powder. By this method several samples of oxide 

were obtained. The purity results are checked on an X-ray phase analyzer [3]. 

The next stage is the synthesis of ferrate and cuprate. A cell is used as in the first paper. Iron 

and copper were used instead of copper. The result of cuprate or ferrate production through 

electrolysis is the following: average productivity; the output is pure for analysis. 
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3. Results 

We investigated the trace element composition of a copper(II) oxide sample by us using X-ray 

fluorescence analysis on an X-ray fluorescence spectrometer. The data obtained are processed by the 

program that comes with the spectrometer. This program formed the image of the spectrum 

(dependence of intensity on energy), as well as a table of the composition of the sample under study. 

The microelement analysis of the copper oxide powders obtained is shown in Figure 3. Table 1 

below lists the data on the composition of the obtained powders in the synthesis of copper oxide. 

 

Figure 3. The trace element analysis of copper oxide powders. 

Table 1. The composition of the obtained powders. 

Copper Iron Titanium Oxygen Impurities 

62% 0.5% 0.2% 32% 5.3% 

Our experiments were based on the results of our calculations of the electron density for Cu2O. 

For Cu2O, the three-dimensional filled cell with respect to the electron density lies higher than the 

empty one [31,32], and so all the nanoparticles of the metal and semiconductor-cuprite with n = 16 

indicate in favor of the empty cell of the structure (Figure 4), but the energy difference between 

empty and filled cells decreases. 

For (Cu2O)n n = 16 and 23, the empty cells deform more and develop a more significant sp
3
 

bond. That is why cell filling is more appropriate in these cases, as shown in Figure 4 (see also [31]). 

At 23, a significant decrease in electron density ρ is observed, and this shows that the tendency of the 

structure of the filled cell becomes much stronger than in the case of n = 16. (Cu2O)16 shows a 

remarkable transition to the three-dimensional structure of a filled cell with the highest electronic 
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density ρ of (Cu2O)23 and a large discontinuity in the exchange bonds of lengths 1.87, 1.90, and  

1.92 Å compared to n = 16. The results of this work correspond to our results in earlier  

labors [31–34]. 

 

Figure 4. The electron density in the (Cu2O)23 interspheral space cell. 

4. Discussion 

The trace element analysis of the obtained copper oxide thin film shows 62% of copper and 

32% of oxygen in quantitative equivalent of its composition. The remaining substances make up only 

6%. When we simulate the structure and electron density of the copper oxide of the group of nearby 

neighbors of 10, 16, 23 positive Cu ions and negative O in the inter-sphere space, there are one 

electron per two spacings, which corresponds to the percentage ratios of the experimental results for 

thin films (Cu2O)n. 

The simulated and calculated electron density in reverse space shows the following pattern. The 

graphic image (Figure 4) illustrates solutions with a domain of definition on the plane of variation of 

the projections of the wave vectors kx and ky and the electron density values ρ. In this example, an 

elementary cell of the inter-core space is considered, therefore kx and ky vary in the range  

[–0.4687,0.4687]. The maximum of the electron density ρ is in the centers of the kx and ky ranges. 

The minimum values are located at the edges of these ranges [33,34]. 

5. Conclusions 

Obtaining samples of copper oxide through electrolysis has great performance and a pure for 

analysis of the output material. Cu2O can be obtained both in crystalline form and in amorphous, in 

the form of powder. By our method of chemical electrolysis with selected experimental 

characteristics and certain compositions of substances, several samples of copper oxide were 

obtained. The results of the purity of the obtained copper oxide samples were checked on an X-ray 
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phase analyzer. The tabulated data obtained after processing by the program show that the ratios of 

the structural units of the thin copper oxide film obtained in the microelement analysis and the 

calculated electron density in the reverse space are both approximately equal to 0.5. Obtaining 

samples of copper oxide through electrolysis has great performance and a pure for analysis of the 

output material. Cu2O can be obtained both in crystalline form and in amorphous, in the form of 

powder. By our method of chemical electrolysis with selected experimental characteristics and 

certain compositions of substances, several samples of copper oxide were obtained. The results of the 

purity of the obtained copper oxide samples were checked on an X-ray phase analyzer. The tabulated 

data obtained after processing by the program show that the ratios of the structural units of the thin 

copper oxide film obtained in the microelement analysis and the calculated electron density in the 

reverse space are both approximately equal to 0.5. 
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