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ABSTRACT 
Physicochemical properties of copper, aluminum and cadmium oxides determine their application in different ways. Electrochemical 
metal oxidation using alternating current (AC) influences the band gap of prepared copper-containing oxide materials and result in a 
blue shift. The use of alternating current provides sufficient conditions responsible for nanosized materials formation (grain size: 20–
30 nm for separate copper oxidation, 15–20 nm for joint copper and aluminum oxidation). In the present work, XRD and DSC/DTG, 
SEM analyses were used to characterize the electrolysis products. A decrease of the thermal transformation temperature (Cu2O 
oxidation at 260 °С, copper-aluminum layered double hydroxide (Cu-Al/LDH) decomposition at 140 °С) of the products of both 
separate copper oxidation and joint copper and aluminum (or cadmium) oxidation was established when compared with those of the 
same oxides prepared by the usual methods. Solution aging of these products after joint electrochemical oxidation of copper and 
aluminum results in the transformation of Cu2O-AlOOH to Cu-Al/LDH. Products of the joint oxidation of copper and cadmium 
consist of oxides and hydroxides of copper and cadmium (γ-Cd(OH)2, Cu(OH)2, β-Cd(OH)2, CdО and Cu2O), which are not capable 
to form LDH. The synthesized copper-containing mixed metal oxide will be investigated elsewhere to obtain their structural 
characterization and operating performance in catalytic, photocatalytic and other applications. 
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1. Introduction 
Metal oxides are the largest part of powdered nanomaterials. Among the methods to obtain functional metal 

oxide materials, those of special interest include non-equilibrium pathways, like self-propagating, high-temperature 
synthesis, mechanochemical, plasma-chemical syntheses, electrical explosion of wires, electrospark erosion method, 
and electrochemical methods [1-6]. It is due to the defective structure and high internal energy storage of such 
materials, which cause high reactivity to phase transformations of metal oxides and their use in various processes. 

 Most of the existing electrochemical methods produce coatings of metal oxides [7, 8], mixed oxides in 
solutions [9], layered double hydroxides (LDH)[10] and perovskites [11]. Alternating current electrolysis provides a 
route to the synthesis of metal oxides powders at non-equilibrium conditions. Non-equilibrium electrolysis forms metal 
oxides [12] and oxide systems [13, 14] with high dispersion, developed pore structures and a low content of impurities. 

The copper-containing oxide systems are widely used as both solid materials and suspensions. The copper-
cadmium system is used as an active mass of chemical energy for battery production, as a component of semiconductor 
materials and luminophors, as well as in homeopathic medicine such as anticancer drugs [15-17]. The copper-aluminum 
oxide system is also of current interest. It is used as oxygen carrier in chemical looping combustion [18], as a catalyst in 
organic synthesis [19, 20], the catalytic [21, 22] and electrocatalytic [23, 24] treatment of industrial wastes, and 
simultaneous purification of flue gases consisting of SO2 and NOx emissions [25]. 

Semiconductor metal oxide nanomaterials can be used as photoelectrodes (photoanodes and photocathodes) for 
photoelectrochemical solar water splitting in a photoelectrochemical cell for converting solar energy to hydrogen fuel 
conversion [26]. The Cu2O/CuO heterojunction structure is an effective photocathode for photoelectrochemical water 
reduction and shows improved stability compared to some other combinations [27]. The CdO-based heterostructure is 
used as a photoanode for photoelectrochemical water oxidation [28]. 

Adding nanoparticles (metal, metal oxides, carbon based and other conductive compounds) in a fluid produce a 
nanofluid with enhanced thermal performance [26, 29-37]. The reasons for the enhancing of the thermal conductivity of 
nanofluids are, amongst others [38]: increased surface area, intensification of interaction between liquid and particles, 
intensification of the fluid’s turbulence and mixing, and a more uniform temperature distribution in the fluid. 

Nanofluids are considered promising to carry out processes that depend on thermal conductivity of a fluid. 
Nanofluids can be utilized in concentrating solar collectors to increase their efficiency of absorption and conversion of 
solar energy due to faster heat dissipation [32–35, 39]. They have effective heat transfer applications as a heating agent 
in heat exchangers [40] or cooling medium in refrigerators [38]. Adding nanoparticles in solar stills enhance the 
distillate (freshwater) productivity by the solar water heating systems [30, 36]. It is due to the increase of fluid thermal 
conductivity, and consequently faster evaporation. According to a review [30], even very low concentrations of 
nanoparticles (hundredths, tenths or a few of percent) increased the productivity by several up to one hundred percent. 

Among different water-based nanofluids of metal oxides, nanofluids of CuO and Al2O3 nanoparticles possess 
the highest relative thermal conductivity coefficient [41, 42]. Thermal conductivity of water-based CuO-Al2O3 hybrid 
nanofluids is higher than thermal conductivity of water-based nanofluids of either CuO or Al2O3 [43]. CdO nanofluid is 
also reported [44] to enhance the heat transfer rate of heat exchangers. 

mailto:h.potgeiter@mmu.ac.uk


 

2 

It is known that nanomaterial particle sizes are correlated with physical parameters (e.g. the size of magnetic 
domains, the mean free path of electrons, de Broglie wavelength, the size of excitons in semiconductors, etc.) that 
determine the mechanical, optical, and electrical properties of the system. Furthermore, the reduction of particle size 
causes an increase of surface atoms possessing features of the surface states. At the same time, the production method 
determines not only the size and shape of a particle, but also the surface energy. It affects the material’s characteristics, 
particularly the temperature of any phase transformation. Usually, small particle size nanomaterials have an increased 
internal energy storage, which result in high reactivity that can lead to temperature decreases of redox processes and 
structural ordering. 

Different methods of analysis (XRD, DTA/DSC analysis and others) are used to characterize the synthesized 
oxides. The choice depends on the required information. X-ray diffraction provides information on phase compositions 
and coherent scattering regions, while DTA/DSC analysis reveals the temperatures of thermal transformations [45]. 
Thermal analysis methods for bulk materials are not necessarily applicable to nanoparticles, because of specific 
properties of matter at the nanoscale level [46]. 

The work reported here aims to characterize the mixed copper-containing oxides produced by alternating 
current electrolysis. Another unique aspect of this work lies in the demonstration that a non-equilibrium electrochemical 
oxidation technique can be employed for designing novel nanostructured copper-containing materials, which can be 
successfully used in different catalytic and photocatalytic applications, especially green energy technologies. The 
objective is to illustrate that the applicability of nanomaterials can be predicted on the basis of their composition, as 
well as the thermal performance of both the solid nanostructured products of electrolysis and their suspension in 
working fluids. Nanoparticles or nanostructured materials that can be obtained by AC electrolysis seem to be able to 
improve the catalytic properties of metal oxides and the conductive properties of hybrid metal oxide nanofluids due to 
their high specific surface area which improves mass and heat transfer. 

 
2. Experimental section 

2.1. Materials and methods 
Sodium chloride was purchased and directly used as received without further purification. Sheets of copper, 

aluminum and cadmium were used to prepare soluble electrodes. 
X-ray diffraction (XRD) measurements were performed using a DRON-3M diffractometer (CuKα radiation, 

λ=1.5418 Å) at 25 mA and 35 kV. The data were collected from 10 to 70° 2 θ at a counting rate of 4 θ/min. PDF 2 
database was used to identify the phase composition. Full-profile analysis of X-ray diffraction patterns was performed 
with the program “Powder Cell 2.4” to determine the content of copper compounds in the samples and the crystallite 
size (coherent scattering region). 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out on a thermal 
analyzer SDT Q600 in air at a heating rate of 10°C min-1 in the temperature range from ambient to 600 °C (copper 
oxide, copper-aluminum oxide) and 1000 °C (copper-cadmium oxide). 

2.2. Synthesis of copper-containing powders 
Two different metal plates (copper and aluminum or copper and cadmium) were jointly electrochemically 

oxidized. The densities of alternating current of industrial frequency (50 Hz) was 0.5 – 3.0 A/cm2. Electrochemical 
oxidation was carried out in a 3 wt % sodium chloride solution, based on the concentration dependence of the metal 
oxidation rate and energy consumption. Copper, aluminum and cadmium plates were used as soluble electrodes. Metal 
oxidation rates reach a peak at 90 °C (Cu and Al oxidation) and 100 °C (Cu and Cd oxidation). 
 

3. Results and discussion 
3.1. Electrochemical copper oxidation 

To avoid changing the phase composition, the product of electrochemical copper oxidation was dried at the 
residual pressure of 3–5 kPa without prior washing. The drying duration depended on the amount of water in 
suspension. Our samples were dried for two hours. Drying at the residual pressure of 3−5 kPa should be carried out 
until the sample became free-flowing. Following drying until the end of the weight change period can be done at 
atmospheric pressure. 

According to the XRD analysis, the powder consists of copper (I) oxide and sodium chloride electrolyte 
(Fig. 1). Cu2O crystallizes in a cubic crystal system, space group Pn3m. It is known [47] that the shape of XRD peaks 
indicates the phase crystallinity. XRD peaks of this copper (I) oxide are narrow, have high intensity and distinct 
maxima. Hence, the copper (I) oxide formed after the electrochemical copper oxidation is highly crystalline. 

In contrast to the red copper (I) oxide produced by conventional methods, a yellow product is formed by AC 
electrolysis. Cu2O is a p-type metal oxide semiconductor. Its band gap of 2.2 eV becomes greater with the decrease of 
nanoparticle size. The change of powder color is caused by a shift of the fundamental absorption edge towards the 
higher energies (blue shift) due to the increase of the band gap [48, 49]. This is an example of how the properties of the 
materials can change because of their nanostructural nature. 
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Fig. 1. XRD pattern of the product of AC electrochemical copper oxidation in a 3 wt % solution of sodium chloride at a 
current density of 1 A/cm2 

Copper (I) oxide is oxidized after heat treatment in the air, and the process temperature of oxidation depends 
on the sample preparation method. Thermal analysis is effective to detect the phase transition temperature, because the 
oxidation is accompanied by heat generation (exothermic effect), and the sample weight increases. The results are 
presented in Fig. 2. 
 

 

Fig. 2. DSC/DTG analysis of the product of AC electrochemical copper oxidation in a 3 wt % solution of sodium 
chloride at a current density of 1 A/cm2 
 

The sample weight increase by 2.5 wt % from the original value (2.8 wt % of the minimum weight at 224 ºC) 
corresponds to oxidation of copper (I) oxide to copper (II) oxide. The exothermic effect corresponding to the oxidation 
process is overlaid by the broad exothermic peak of crystallization and recrystallization of copper oxide (up to 600 °C). 
Thus, the AC copper oxidation was found to produce Cu2O that is oxidized at lower temperatures (230−320 °C) than 
copper oxide prepared by conventional methods (300−400 °C) [50, 51]. The temperature of the prepared Cu2O 
oxidation is reduced because the AC electrochemical copper oxidation is carried out under non-equilibrium conditions 
when the copper electrode potential is changed according to the frequency of the alternating current. During this 
synthesis, the polarities of the copper electrodes change alternatively during the electrolysis, causing the cathodic and 
anodic processes to alternate at the electrodes. Gaseous electrolysis products are also evolved. As a result, nanoscale 
particles with large internal energy storage are formed. 

The high reactive ability of the particles facilitates phase transformation processes, causes the temperature of 
the copper oxidation to decrease and has great practical importance. This enables one to retain the specific surface area 
and simultaneously developed the porous structure of the phase transformation products. In addition, when preparing 
nanomaterials based on copper oxide, their high reactive ability contributes to more intensive interaction of the 
components. 

Copper (I) oxide is oxidized to copper (II) oxide after aging in solution. In addition, the basic copper carbonate 
Cu2(OH)2CO3 is formed. 

The products of AC electrochemical metal oxidation are agglomerates. Thus, SEM analysis cannot be used to 
determine the size of the crystallites, which is responsible for the properties of nanomaterials when they form particles. 
The content of the copper compounds and crystallite sizes (coherent scattering region) were determined by full-profile 
X-ray diffraction patterns analysis using the “Powder Cell 2.4” program. The coherent scattering region (CSR) obtained 
from the Scherrer equation is 20–30 nm and do not change during aging. A feature of nanomaterials is the influence of 
the coherent scattering region (CSR) on the semiconductor band gap. Hence, photocatalytic and photoelectrochemical 
properties of nanomaterials can be adjusted by the CSR change [26]. 

The contents of copper compounds are shown in Fig. 3. Over time the content of copper (I) oxide decreases 
because of Cu2O oxidation to CuO and Cu2(OH)2CO3. Cu2O content does not exceed 3 wt % after 60 days of aging. 
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Fig. 3. The content of copper species in the products of AC electrochemical copper oxidation in a 3 wt % solution of 
sodium chloride at a current density of 1 A/cm2 

The aged Cu2O phase transformation occurs as follows: 
1. Cu2O is rapidly oxidized to CuO with no Cu2(OH)2CO3 formation for the first 30 days, because of the low CO2 

concentration. 
2. Cu2O oxidation slows down sharply when Cu2(OH)2CO3 is actively formed during the next 15 days. It is due to 

the fact that basic copper carbonate formation is thermodynamically favourable under standard conditions [37]. 
3. CuO formation then accelerates, while the Cu2(OH)2CO3 content does not change notably . The equilibrium of 

the reversible reaction of CuO transformation to Cu2(OH)2CO3 shifts towards the reactants and as the 
Cu2(OH)2CO3 content is reaching equilibrium, the CuO content rises. 
Cu2O/CuO composite can be utilized as a heterojunction photocathode for different catalytic reactions (for 

instance, photoelectrochemical hydrogen evolution reaction) [26]. 
Hydrophilicity (or hydrophobicity) of the surface depends on chemical composition and roughness. It is known 

that a hydrophilic (or hydrophobic) surface of bulk materials becomes superhydrophilic (or superhydrophobic) as the 
particle size decrease to nanoscale [52]. This can influence materials’ operating performance. 

CuO wettability depends on the preparation method. Thus, the dehydration way of electrolysis products is 
expected to influence the hydrophilicity of CuO. More hydrophobic particles will be formed after the heat treatment at 
residual pressure because of partial deoxygenation, whereas more hydrophilic particles will result from dehydration at 
atmospheric pressure after aging. Hydrophobic CuO improves the cleaning characteristics of the material and gives 
excellent corrosion resistance [53]. Hydrophilicity is essential for obtaining well performing catalysts and stable 
nanofluids. 

 
3.2. Joint electrochemical copper and aluminum oxidation 

Mixed oxides are crucial for various applications. 
To prevent the degradation of the porous CuO structure for selected applications (adsorption, catalysis, 

chemical-looping with oxygen uncoupling, etc.), it is proposed to combine it with another oxide which has high heat 
resistance. One of the effective and widespread supports for this purpose, is alumina [54]. Hybrid nanofluids are a 
suspension of different types of nanoparticles in a base fluid. Hybrid CuO–Al2O3 nanofluid is reported [43] to improve 
the thermophysical properties of the fluid in comparison with mono nanofliuds. Likewise, hybrid metal compounds 
form heterojunctions that improve photocatalytic properties [27, 28]. 

Mixed nanopowders can be produced with AC electrolysis. Thus, joint electrochemical oxidation of copper 
and aluminum may be considered as the first step of a two-step method for hybrid nanofluid preparation. 

The products of joint electrochemical oxidation of copper and aluminum in sodium chloride solution consist of 
copper (I) oxide and aluminum oxyhydroxide (boehmite) (Fig. 4). Cu2O is conserved by drying at a residual pressure of 
3−5 kPa (oxide method). Carbon-containing compounds (copper-aluminum carbonate hydroxide hydrate, Cu–Al/LDH; 
copper carbonate hydroxide, Cu2(OH)2CO3) are formed during aging in solution (carbonate method). There is no stable 
aluminum carbonate hydroxide, therefore, the only aluminum compound is aluminum oxyhydroxide. 

XRD patterns were used to determine the coherent scattering region. CSR of boehmite and copper (I) oxide 
obtained from the Scherrer equation are 3–4 nm and 15–20 nm, respectively. The size of the Cu2O grains is smaller 
compared with those prepared by separate copper oxidation. Based on the above, the joint electrochemical oxidation of 
copper and aluminum improve the size distribution and stability of Cu2O for semiconducting applications. 
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Fig. 4. XRD patterns of the products of AC electrochemical oxidation of copper and aluminum in a 3 wt % solution 
sodium chloride at a current density of 1 A/cm2 after drying at 3–5 kPa (1) and carbonization in solution (2) 

 
Copper-aluminum carbonate hydroxide hydrate has hydrotalcite-like structures of the general formula  

[ ] −
−+

− 



 ⋅⋅

x

2
n

n
x

x
2

III
x

II
x1 OyHAOHMM )(

 [55, 56]. 

Along with mixed metal oxides, Cu-Al/LDH can also be used to prepare Cu-Al LDH nanofluids applied in 
cooling-heat transfer devices [41]. 

Boehmite dehydration to alumina takes place over a wide temperature range (50−500 °C). Weight changes due 
to the oxidation of copper (I) oxide and hydroxocarbonate decomposition occur within the same temperature range. 
Thus, it is not possible to determine the loss of the sample mass (Fig. 5) due to the decomposition of different 
compounds, but the decomposition temperature can be accurately fixed. 

The mass loss starts at about 50 ºC. It is because of the defect structure and high internal energy storage present 
in the products of AC electrochemical metal oxidation. According to the literature [57], it results in a phase 
transformation due to interaction with air-containing compounds. The IR-spectra of the products of AC-oxidation of 
copper and aluminum (IR-spectra not presented here) confirm the formation of carbon-containing compounds after 
electrolysis [58]. 

Copper (I) oxide, which is the part of the product of joint the AC-oxidation of copper and aluminum, is 
oxidized to copper (II) oxide in the same temperature range as copper (I) oxides which were formed by separate copper 
oxidation (230−320 °C) (Fig. 5). This is indicated by the exothermic peak in the above mentioned temperature range. 
Also, the weight loss in this temperature range depends on the dehydration of boehmite and the oxidation of copper (I) 
oxide. 

 

Fig. 5. DSC/DTG analysis of the products of AC electrochemical oxidation of copper and aluminum in a 3 wt % 
solution sodium chloride at a current density of 1 A/cm2 after drying at 3−5 kPa 

 
A comparison of the thermal analysis of the sample prepared by carbonate, XRD analysis of calcinated 

products and literature data revealed that decomposition of Cu–Al/LDH takes place in the temperature range of 110–
150 °C. Thus, the layered double hydroxide derived from the products of non-equilibrium electrochemical oxidation of 
metals, is decomposed at lower temperatures than the LDH obtained by other methods [59]. The products of 
decomposition are hydrated compounds of copper and aluminum, which are converted into the oxides CuO and Al2O3 at 
high temperature . 

Copper carbonate hydroxide is decomposed in two stages, each of which corresponds to an endoeffect on the 
DSC curve (Fig. 6). 
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Fig. 6. DSC/DTG analysis of the products of AC electrochemical oxidation of copper and aluminum in a 3 wt % 
solution sodium chloride at a current density of 1 A/cm2 after carbonization in solution 
 
The first stage – dehydration at 155−260 °C is: 

Cu2(OH)2CO3 = CuO⋅CuCO3 + H2O. 
The second stage – decomposition at 260−360 °C is: 

CuO⋅CuCO3 = CuO + CO2. 
The temperatures of copper carbonate hydroxide decomposition are significantly lower than ones in the 

literature for this process [60]. 
In conclusion, improvement of catalytic, photocatalytic and conductive properties of copper-containing 

compounds can be tailored by joint electrochemical oxidation of copper and aluminum. 
 

3.3. Joint electrochemical copper and cadmium oxidation 
There are some general patterns of the phase changes of the products of joint metal oxidation, but at the same 

time there are differences compared to thermal products obtained by the joint electrochemical oxidation of copper and 
cadmium. 

X-ray analysis showed that the dry products obtained in a NaCl solution with a concentration of 3 wt % with 
using different current densities at the electrodes, have different compositions. Products synthesized at a current density 
of 1 A/cm2 preferably contains γ–Cd(OH)2, Cu(OH)2, and β–Cd(OH)2, CdO and Cu2O (Fig. 7). For a current density 3 
A/cm2, predominantly Cu2O, and also a mixture of the hydroxides γ–Cd(OH)2, β–Cd(OH)2 and Cu(OH)2 (Fig. 8) were 
obtained. 

 
 

Fig. 7. XRD pattern of the product of AC electrochemical oxidation of copper and cadmium in a 3 wt % solution 
sodium chloride at a current density of 1 A/cm2 
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Fig. 8. XRD pattern of the product of AC electrochemical oxidation of copper and cadmium in a 3 wt % solution 
sodium chloride at a current density of 3 A/cm2 
 

Fig. 7 and 8 shows that the current density during electrolysis has a significant impact on the composition of 
the products formed. X-ray results are confirmed by differential thermal analysis, presented in Fig. 9 and 10. 

 
 

Fig. 9. DSC/DTG analysis of the product of AC electrochemical oxidation of copper and cadmium in a 3 wt % solution 
sodium chloride at a current density of 1 A/cm2 
 

 

Fig. 10. DSC/DTG analysis of the product of AC electrochemical oxidation of copper and cadmium in a 3 wt % 
solution sodium chloride at a current density of 3 A/cm2 
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Material prepared in a sodium chloride solution of 3 wt % and a current density of 1 A/cm2 is characterized by 
a TGA curve having a step shape (Fig. 9). The observed thermal effects are for the processes related to dehydration, 
Cu2O to CuO oxidation and dissociation of dispersed oxides, respectively. The main dehydration processes of 
hydroxides of cadmium and copper, occur in a temperature range of 180 to 350 °C [14]. They are accompanied by a 
mass loss of 12.3%. Weight loss is slowing in the range of 280–340 °C due to oxidation of Cu2O to CuO which 
occurred exothermally at 320 °C. The major process in the temperature over 580 °C, accompanied by a mass decrease 
by 25.3 wt %, is related to the dissociation of oxides. The beginning of these effects is shifted to lower temperatures due 
to the dissociation process of fine oxides, mainly of CdO. 

It gives a different picture DTG-DSC analysis of the product obtained at a current density of 3 A/cm2, since it 
includes oxide components, mostly Cu2O. The weight loss due to the dehydration of hydroxides of copper and cadmium 
(3.74 %) in the range of 180–350 °C is due to the Cu2O to CuO oxidation process with an increase in weight of the 
sample compared to the original value. The exothermic oxidation effect is 2 times higher than for the product obtained 
at a current density of 1 A/cm2. Further changes in the DSC and DTG curves after the temperature of 580°C reflect the 
dissociation of cadmium and copper oxides. 

Thus, the products of electrochemical oxidation of metallic copper and cadmium with altering current is a 
mixture of copper oxide (I) and (II), and hydroxides of cadmium and copper having amorphous character. These 
substances are not converted into carbonates during aging, because the copper-cadmium layered double hydroxides do 
not exist. 

 
4. Conclusion 

Electrochemical copper oxidation using alternating current forms the copper (I) oxide. Its color indicates a blue 
shift because of its nanostructure formation. Copper (I) oxide is oxidized to copper (II) oxide during storage in solution 
or through atmospheric heat treatment at 260 °С. Aging of the electrolysis products in electrolyte solution causes the 
formation of copper carbonate hydroxide through carbon-containing compounds in air. The coherent scattering region 
(CSR) of all copper compounds is 20–30 nm. Joint electrochemical oxidation of copper and aluminum results in an 
agglomerated formation of nanosized copper (I) oxide – aluminum oxyhydroxide system, that is carbonized after aging 
to the copper-aluminum layered double hydroxide containing carbonate ions between the layers. SCR of copper (I) 
oxide is 15–20 nm, which is less than SCR after the separate copper oxidation. It was found that the AC electrolysis 
causes the decomposition of carbon compounds at lower temperature than ordinary methods producing LDH. Products 
of the joint oxidation of copper and cadmium consists of oxides and hydroxides of copper and cadmium (γ–Cd(OH)2, 
Cu(OH)2, and β–Cd(OH)2, CdO and Cu2O) that are not transformed into carbonates because there is no copper-
cadmium layered double hydroxides. Joint AC oxidation of copper and aluminum does not affect the temperature of the 
Cu2O oxidation, whereas electrolysis with cadmium causes the temperature to increase to 320 °C. 

Further investigations will cover the extended characterizing of the products of the electrochemical metal 
oxidation using alternating current to develop different applications of copper-containing materials. Nanopowders are 
popular to create appropriate materials for catalytic and photovoltaic applications, because of the combined effect of the 
small grain size of AC electrolysis products, semiconductor properties of copper- and cadmium-species, and enhanced 
heat and mass transfer due to increased internal energy contained in the nanopowders. Preparation of stable metal oxide 
nanofluids by a two-step method using different base fluids, as well as the investigation of nanofluid performance in 
different applications, will be also performed and reported in a follow-up paper. 
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	ABSTRACT
	Physicochemical properties of copper, aluminum and cadmium oxides determine their application in different ways. Electrochemical metal oxidation using alternating current (AC) influences the band gap of prepared copper-containing oxide materials and r...
	Key words: electrolysis, phase composition, DSC analysis, copper oxides, aluminum oxide, cadmium oxide
	1. Introduction
	Metal oxides are the largest part of powdered nanomaterials. Among the methods to obtain functional metal oxide materials, those of special interest include non-equilibrium pathways, like self-propagating, high-temperature synthesis, mechanochemical, ...
	Most of the existing electrochemical methods produce coatings of metal oxides [7, 8], mixed oxides in solutions [9], layered double hydroxides (LDH)[10] and perovskites [11]. Alternating current electrolysis provides a route to the synthesis of metal...
	The copper-containing oxide systems are widely used as both solid materials and suspensions. The copper-cadmium system is used as an active mass of chemical energy for battery production, as a component of semiconductor materials and luminophors, as w...
	Semiconductor metal oxide nanomaterials can be used as photoelectrodes (photoanodes and photocathodes) for photoelectrochemical solar water splitting in a photoelectrochemical cell for converting solar energy to hydrogen fuel conversion [26]. The Cu2O...
	Adding nanoparticles (metal, metal oxides, carbon based and other conductive compounds) in a fluid produce a nanofluid with enhanced thermal performance [26, 29-37]. The reasons for the enhancing of the thermal conductivity of nanofluids are, amongst ...
	Nanofluids are considered promising to carry out processes that depend on thermal conductivity of a fluid. Nanofluids can be utilized in concentrating solar collectors to increase their efficiency of absorption and conversion of solar energy due to fa...
	Among different water-based nanofluids of metal oxides, nanofluids of CuO and Al2O3 nanoparticles possess the highest relative thermal conductivity coefficient [41, 42]. Thermal conductivity of water-based CuO-Al2O3 hybrid nanofluids is higher than th...
	It is known that nanomaterial particle sizes are correlated with physical parameters (e.g. the size of magnetic domains, the mean free path of electrons, de Broglie wavelength, the size of excitons in semiconductors, etc.) that determine the mechanica...
	Different methods of analysis (XRD, DTA/DSC analysis and others) are used to characterize the synthesized oxides. The choice depends on the required information. X-ray diffraction provides information on phase compositions and coherent scattering regi...
	The work reported here aims to characterize the mixed copper-containing oxides produced by alternating current electrolysis. Another unique aspect of this work lies in the demonstration that a non-equilibrium electrochemical oxidation technique can be...
	2. Experimental section
	2.1. Materials and methods
	Sodium chloride was purchased and directly used as received without further purification. Sheets of copper, aluminum and cadmium were used to prepare soluble electrodes.
	X-ray diffraction (XRD) measurements were performed using a DRON-3M diffractometer (CuKα radiation, λ=1.5418 Å) at 25 mA and 35 kV. The data were collected from 10 to 70  2 θ at a counting rate of 4 θ/min. PDF 2 database was used to identify the phase...
	Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out on a thermal analyzer SDT Q600 in air at a heating rate of 10 C min-1 in the temperature range from ambient to 600  C (copper oxide, copper-aluminum oxide) a...
	2.2. Synthesis of copper-containing powders
	Two different metal plates (copper and aluminum or copper and cadmium) were jointly electrochemically oxidized. The densities of alternating current of industrial frequency (50 Hz) was 0.5 – 3.0 A/cm2. Electrochemical oxidation was carried out in a 3 ...
	3. Results and discussion
	3.1. Electrochemical copper oxidation
	To avoid changing the phase composition, the product of electrochemical copper oxidation was dried at the residual pressure of 3–5 kPa without prior washing. The drying duration depended on the amount of water in suspension. Our samples were dried for...
	According to the XRD analysis, the powder consists of copper (I) oxide and sodium chloride electrolyte (Fig. 1). Cu2O crystallizes in a cubic crystal system, space group Pn3m. It is known [47] that the shape of XRD peaks indicates the phase crystallin...
	In contrast to the red copper (I) oxide produced by conventional methods, a yellow product is formed by AC electrolysis. Cu2O is a p-type metal oxide semiconductor. Its band gap of 2.2 eV becomes greater with the decrease of nanoparticle size. The cha...
	Copper (I) oxide is oxidized after heat treatment in the air, and the process temperature of oxidation depends on the sample preparation method. Thermal analysis is effective to detect the phase transition temperature, because the oxidation is accompa...
	The sample weight increase by 2.5 wt % from the original value (2.8 wt % of the minimum weight at 224 ºC) corresponds to oxidation of copper (I) oxide to copper (II) oxide. The exothermic effect corresponding to the oxidation process is overlaid by th...
	The high reactive ability of the particles facilitates phase transformation processes, causes the temperature of the copper oxidation to decrease and has great practical importance. This enables one to retain the specific surface area and simultaneous...
	Copper (I) oxide is oxidized to copper (II) oxide after aging in solution. In addition, the basic copper carbonate Cu2(OH)2CO3 is formed.
	The products of AC electrochemical metal oxidation are agglomerates. Thus, SEM analysis cannot be used to determine the size of the crystallites, which is responsible for the properties of nanomaterials when they form particles. The content of the cop...
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