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Abstract 
 

The method for both simultaneous and separate 

electrochemical copper and aluminium oxidation using 

industrial frequency alternation current was 

developed. X-ray diffraction, IR spectroscopy and 

thermal analysis were used to determine the phase 

product composition. The electrochemical copper and 

aluminium oxidation results in the formation of 

cupreous oxide and aluminium oxyhydroxide, 

respectively. Air ageing of electrolysis products leads 

to dissolved carbon dioxide adsorption on their 

surfaces. Copper-aluminium carbonate hydroxide 

hydrate (Cu−Al/LDH) is the only copper-containing 

compound that is formed at the carbonization of 

simultaneous metal oxidation product. During heat 

treatment boehmite is continuously dehydrated by 

gamma-alumina at the temperature up to 500 °С. Heat 

treatment of copper oxidation product brings to the 

cupreous oxide oxidation by cupric oxide at 

170−260 °С and malachite decomposition at 

285−340 °С. It is required 150 °С to decompose 

Cu−Al/LDH completely. 
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1. Introduction 

 
Layered double hydroxides are a family of 

materials that consist of positively charged mixed-

metal hydroxide sheets. Positive charge is neutralized 

by negatively-charged anions which occupy the 

interlayer space together with water molecules that 

participate in hydrogen bonding of hydroxide layers. 

LDHs are represented by the general formula 

x+
II III n-

1-x x x 22
n

M M OH A yH O
x

, where IIM  and 

IIIM  are divalent and trivalent metal cation 

respectively, nA  is interlayer anions. 

Layered double hydroxides are of current interest in 

different ways. 

Both dried and thermally decomposed LDHs are 

widely used as catalysts for a variety of organic 

transformations [1−4]. LDHs are also utilized as 

adsorbents, ion exchangers, flame retardants, corrosion 

inhibitors [5−6]. There are some fields of LDH 

biological applications [7]. 

LDHs thermal decomposition results in the 

formation of highly active homogeneous mixed oxides 

with the great specific surface area, dispersion and 

sintering stability [6, 8−10]. 

Nowadays the attention is being paid to the systems 

with alumina as an effective catalyst support. Copper-

containing oxide systems are active in hydrocarbon 

processing, gas purification from carbon and nitrogen 

oxides, wastewater purification from organic pollutants 

[11−14]. 

Among existence methods for metal oxide system 

production the non-equilibrium synthesis draws the 

scientist attention [15, 16]; one of them is the 

alternating current electrolysis [17]. 

The method for copper-aluminium oxide system 

production by simultaneous electrochemical copper 

and aluminium oxidation using industrial frequency 

alternation current was developed [18]. On air ageing 

under electrolyte solution, formed nano-sized copper-

aluminium oxide system adsorbs the dissolved carbon 

dioxide and carbonization by copper-aluminium 

layered double hydroxides (Cu−Al/LDH) formation 

occurs [19]. 

To gain insight into structural properties of air 

carbonization products the X-ray diffraction, 

IR spectroscopy and thermal analysis have been 

performed. 
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2. Materials and Methods 
 

Electrochemical metal oxidation by industrial 

frequency alternating current has been realized 

according to the method described in [18]. 

The synthetic procedure was as follows: 

electrochemical metal oxidation was carried out in 

sodium chloride solution with concentration of 3 wt % 

at the temperature of 90 °С and current density of 

1 A cm
-2

. At simultaneous electrochemical copper and 

aluminium oxidation the copper and aluminium plates 

were used as electrodes. At separate electrochemical 

copper or aluminium oxidation both electrodes were 

made of copper or aluminium, respectively. 

Electrolysis products were washed with distilled 

water and air-dried at the temperature of 110 °C for 

3 hours. The oven was naturally cooled to room 

temperature when the drying time was finished. 

Depending on sample phase composition, light blue, 

green or light blue with green colored tint solids were 

obtained. 

Some electrolysis products were quickly deionized 

and dried at the residual pressure of 3−5 kPa to save 

the phase composition by preventing air phase 

transformation. Yellow solids were obtained in this 

case. 

X-ray diffraction measurements (XRD) were 

performed on DRON-3M diffractometer operating at 

25 mA and 35 kV, using CuKα radiation (λ=1.5418 Å). 

Data were collected from 10 to 70° at a continuous 

scan rate of 4θ min
-1

. PDF 2 database was used to 

identify the phase composition. 

The FT-IR spectra were recorded on Nicolet 5700 

equipped with a diffuse reflectance cell in the range of 

4000−400 cm
-1

 at resolution of 4 cm
-1

. 

Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) were carried out on 

thermal analyzer SDT Q600 in air at a heating rate of 

10°C min
-1

 in the temperature range from ambient to 

1000 °C except for the electrolysis products dried at 

the small residual pressure. These samples were heated 

up to 600−700 °C to prevent equipment from failure 

because of the sodium chloride residue melting. 
 

3. Results and discussion 
 

Fig. 1 shows the powder X-ray diffraction pattern 

of simultaneous electrochemical copper and aluminium 

oxidation product after quick washing from electrolyte 

ions and drying at the residual pressure of 3−5 kPa. 

Derived product consists of cupreous oxide 2Cu O  

(5-0667) and aluminium oxyhydroxide (boehmite, 

AlOOH, 17-0940). 

Despite dominance of boehmite in the sample, 

XRD peaks of cupreous oxide are more intensive 

because of chemical properties of both cupreous oxide 

and boehmite. Sharp peaks of cupreous oxide grow 

from the high crystallinity of this compound whereas 

broad and diffuse peaks of boehmite point out the 

amorphism of its structure. 

 

 
Fig. 1. Powder X-ray diffraction pattern of 

simultaneous electrochemical copper and 

aluminium oxidation product dried at the residual 

pressure of 3−5 kPa 

 

Obtained cupreous oxide is yellow. Yellow color 

unlike red one is typical of cupreous oxide 

nanocrystals. The change of the color is going from the 

shift of the fundamental absorption edge towards the 

higher energies (blue shift). It is due to the band gap 

widening as a result of the quantum confinement effect 

[20, 21]. Separate copper oxidation also results to 

yellow cupreous oxide formation (fig. 2). 

 

 
Fig. 2. Powder X-ray diffraction pattern of separate 

electrochemical copper oxidation product dried at 

the residual pressure of 3−5 kPa 

 

In the opened air the dried cupreous oxide oxidizes 

to cupric oxide during 90 days [22]. 

Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) show the cupreous oxide 

oxidizing to cupric oxide in the temperature range of 

250−330 °С (fig. 3). Cupreous oxide formed by 

separate copper oxidation oxidizes at the lower 
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temperature of 220−290 °С (fig. 4). Increased cupreous 

oxide stability in product of simultaneous metal 

oxidation grows from 2Cu O  interaction with 

boehmite. Thus, higher energy consumption is required 

to oxidize the cupreous oxide. 

 

 
Fig. 3. Thermal analysis of simultaneous 

electrochemical copper and aluminium oxidation 

product dried at the residual pressure of 3−5 kPa 

 

 
Fig. 4. Thermal analysis of separate electrochemical 

copper oxidation product dried at the residual 

pressure of 3−5 kPa 

 

It is not typical of boehmite to lose the weight 

significantly in the temperature range of 130−230 °С. 

As it is shown below, small weight loss of air-dried 

product of separate aluminium oxidation is 

accompanied by great endothermic peak. Hence, 

significant weight loss of simultaneous metal oxidation 

product and small endothermic its peak results from 

the small power-consuming process. It may be the 

process of adsorbed carbon dioxide emission. 

Fig. 5 shows powder X-ray diffraction patterns of 

air-dried products of both simultaneous and separate 

electrochemical oxidation of copper and aluminium. 

Experimental conditions and phase composition of the 

products are represented in the table. 

Air-dried product of the separate electrochemical 

copper oxidation consists of cupric oxide CuO (5-

0661), cupreous oxide 2Cu O  (5-0667) and copper 

carbonate hydroxide (malachite) 2 2 3Cu (OH) CO  (41-

1390) (fig. 5, V). 

 

 
Fig. 5. Powder X-ray diffraction patterns of air-

dried products of simultaneous electrochemical 

copper and aluminium oxidation 

 

Table Experimental conditions and phase composition 

of air-dried products of electrochemical copper and 

aluminium oxidation 

Sam. 
Elec-

trodes 

Phase composition 

AlOOH Cu−Al/LDH Cu2(OH)2CO3 

I Cu–Al + + + 

II Cu–Al + – + 

III Cu–Al + + – 

IV Al–Al + – – 

V Cu–Cu – – + 

Sample II is the sample I after heat treatment at the 

temperature of 150 °С 

 

Aluminium oxyhydroxide (boehmite) AlOOH (17-

0940) is the only indexed phase on the XRD pattern of 

separate electrochemical aluminium oxidation product 

(fig. 5, IV). 

According to X-ray phase analysis the 

carbonization of electrolysis product with copper-

aluminium carbonate hydroxide hydrate 

2,5 2 1,7 8,9 2Cu Al C O 5,2H O  (46-0099) formation 

occurs at air ageing under electrolyte solution (fig. 5, 

I−III). This compound belongs to the family of layered 

double hydroxides. Its structure is formed by mixed 

layers of copper and aluminium hydroxides and 

carbonate ions between them (Cu−Al/LDH) [9]. Under 

some conditions copper carbonate hydroxide 

2 2 3Cu (OH) CO  (41-1390) is formed in addition to 

Cu−Al/LDH (fig. 5, I). Boehmite content exceeds its 

content required to copper-aluminium carbonate 
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hydroxide hydrate formation. Therefore, product of 

carbonization contains excess of boehmite. 

After heat treatment at 150 °С no reflections of any 

copper-containing compounds are indexed on the XRD 

pattern. It is due to cupric oxide as a product of 

Cu−Al/LDH destruction is x-ray amorphous. 

High affinity of carbonate ions to some 

oxyhydroxides results in these ions adsorption on 

oxyhydroxide surface. The most intensive 

carbonization occurs by solution carbonate ions, but 

the adsorption of air carbon dioxide is also take place 

[23]. The absent of aluminium carbonate and 

aluminium carbonate hydroxide is explained by their 

instability because they are completely hydrolyzed to 

sparingly soluble aluminium hydroxide. In this case air 

carbon dioxide is only adsorbed on the surface and 

cannot be indexed by X-ray phase analysis. In this case 

IR spectroscopy may be used to clarify the adsorption 

of carbon dioxide (fig. 6). Aluminium oxyhydroxide is 

characterized by cation consumption, sodium 

particularly. Both carbonate ions and cations 

adsorption results in formation of sodium aluminium 

carbonate hydroxide 3 2NaAl(CO )(OH)  (19-1175) 

[24, 25]. The sensitivity of X-ray phase analysis is not 

high enough to detect the small amount of this 

compound. Nevertheless, 3 2NaAl(CO )(OH)  

formation is confirmed by infrared spectroscopy 

(fig. 6). 

 

 
Fig. 6. IR spectrum of separate electrochemical 

aluminium oxidation product 

 
Wide range of stretching OH vibrations (3800−2000 cm

-

1
) is due to the high sensitivity of electron cloud of OH bond 

to intermolecular interaction. The position of adsorption 

bands depends on strength of the hydrogen bond 

formed by OH groups [26]. On boehmite surface 

hydroxide ions are obtained and they are situated on 

ribs and connected with one aluminium cation. There 

are two kinds of hydroxide ions on faces, one of which 

is connected with two and another with three 

aluminium cations. As coordination of oxygen ion via 

aluminium is increased the frequency of stretching OH 

vibrations is decreased. Hence, hydroxyls connected 

with one aluminium cation are characterized by 

stretching vibration of 3660 cm
-1

. It is not possible to 

identify this bend with our IR spectrum because of its 

low intensity. Bands with the maxima at 3300 и 

3100 cm
-1

 corresponds to stretching vibration of 

hydroxyls connected with two and three aluminium 

cations, respectively [27]. 

The strong band at 1150 cm
-1

 and the shoulder at 

1065 cm
-1

 are respectively assigned to asymmetric 

( as  Al–OH) and symmetric ( s  Al–OH) bending 

vibrations of bulk O-H of boehmite, the weak band at 

880 cm
-1

 is assigned to stretching vibrations of 

superficial O-H (δ OH). The bands 740, 620 и 480 cm
-

1
 are respectively assigned to symmetric ( s  Al–O) 

and asymmetric ( as  Al–O) bending vibrations and 

stretching ( as  Al–O) vibration of aluminium-oxigen 

bond [28]. 

According to [27], broad band in the range of 

2300–1800 cm
-1

 is assigned to interlaminar hydrogen 

bonded OH vibrations of boehmite. Hydrogen bond 

causes reduction in OH vibration amplitude and 

decrease of absorption band intensity of related 

hydroxyls in comparison with free hydrohyls. 

Absorption band in the range of 2385−2340 cm
-1

 is 

assigned to adsorbed carbon dioxide. 

Coordinatively unsaturated cation and anion centres 

of boehmite absorb respectively air water molecules 

and carbon dioxide in the undissociated form. The set 

of absorption bands in the range of 3760–3720 cm
-1

 is 

assigned to asymmetric stretching vibrations of water 

molecules as  Н−О−Н, whereas absorption band in 

the range of 1725–1595 cm
-1

corresponds to their 

bending vibrations δ H–O–H. 

Broad absorption bands without clear maxima in 

the ranges of 1725–1595 cm
-1

, 1590−1450 cm
-1

 and 

1450−1300 cm
-1

 represent the overlay of some 

absorption bands. Interaction of air carbon dioxide 

with coordinatively unsaturated anion centres of 

boehmite results in monodentate carbonite formation 

and gives rise of absorption band (1650−1600 cm
-1

) of 

asymmetric stretching vibrations of monodentate 

carbonite ( as  O−C−O) against the background of 

absorption band of water molecule bending vibrations 

[29]. 

Absorption band in the ranges of 1450−1300 cm
-1

 

represents the overlay of absorption band of symmetric 

stretching vibrations of monodentate carbonite 

( s  O−C−O) and asymmetric stretching vibrations of 

carbonate ions that belong to sodium aluminium 

carbonate hydroxide [24, 25]. Absorption band in the 

ranges of 1590−1450 cm
-1

 is assigned to combination 

of absorption band of stretching OH vibrations of 

sodium aluminium carbonate hydroxide and of 
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absorption band that arises from splitting of 

s  O−C−O due to interlayerspace disordering. 

The IR-spectrum of electrochemical copper 

oxidation products was recorded to identify of the 

malachite absorption bands (fig. 7). 

 

 
Fig. 7. IR spectrum of separate electrochemical 

copper oxidation product 

 

Despite the fact that product of electrochemical 

copper oxidation is multicomponent (fig. 5, V), 

characteristic IR bands of malachite have not 

overlapped with ones of copper oxides. Hence, it is 

possible to identify required carbonate compound in 

the presence of copper oxides. 

There are bands of stretching OH vibrations of 

malachite against the background of the bands of 

hydrogen bonded OH vibrations: bands in the ranges of 

3440−3395 cm
-1

 with the maximum at 3415 cm
-1

 and 

bands in the ranges of 3350−3275 cm
-1

 with the 

maximum at 3315 cm
-1

. Bands with the maxima at 

1098, 1050 cm
-1

 are assigned to bending OH vibrations 

of malachite. Crystal structure of malachite consists of 

two types of disordered octahedrons. Hence, OH 

groups occupy two positions in this structure [30, 31]. 

Bands at the lower wavenumbers (3315 cm
-1

, 1050 cm
-

1
) are assigned to OH groups connected by stronger 

hydrogen bond and absorption bands at the higher 

wave numbers (3415 cm
-1

, 1098 cm
-1

) are assigned to 

OH groups connected by weaker hydrogen bond. 

Likewise boehmite, absorption band with the 

maximum at 880 cm
-1

 (δ OH) is assigned to bending 

vibrations of surface OH groups that are not form 

malachite. 

Absorption bands in the ranges of 3760–3720 cm
-1

 

и 1725–1595 cm
-1

 are assigned to asymmetric 

stretching ( as  Н−О−Н) and bending (δ Н−О−Н) 

vibrations of water molecules. δ Н−О−Н is overlapped 

by narrow band of С=О in the range of 

1630−1610 cm
-1

. 

The sets of the bands 1515, 1435, 1388 cm
-1

; 773, 

750, 710 cm
-1

; 820 cm
-1

 corresponds to asymmetric 

stretching vibrations ( 3 ), in-plane ( 4 ) and out-of-

plane ( 2 ) bending vibrations of carbonate-ions, 

respectively [31]. The splitting of carbonate absorption 

bands as that of OH absorption bands is due to 

malachite structure. 

The set of absorption bands (598, 520, 483, 

440 cm
-1

) is assigned to stretching Cu−O vibrations. 

As structure of malachite is not layered, absorption 

band with the maximum at 2075 cm
-1

 cannot be 

assigned to interlayer hydroxides. Thus, narrow 

absorption band in the IR spectrum of malachite in the 

range of 2230–1970 cm
-1

 is assigned to composite 

vibrations of water molecules because of changes of 

valence bond lengths and angels between them [27]. 

Malachite absorption bands in samples I−III are 

against the background of characteristic IR bands of 

boehmite (fig. 8). It arises from predominance of 

boehmite in these samples. 

 

 
Fig. 8. IR spectra of simultaneous electrochemical 

copper and aluminium oxidation products 

 

It was reliably stated by X-ray diffraction that 

malachite is the part of air-aged product of 

simultaneous electrochemical copper and aluminium 

oxidation (table, samples I and II). To detect 

absorption bands of malachite in sample I and II their 

IR spectra were compared with IR spectrum of 

sample V that preferably consists of absorption bends 

of malachite. Characteristic IR bands of malachite are 

1630–1610 cm
-1

, 1515, 1435, 1390 и 820 cm
-1

 [31]. 

Layered double hydroxide in samples I and III was 

identified by shoulder of absorption bend 

(1440−1300 cm
-1

) at 1350 cm
-1

 that corresponds to 

asymmetric stretching vibration of interlaminar 

carbonate as  ( 2
3CO ). Reduction of the symmetry in 

interlaminar space is the reason of absorption bend 

shift to longer wavelength (smaller wavenumber) 

relatively its position of free carbonate ions [9]. Also 

there is increased absorption of carbonate ions in the 

range of 3450−3300 cm
-1

 and absorption bend at 

420 cm
-1

 due to vibration of metal-oxygen bond in the 

layer of LDH [32]. 
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Thermal analysis was performed to estimate the 

thermal stability of compounds that form the product 

of electrolysis (fig. 9−11). The comparison of thermal 

analysis results of different composition samples 

contributed to identification of exo and endo effects. 

According to thermal analysis (fig. 9) the removal 

of boehmite free moisture occurs at the temperature up 

to 110 °С. Endo effect and weight loss reach the 

maxima at the temperature 75−80 °С. As the 

temperature rises, both stepwise decomposition and 

continuous weight loss of boehmite occur up to 

500 °С. Endo effects in the ranges of 135−300 °С, 

300−500 °С corresponds to the loss of moisture that is 

generated as boehmite is decomposed to alumina. 

 

 
Fig. 9. Thermal analysis of separate electrochemical 

aluminium oxidation product 

 
Defective structure of boehmite causes significant 

moisture adsorption on its highly-developed surface. 

While products of copper oxidation (copper oxides, 

copper carbonate hydroxide) do not have high specific 

surface area, it is not typical of them to adsorb a great 

amount of moisture. Thus, the differential 

thermogravimetric and differential scanning 

calorimetry curve donot have characteristic peak of 

weight loss and of endo effect, respectively (fig. 10). 

 

 
Fig. 10. Thermal analysis of separate 

electrochemical copper oxidation product 

Broad exo effect within the entire temperature 

range corresponds to crystallization of nanocrystalline 

cupric oxide (fig. 10). There are some effects against it. 

The increase of the sample weight from cupreous oxide 

oxidation in the range of 170−260 °С is hidden by 

emission of adsorbed carbon dioxide whereas heat flow 

of oxidation process significantly exceeds to 

consumption of intrinsic system energy on carbon 

dioxide desorption. Endo effect and weight loss in the 

range of 285−340 °С corresponds to malachite 

decomposition. 

Elimination of physically adsorbed water of 

boehmite from copper-containing sample I−III requires 

smaller energy consumption. As consequence, the 

maxima of the peaks are sifted to 65 °С (fig. 11). 

 

 
Fig. 11. Thermal analysis of simultaneous 

electrochemical copper and aluminium oxidation 

products 
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The influence of copper compounds on the 

temperature of physically adsorbed water elimination 

is confirmed by the thermal analysis of simultaneous 

electrochemical copper and aluminium oxidation 

products formed at the current density from 0.5 to 

2.5 2A / cm  [33]. Low oxidation rate of copper at 

0.5 2A / cm  results in absent of copper-species or such 

a low their content that they cannot be indexed by X-

ray diffraction. The temperature of physically adsorbed 

water elimination from sample prepared at 

0.5 2A / cm  coincides with that from pure boehmite. 

At the higher current density the copper oxidation rate 

is high enough for the marked amount of copper 

species formation. The peaks of physically adsorbed 

water elimination on DTG/DSC curves of these 

samples are shifted to the lower temperature. The 

positions of own boehmite peaks on DSC/DTG curves 

correspond to that of pure boehmite (sample IV). 

 

4. Conclusion 
 

Products of non-equilibrium electrochemical copper 

and aluminium oxidation are spontaneously carbonized 

at the air ageing under electrolyte solution. 

Carbonization of separate copper oxidation product 

results in malachite formation. Carbon dioxide is 

preferably adsorbed on the product of separate 

aluminium oxidation, but some amount of sodium 

aluminium carbonate hydroxide 3 2NaAl(CO )(OH)  is 

formed. The main product of spontaneous 

carbonization of copper-aluminium oxide system 

formed by simultaneous copper and aluminium 

oxidation is the copper-aluminium carbonate hydroxide 

hydrate that belongs to the family of layered double 

hydroxides. 
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