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A B S T R A C T   

The present paper describes an investigation of aging processes and the characterization of nanodispersed ma
terials prepared by non-equilibrium electrochemical oxidation of metals. X-ray diffraction (XRD), differential 
scanning calorimetry (DSC), transmission electron microscopy (TEM) analyses, and the reflectance spectra 
investigation were used to characterize the electrolysis products aged naturally over time. The ageing of elec
trolysis products in the solution leads to the conversion of Cu2O-AlOOH into Cu-Al layered double hydroxides 
(Cu-Al-CO3-LDH) and Cu2(OH)2CO3 due to the Jahn-Teller effect. Long-term aging results in: (i) stability of phase 
composition but a slight increase of the interplanar spacing due to the sorption ability of the nanostructures in 
air; (ii) temperature decrease of Cu-Al-CO3-LDH decomposition from 135 to 121 ◦C due to the stability deteri
oration with further content increase of carbonate ions (DSC analysis) and decrease of hydroxide ions (FT-IR 
analysis); (iii) 2.5 times increase of the coherent scattering region (CSR) of all copper-containing compounds 
compared with short-term aging (40–50 nm vs. 15–20 nm); and (iv) no size change of the flower-like Cu-Al-CO3- 
LDH and dramatical size decrease of nanodispersed particles of CuO and Cu2(OH)2CO3 because of deagglom
eration. Conversion CuO/Al2O3 to Cu-Al-CO3-LDH makes a positive impact on photocatalytic activity of nano
dispersed materials while it results in the increase the reflection coefficient.   

1. Introduction 

Layered double hydroxides (LDH) is a class of synthetic anionic clays 
in which the structure is represented by layers similar to brucite (Mg 
(OH)2), with some divalent cations replaced by trivalent ions [1]. These 
materials have attracted attention as various catalysts [2,3], chemical 
adsorbents [4,5], anion exchangers [6], bioactive nanostructures [7,8], 
electroactive, photoactive elements [9,10], and flame retardant nano
composites [11,12]. Copper aluminum LDH can be used as electro
catalysts for the carbon dioxide reduction [13]. It has been reported that 
copper–aluminum layered double hydroxides are promising nanofillers 
in thin film nanocomposite nanofiltration membranes for water purifi
cation [14]. Cu-Al layered double hydroxides synthesis conditions are 

able to have an impact on selective hydrogenation of 5-acetoxymethyl
furfural over Cu-based catalysts [15]. The authors [16] have successfully 
shown the efficient degradation of ammonia nitrogen in water with a 
LDH, which yielded a high removal efficiency and can be applied for the 
catalytic removal of water pollutants. They have also reported that the 
hierarchical LDH materials exhibit unusual adsorption ability through 
strong electrostatic attractions. 

The majority of catalytic and photocatalytic materials is subject to 
changes of their properties over time, and their catalytic performance 
depend on these temporal modifications. Distinctive feature of nano
materials is the instability of their phase composition and structure over 
time. It can result in the interaction of nanomaterials with some species 
of surrounding environment [17,18]. Changes over time, or aging, can 
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affect the physical and chemical properties of LDH synthesis products, e. 
g. it can increase the crystallinity, as well as the cationic content, of the 
formed LDH [19]. Besides, there are methods that involve aging in their 
synthesis, like separate nucleation and aging steps (SNAS) for MgAl-LDH 
fabrication. During the SNAS process, rapid mixing and nucleation in a 
colloid mill is followed by a separate aging process [20]. Aging is typi
cally a rather slow process. It may cause a change of phase composition 
and microstructure, as well as a surface change of nanoparticles. Two 
types of aging methods should be taken into account: short-term and 
long-term aging. Quite often, researchers mean short-term or long-term 
aging stretches from 12 to 24 h, respectively [21]. Meanwhile, new 
technologies of LDH nanostructured materials for photocatalytic appli
cations also require a focus on the investigation of very long aging 
processes, sometimes several years. It is related to the necessity to 
monitor long life span performance of the LDH photocatalytic materials. 
Modifications in chemical composition, morphology and structure of 
LDH materials within long-term aging processes are of great interest in 
terms of their technological applications and requirements. 

There are a number of methods to produce the nanodispersed oxides 
and multicomponent oxide materials from metals (for example, the 
electrochemical oxidation of metal plates [22] and the electrical ex
plosion of metal wires [23]). 

This work describes an aging investigation of the nanomaterials 
produced by the joint electrochemical oxidation of copper and 
aluminum. The results related to short-term (60 days) and long-term (5 
years) changes in structural, thermochemical and photoactive properties 
detected using different characterization methods (X–ray diffraction, 
transmission electron microscopy, thermal analysis, and reflectance 
spectroscopy). The research work included the determination of the 
phase composition, morphological features, interplanar spacings, ther
mal effects during heating, and reflection coefficients of the aged LDH 
samples. This contributes new knowledge about the behavior, properties 
and characteristics of aged LDH materials, which can expand their po
tential applications in various fields, such as for example the develop
ment of high performance photoanodes or photocathodes in 
photoelectrochemical cells for photocatalytic water splitting and 
enhancing the hydrogen evolution reaction. Furthermore, these mate
rials can find application in metal oxide nanofluids, and a thorough 
knowledge of their structure and properties is essential for this 
application. 

2. Experimental 

2.1. Materials and methods 

Sodium chloride was purchased and used as received without further 
purification. Sheets of copper and aluminum were used to prepare sol
uble electrodes. Copper sheet of the M1 grade contains at least 99,5 % 
copper, aluminum sheet of the A0 grade contains at least 99 % 
aluminum. 

X-ray diffraction (XRD) measurements were performed using an 
XRD-7000 diffractometer (Shimadzu), CuKα radiation, λ = 1.5418 Å, at 
30 mA and 40 kV. The data were collected from 10 to 70◦ 2θ at a 
counting rate of 2θ/min. The PDF2 database was used to identify the 
phase compositions. 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 (in 
the coherent scattering region). 

Thermogravimetric analysis (TGA) and differential scanning calo
rimetry (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 
700 ◦C. 

The FT-IR spectra were recorded on a Nicolet 5700 spectrometer 
equipped with a diffuse reflectance cell in the range of 4000–––400 
cm− 1 at a resolution of 4 cm− 1. 

Transmission electron microscopy (TEM) analysis was carried out on 

JEOL JEM-2100F to evaluate surface morphology of the samples. 
The reflectance spectra of investigated samples were measured using 

an AVASPHERE-50-LS-HAL integrating sphere and Avantes AvaSpec- 
3648 fiber spectrometer in the 200–1000 nm spectral range. A Xenon 
150 W light source with an operating range of 200–2500 nm was used as 
a source of probing radiation. A MS-20 glass reference was applied to 
reduce the effect of reflection from the sample surface. 

2.2. Synthesis of copper-containing powders 

Both copper and aluminum plates were jointly electrochemically 
oxidized. The density of alternating current of industrial frequency (50 
Hz) was 1 A/cm2. Electrochemical oxidation was carried out in a 3 wt% 
sodium chloride solution at 90 ◦C. These concentration and temperature 
are the most appropriate in terms of metal oxidation rate and energy 
consumption. 

3. Results and discussion 

3.1. Preparation of nanodispersed powders 

Electrochemical co-oxidation of copper and aluminum produces the 
copper (I) oxide and aluminum oxyhydroxide (boehmite) [24]. 

Nanodispersed products of metal co-oxidation were treated in two 
ways. 

Vacuum way: Vacuum drying of nanodispersed products of metal 
co-oxidation at a residual pressure of 3–4 kPa by the use of vacuum 
pump that was connected to a flask containing the suspension of 
nanodispersed products. Vacuum drying was carried out until a dry 
crumbly powder was done. It prevents a phase transformation of copper 
(I) oxide to some copper carbonates. In air the dry nanodispersed copper 
(I) oxide is stable against interaction with carbonate ions, but does not 
have resistance to oxidation; thus, copper (I) oxide is oxidized to copper 
(II) oxide by aging it in air. 

The result of the Cu2O oxidation depends on the Pilling–Bedworth 
ratio and the pore structure of the CuO. The Pilling–Bedworth ratio (P–B 
ratio) is the ratio of the volumes of the oxidized and the formed com
pounds, Cu2O and CuO respectively [25]: 

αCuO/Cu2O
=

VCuO

VCu2O
=

MCuO/ρCuO

n⋅MCu2O/ρCu2O

=
MCuO⋅ρCu2O

n⋅MCu2O⋅ρCuO 

where MCuO, MCu2O is the molar mass of CuO and Cu2O, respectively, 
in g/mol, ρCuO, ρCu2O is the density of the CuO and the Cu2O, respec
tively, in g/cm3

, n is the number of atoms of the formed copper com
pound (Cu2O) per 1 molecule of the oxidized copper compound (CuO). 

The Pilling–Bedworth ratio was calculated taking into account the 
true densities of copper oxides [26]. It is slightly greater than one (α =
1.05) for oxidation of Cu2O to CuO. The Pilling–Bedworth ratio is in the 
range from 1 to 2, and therefore the CuO coating should provide pro
tection against further oxidation of the surface. However, there is a 
difference between the true density and envelope density, because the 
envelope density includes pores in the material. In addition, CuO layer 
on a curved nanoparticle surface tend to be destructed due to the me
chanical stresses that increase as the surface curvature become larger. 
These prevent any CuO protection effect and create conditions favorable 
for further Cu2O oxidation. This is why Cu2O is completely oxidized to 
CuO. 

Air way: Air drying of nanodispersed products of metal co-oxidation 
results in the formation of copper carbonate hydroxide and Cu-Al-CO3- 
layered double hydroxide [24]. 

Copper-aluminum layered double hydroxide (LDH) has a 
hydrotalcite-like structure of the general formula 
[M2+

1− xM3+
x (OH)2]

x+Â⋅[An−
x/nÂ⋅yH2O]

x−
[1]. The structure of such com

pounds is derived from the structure of brucite: part of the M2+ ions in 
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the octahedral positions of the hydroxide layers is isomorphically 
replaced by M3+ ions. Because of this, the layers have a positive charge, 
which is neutralized by anions located between the layers. There are two 
conditions for such structures to be stable [1]: (i) radii of M2+ and M3+

ions differ by less than 30 %; (ii) radii of M2+ and M3+ ions are less than 
0.07 nm. 

The radii of Cu2+ and Al3+ ions are 0.073 and 0.054 nm [27], 
respectively, and differ by 35 %. Despite the fact that both conditions are 
not met, layered double hydroxides of copper and aluminum can be 
synthesized [28]. The stability of such structures is a result of the 
octahedral distortion around the copper ion and degeneracy removal of 
the electronic state by lowering the symmetry (the Jahn-Teller effect). 
The layers of the LDH structure are deformed, and this stabilizes the 
structure of the layered double hydroxide containing copper ions [1]. 
However, the deformation of the layers reduces the stability of the 
structure. Thus, only a low content of copper ions is required to get a 
stable LDH. As a result, at a high copper ions content, the copper car
bonate hydroxide (malachite, Cu2(OH)2CO3) is formed along with 
layered double hydroxides [28]. The higher stability of Cu2(OH)2CO3 is 
due to the fact that the layered structure of Cu2(OH)2CO3 is more flex
ible because the octahedrons in the layers are connected by their edges, 
not by faces as in LDH, and there is no need for the octahedron to be 
disordered in the layered structure of Cu2(OH)2CO3. The copper car
bonate hydroxide is formed at a low pH, and the layered double hy
droxide of copper and aluminum is formed at an elevated pH [29]. 

The samples after vacuum and air drying were stored in close vessels 
at both short-term and long-term aging. 

3.2. XRD analysis 

Figs. 1 and 2 show that both ways of treatments did not change the 
phase composition when aging occurs. 

XRD patterns of nanopowders after vacuum drying and aging for a 
different period of time are shown in Fig. 1. 

A comparison of the XRD patterns reveals that there is no phase 
composition change after long-term aging. After aging for 5 years (long- 
term aging), the peaks of copper (II) oxide and boehmite (the product of 
the co-oxidation of copper and aluminum) are shifted towards smaller 

values of 2θ. The increase of interplanar spacing (Tables 1 and 2) results 
from the sorption ability of the nanostructures in air. It does not form 
new phases, but merely experience a structural change. 

The XRD patterns of the nanopowders after air drying are shown in 
Fig. 2. Except for the (200) plane, the interplanar spacing of the 
nanodispersed Cu-Al-CO3-LDH after short-term aging is larger than the 
interplanar spacing of Cu-Al-CO3-LDH according to the literature PDF 
No. 00–046-0099 (Table 3). All interplanar spacing of Cu2(OH)2CO3 is 
also more than the literature ones according to PDF No. 00–041-1390 
(Table 4). Long-term aging leads to a shift and widening of the peaks of 
copper-containing compounds (Cu2(OH)2CO3 and Cu-Al-CO3-LDH). 
However, the boehmite peaks are not changed. Some peaks of 
Cu2(OH)2CO3 overlapped the peaks of Cu-Al-CO3-LDH. 

The copper-containing LDHs are stable for certain ranges of the 
functional groups’ contents. It is known, if the content of the functional 
groups (CO3

2–, OH–, H2O) does not correspond to the stoichiometric 
composition, the interplanar spacing changes. The decrease of the 
interplanar spacing is a result of the lack of functional groups, whereas 
the increase of interplanar spacing is due to the excess of functional 
groups as a result of long-term aging. 

Thus, the increase of interplanar spacing of the produced materials 
confirms that the carbonization is ongoing at long-term aging. 

The change of the XRD peaks (width, intensity) confirms the trans
formation of the particle grains. 

In contrast to the XRD patterns, the FT-IR spectra (Fig. 3) differ 
dramatically after long-term aging due to dehydration and interaction 
with the ambient medium. The main difference is a 3 times increase in 
the transmittance at 3300–––3100 cm− 1 because of the lack of hydroxyls 
connected with two and three aluminum cations (stretching vibration of 
νs Al–OH and νas Al–OH). The decrease of hydroxyl bands gives one an 
opportunity to detect bands of stretching OH vibrations of malachite at 
3320 and 3400 cm− 1 [30]. The broad band in the range of 2300–1800 
cm− 1 assigned to OH vibrations between layers of boehmite [31,32] has 
disappeared. 

The absorption bands at 3735 cm− 1 and around 1650 cm− 1 are 
assigned to asymmetric stretching (νas H – O − H) and bending (δ H – 
O − H) vibrations of water molecules. Those bands do not disappear 
after long-term aging. 

Fig. 1. XRD patterns of the nanodispersed materials produced by electrochemical oxidation of copper and aluminum (vacuum drying).  
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The band in the range of 2385–2350 cm− 1 due to adsorbed carbon 
dioxide becomes much more intense. It confirms the sorption ability of 
nanostructured materials being investigated. At the same time, there is 

no change in asymmetric stretching vibration of interlaminar carbonate 
νas (CO2−

3 ) at 1350 cm− 1. 
Thus, the analysis of FT-IR spectra clearly confirms that the change of 

the interlayer Cu-Al-CO3-LDH distance is caused by CO2 uptake, not by 
hydration. 

The coherent scattering region (CSR) of all phases of copper- and 
aluminum compounds was calculated using the Debye–Scherrer equa
tion [33]: 

D =
kλ

βcosΘ 

where k is the Scherrer constant (the typical value is 0.9), λ is the 
wavelength of the X-ray beam (1.5418 Å), β is the full width at half 
maximum intensity (FWHM), and θ is the Bragg angle. 

FWHM of copper-containing compounds after short-term and long- 
term aging are listed in Table 5. 

The CSR of boehmite and copper (I) oxide are 3–4 nm and 15–20 nm, 
respectively [24]. There is no CSR change of boehmite at short-term and 
long-term aging. 

As for vacuum-dried samples, the decrease of FWHMs at the aging do 
not cause the dramatic change of CSR. 

Concerning air-dried samples, narrowing of the diffraction peaks 
(Table 5) of Cu2(OH)2CO3 and Cu-Al-CO3-LDH is the result of long-term 
aging. Thus, the CSR of these compounds increased from 15 to 20 nm to 
40–50 nm. In contrast to copper oxide, copper compounds are stabilized 
if they include carbonate ions (Cu2(OH)2CO3 and Cu-Al-CO3-LDH). 

Fig. 2. XRD patterns of the nanodispersed materials produced by electrochemical oxidation of copper and aluminum (air drying).  

Table 1 
Interplanar spacing of nanodispersed copper (II) oxide produced by the elec
trochemical oxidation of copper together with aluminum (vacuum drying).  

Sample Interplanar spacing of copper (II) oxide, nm 

(111) ( − 111) ( − 202) (–222) 

PDF card 
No. 00–005-0661  

0.2524  0.2311  0.1867  0.1375 

Short-term aging  0.2512  0.2313  0.1860  0.1380 
Long-term aging  0.2530  0.2321  0.1867  0.1381  

Table 2 
Interplanar spacing of nanodispersed boehmite produced by the electrochemical 
oxidation of aluminum together with copper (vacuum drying).  

Sample Interplanar spacing of boehmite, nm 

(020) (120) (031) (051) (002) 

PDF card 
No. 00–021-1307  

0.6110  0.3164  0.2346  0.1860  0.1434 

Short-term aging  0.6281  0.3155  0.2359  0.1859  0.1434 
Long-term aging  0.6317  0.3177  0.2360  0.1860  0.1442  

Table 3 
Interplanar spacing of nanodispersed Cu-Al-CO3-layered double hydroxide 
produced by electrochemical oxidation of copper and aluminum (air drying).  

Sample Interplanar spacing of Cu-Al-CO3-layered double hydroxides, 
nm 

(200) (400) ( − 302) (21–1) (311) 

PDF card 
No. 00–046-0099  

0.7538  0.3764  0.2727  0.2515  0.2230 

Short-term aging  0.7499  0.3799  0.2860  0.2522  0.2237 
Long-term aging  0.7642  0.3811  0.2863  0.2529  0.2245  

Table 4 
Interplanar spacing of nanodispersed copper carbonate hydroxide produced by 
electrochemical oxidation of copper together with aluminum (air drying).  

Sample Interplanar spacing of copper carbonate hydroxide, nm 

(020) (120) (220) (040) (20–1) (21–1) 

PDF card 
No. 00–041- 
1390  

0.5970  0.5040  0.3690  0.2985  0.2861  0.2781 

Short-term aging  0.5989  0.5046  0.3691  0.2996  0.2996  0.2781 
Long-term aging  0.6034  0.5068  0.3705  0.3000  0.3000  0.2783  
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3.3. Thermal analysis 

Figs. 4 and 5 shows the results of the thermal analysis of the sample 
after vacuum and air drying, respectively. Three the same peaks can be 
recognized on DSC and DTG curves (Iwt, IIwt, IIIwt and It, IIt, IIIt). The 
other peaks result from the difference in sample compositions. 

The overall weight loss of the sample after vacuum drying and long- 
term aging is 23.8 wt%. It is more than after short-term aging (19.0 wt 
%). 

DSC and DTG curves do not strictly correlate with each other. Ac
cording to the DTG curves, the aging is not followed by the temperature 
change of the dehydration weight loss (Fig. 4, Iwt), while the temperature 
of the endothermic peak increased from 74.7 to 93.6 ◦C (Fig. 4, It). It 
correlates with the absorption bands of water molecules on the FT-IR 
spectra (Fig. 3). The increase of the heat flow (W/g) is the result of 
high sorption ability of the nanostructured material when aging [34] 
(therefore, high heat consumption for desorption), whereas the 

temperature increase results from the ordering of the defect structure 
and decrease of high internal energy storage at the aging. 

Endothermic peaks IIt and IIIt (and weight loss IIwt and IIIwt) are 
attributed to the dehydroxylation of boehmite during the conversion of 
boehmite to alumina (reaction (1). 

2AlOOH = Al2O3 + H2O (1) 

The peaks IVwt and IVt in the temperature range of 210–345 ◦C are 
the result of peak overlap of different processes: (i) the crystallization of 
nanostructured CuO (exothermic process, no weight change); (ii) 
boehmite decomposition (endothermic process, weight loss); (iii) the 
release of any species that adsorbed at long-term aging (endothermic 
process, weight loss). 

The sharp rise of the heat release (Fig. 4, IVt) and high weight loss 
(Fig. 4, IVwt) after long-term aging are due to the change of the ratio of 
processes (i) – (iii). 

The heat release is because of the endoeffect decrease of boehmite 
decomposition (process (ii)) whereas high weight loss corresponds to 
increased release of adsorbed species [35]. 

The weight loss in the temperature range of 210–345 ◦C after short- 
term aging is 2.2 times less than after long-term aging. Due to this, the 
overall weight loss depends on the aging period duration. 

The overall weight loss of the nanostructures after air drying depends 
slightly on the duration of their aging. It is 26.8 wt% after short-term 
aging and 26.2 wt% after long-term aging (Fig. 5). Integral and differ
ential curves of the weight loss reveal that aging causes a temperature 
change of the endothermic peaks. Comparison of the DSC and DTG 
curves shows that a broad peak It at the temperature up to 190 ◦C is the 
result of the overlap of two peaks: (i) dehydration (removal physically 
adsorbed water and (ii) decomposition of Cu-Al-CO3-layered double 
hydroxide. 

Moreover, after long-term aging there is a temperature decrease 
corresponding to the weight loss, from 64.5 to 47.5 ◦C (Fig. 5, Iwt) and 
from 135 to 121 ◦C (Fig. 5, Vwt), respectively. 

Endothermic peaks IIt and IIIt (and weight loss IIwt and IIIwt) corre
sponds to the transformation of boehmite into alumina. 

The Cu-Al-CO3-layered double hydroxide is the most sensitive phase 
to the environment. It is because of the interaction with air (sorption of 

Fig. 3. FT-IR spectra of the nanodispersed materials produced by electrochemical oxidation of copper and aluminum (air drying).  

Table 5 
Full width half maximum (FWHM) of nanodispersed copper and aluminum 
compounds produced by the electrochemical oxidation of copper and aluminum 
(vacuum drying).  

Vacuum drying (Fig. 1) 
Ageing duration FWHM of copper (II) oxide, degree  

(111) ( − 111) ( − 202) (–222)  
Short-term aging 0.56 1.10 1.26 0.98  
Long-term aging 0.52 0.97 1.01 0.95  
Ageing duration FWHM of boehmite, degree  

(020) (120) (031) (051) (002) 
Short-term aging 3.40 2.23 1.18 2.16 1.32 
Long-term aging 2.35 1.75 1.10 1.36 1.07 
Air drying (Fig. 2) 
Ageing duration FWHM of Cu-Al-CO3-layered double hydroxides, degree  

(200) (400) ( − 302) (21–1) (311) 
Short-term aging 0.50 0.79 0.35 0.33 0.36 
Long-term aging 0.24 0.36 0.24 0.28 0.26  

Ageing duration FWHM of copper carbonate hydroxide, degree  
(020) (120) (220) (040) (20–1) (21–1) 

Short-term aging 0.56 0.41 0.28 0.49 0.77 0.49 
Long-term aging 0.24 0.21 0.19 0.45 0.70 0.42  
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air-contained compounds or desorption of some compounds in the air) 
that results in a change of the layered structure. The structure dis
ordering makes decomposition easier. Therefore, the temperatures of 
both the water desorption and Cu-Al-CO3-LDH decomposition 
decreased. 

The Cu-Al-CO3-LDH decomposition has been confirmed by compar
ison of the XRD pattern of the sample after short-term aging and heat 
treatment at both 110 and 150 ◦C. The XRD pattern after 150 ◦C does not 
include diffraction peaks of Cu-Al-CO3-LDH [32]. The only weight loss 
in the temperature range 110–150 ◦C can be thoroughly assigned to the 
Cu-Al-CO3-LDH decomposition. After long-term aging we also can see 
only one endoeffect (together with weight lost, peak Vwt) at the 

temperature range 110–150 ◦C. On this basis, it was reasonably assigned 
to the Cu-Al-CO3-LDH decomposition. 

The temperature of the first stage of Cu2(OH)2CO3 decomposition 
(dehydration, reaction (2) does not changed with aging (Fig. 5, IIt), 
whereas the second stage of copper carbonate hydroxide decomposition 
(dissociation, reaction (3) after long-term aging is 323.6 ◦C (Fig. 5, IVt) 
and higher than ones before short-term aging (312.4 ◦C).  

Cu2(OH)2CO3 = CuO⋅CuCO3 + H2O                                                 (2)  

CuO⋅CuCO3 = CuO + CO2                                                              (3) 

The Cu2(OH)2CO3 is more stable than the Cu-Al-CO3-LDH. Thus, it is 

Fig. 4. DSC/DTG/TG curves of the nanostructures produced by non-equilibrium electrochemical oxidation of copper and aluminum (vacuum drying).  

Fig. 5. DSC/DTG/TG curves of the nanostructures produced by non-equilibrium electrochemical oxidation of copper and aluminum (air drying).  

N.V. Usoltseva et al.                                                                                                                                                                                                                            



Polyhedron 253 (2024) 116927

7

less affected by the environment. The reasons for the temperature in
crease of the Cu2(OH)2CO3 decomposition after long-term aging is a 
reduction in reactivity as a result of relaxation of internal stresses. 

3.4. TEM analysis 

The microstructure of the materials produced by non-equilibrium 
electrochemical oxidation of copper and aluminum is covered else
where [36]. The particle size is much larger than the coherent scattering 
region of all the phases. The particle morphology depends on the phase 
composition. Long-term aging influences the size and structure of the 
nanoparticles. Boehmite occurs as agglomerates of lamellar particles 
with a size of 5–10 μm. 

The particle shapes and sizes of the copper compounds are different 
for both treatment methods and change after long-term aging: 

Vacuum way: The size of the rounded agglomerates of CuO 
decreased from 80 to 500 nm to 20–50 nm, because of deagglomeration 
(Fig. 6, a). 

Air way: The needle splices of copper carbonate hydroxide are 5–6 
µm in length. They transformed into separate needle particles of 50–130 
nm. A flower-like structure of the layered double hydroxides forms 
(Fig. 6, b). 

The reasons of the particle size change are covered in subsection 3.2. 

3.5. Reflectance spectra of the nanodispersed powders 

The reflectance spectra of the samples after long-term aging are 
shown in Fig. 7. 

There is a difference in the reflectance spectra for the samples, 
depending on preparation way that influences the phase composition. 
Air drying yielded the sample with a higher reflection coefficient, 
regardless of the spectrum range. The following patterns are observed 
from the reflectance spectra, namely that (i) the samples absorb the 
incident light in the IR range of the spectrum; and (ii) the reflection 
coefficient gradually increased. In the spectral range from 800 to 950 
nm, the reflection coefficient is 10–14 % (vacuum drying) and 20–26 % 
(air drying), respectively. In the spectral range from 400 to 600 nm 
(visible spectral range), the reflection coefficient value of the sample 
after vacuum drying varies slightly and it is not more than 1 %, whereas 
the value of the reflection coefficient of air-dried sample is much higher 
(18–25 %). 

The difference between the reflectance spectra of nanostructures 
after air and vacuum drying is as follows. 

Vacuum drying: The spectral reflectance of the CuO at a wavelength 
of 912 nm, is 14 % [37]. 

Air drying: The reflectance of Cu2(OH)2CO3 depends on the prepa
ration method and composition and it is located in the wavelength range 
of 400–600 nm [38,39]. 

4. Conclusions 

The work shows the results of long-term aging of the nanostructured 
binary materials produced by the method of electrochemical oxidation 
of copper and aluminum with alternating current (AC). The joint elec
trochemical oxidation of copper and aluminum leads to the formation of 
agglomerates of the nanoscale copper (I) oxide – aluminum hydroxide 
system. The primary aging (within a few days) of the electrolysis 
products in the electrolyte solution, leads to the formation of copper 
carbonates through carbon-containing atmospheric compounds to yield 
copper–aluminum layered double hydroxide containing carbonate ions 
between the layers (Cu-Al-CO3-LDH) and copper carbonate hydroxide 
Cu2(OH)2CO3. 

Vacuum drying of the electrolysis product before aging prevents 
Cu2O–AlOOH from carbonization to Cu-Al-CO3-LDH. For the short-term 
aging processes, the coherent scattering region sizes of all copper- 
containing compounds were 15–20 nm. It increases to 40–50 nm after 
long-term aging because of sorption of water and carbonate ions. It has 
been found that AC electrolysis provides decomposition of carbon 
compounds at a lower temperature (135 ◦C) than conventional Cu-Al- 
CO3–LDH production methods. The temperature of the Cu-Al-CO3-LDH 
decomposition decreased even more (121 ◦C) after long-term aging 
owing to destabilization of the structure with increased content of car
bonate ions between layers. The products of the joint electrochemical 
oxidation of copper and aluminum using alternating current change 
some of their structural properties as a result of the long-term aging 
processes. The results of this investigation can be applied for the 
development of high performance photoanodes or photocathodes in 
photoelectrochemical cells, e.g. for photocatalytic water splitting and 
enhancing the hydrogen evolution reaction. Furthermore, these mate
rials can find application in metal oxide nanofluids where aging pro
cesses by a two-stage method can be employed in the use of various base 
fluids for a number of different applications. Further work aiming to 
achieve this is currently underway. 
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