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VARIOUS  TECHNOLOGICAL 
PROCESSES

1 The text was submitted by the authors in English.

INTRODUCTION

CuO, a p-type semiconductor with a narrow band gap 
of 1.2 eV, has attracted a great attention for its applications 
in catalysis [1, 2], Li-ion electrode material [3], solar 
cells [4], sensors [5, 6], solar selective absorbing coating 
[7], etc.

The size and shape of CuO nanostructures control the 
properties of CuO, which determine the activity of CuO 
[8]. The methods of CuO fabrication include precipitation 
method [9], ultrasonic irradiation [10], thermal treatment 
[11], hydrothermal method [12, 13], ionothermal route 
[14], ball-milling method [15], electrochemical route 
[16], wet chemical route [17, 18], etc. Among the various 
routes, wet chemical route was one of the most promising 
synthesis methods because of its low cost, high yield and 
high-quality production [17]. Whereas, the normal routes 
of the synthesis process of CuO are tedious.

Recently, Ba et al. [19], Shaabani et al. [20], and Zhu et 
al. [21] prepared CuO nanostructures via an intermediate 
of Cu(OH)2 by combining wet chemical method with 
thermal decomposition method. Darezereshki et al. [22], 

Zhang et al. [23], Bakhtiari et al. [24] and Zhang et al. 
[25] synthesized CuO nanostructures from basic copper 
salts by direct thermal decomposition method.

The one-pot wet-chemical method is simple and 
environmentally friendly in the fabrication of CuO due 
to its low temperature, mild alkaline conditions, and short 
reaction time. In our initial work [26], CuO was prepared 
from Cu2CO3(OH)2 by wet chemical method. In this 
article, an one-pot synthesis of CuO nanoparticles from 
copper salt in alkaline condition through wet chemical 
route was fabricated. The possible pathways of CuO 
nanoparticles were studied through a series of control 
experiments. Also, CuO nanoparticles were applied to the 
thermal decomposition of ammonium perchlorate (AP).

EXPERIMENTAL

Materials. The reagents including CuSO4·5H2O, 
Na2CO3, NH4ClO4, anhydrous ethanol were all of 
analytical grade and used in this work without any further 
purifi cation. Distilled water was used throughout the 
experiments.

Synthesis of CuO nanoparticles. In a typical process, 
Na2CO3 (0.003 mol 0.3180 g) was dissolved in 50 mL 
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distilled water to form 0.06 mol L–1 Na2CO3 aqueous 
solution. 0.001 mol 0.2497 g CuSO4·5H2O was added 
in the above solution with constant stirring. The reaction 
mixture was kept in water bath at 70°C for 5 h. The pre-
cipitate was centrifuged and washed with distilled water 
and anhydrous ethanol for several times. The fi nal prod-
ucts were dried at 60°C and collected for characterization. 

Characterization. X-ray diffraction (XRD, D/max–
RB 12 kW) with CuKα radiation of 0.15418 nm was used 
to characterize the structure of prepared samples with 
2 ranging from 10° to 70°. The average crystal size of 
products was calculated by Debye–Scherrer equation [9], 

                                                   kλ
D =  ––––––,                                 (1)

                                                βcos 

where D is the main size of the crystalline domains, k is 
the Scherrer constant (0.89), λ is the X-ray wavelength 
(0.15418), β is the line broadening at half maximum of 
the diffraction peak, and θ is the diffraction angle.

The morphology of the products was investigated by 
a SU800 scanning electron microscope (SEM, Hitachi, 
Japan). Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), 
and selected–area electron diffraction (SAED) were 
performed on a JEOL 2200FS transmission electron 
microscopy at an accelerating voltage of 200 kV. The 
sample for TEM analysis was firstly managed by 
ultrasonic dispersion in 10 mL ethanol for 1 min. The 
products above were dropped on a carbon-coated copper 
grid and dried in room temperature. 

Catalytic thermal decomposition of AP.  Simultaneous 
differential scanning calorimetry and thermogravimetric 
analysis (DSC–TGA, TA Instruments SDT 2960) 
technique was used to evaluate the catalytic activity of 
CuO nanoparticles in the  thermal decomposition of AP, 
with a CuO/AP mess ration of about 2 : 98.

CuO and AP were completely mixed by grinding 
method. The test was applied with a heating rate of 10°C 
min–1 in a temperature range of 35–500°C with the N2 
fl ow rate of 50 mL min–1. 

RESULT  AND  DISCUSSION

The optimal condition of CuO synthesis was studied 
by single-factor experiments. XRD patterns of the 
products synthesized through various conditions are 
displayed in Figs. 1–3. Figure 1 represents the synthesis 
of CuO with different temperatures. CuSO4·5H2O 
(0.2497 g) and 50 mL 0.06 M Na2CO3 aqueous solution 
were heated at different temperatures (40, 50, 60, and 
70°C, respectively) for 5 h. When the temperature exceeds 
50°C , all the peaks of diffraction are in agreement with 
the standard date from JCPDS card no. 89-5898. No 
impurity peaks exist among all the diffraction peaks. It 
indicates that the starting materials were converted into 
CuO completely. However, when the temperature is 40°C, 
none of the diffraction peaks match with the standard 
CuO XRD pattern.

In Figure 2, 0.2497 g CuSO4·5H2O and 50 mL 0.06 M 
Na2CO3 aqueous solution were heated at 50°C for 4 and 
5 h, respectively. When the reaction time is 4 h, two 

Fig. 1. XRD pattern of CuO samples with different reaction 
temperatures.

Fig. 2. XRD pattern of CuO samples with different reaction 
time. 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  90  No.  1  2017

140 BOWEN  XUE  et  al.

peaks of diffraction were matched with the standard CuO 
XRD pattern. The products are CuO with a low degree of 
crystalline. Whereas, when the reaction time exceeds 5 
h, all of the peaks are consistent with CuO XRD pattern.

Figure 3 shows the reaction of CuSO4·5H2O and 
Na2CO3 with different molar ratio at 50°C for 5 h. 
Cu4SO4(OH)6 was synthesized with a molar ratio about 
1 : 1, without any impurities. CuO was synthesized when 
the molar ratio of CuSO4·5H2O to Na2CO3 was 1 : 2, but 
Cu2CO3(OH)2 exists as a impurity. When the reaction 
molar ratios of CuSO4·5H2O to Na2CO3 are 1 : 1 and 1 : 
2, the intermediates are Cu4SO4(OH)6 and Cu2CO3(OH)2, 
respectively. The results above are in agreement with 
the report of Parekh et al. [27]. When the CuSO4·5H2O : 
Na2CO3 molar ratio is over 2, Cu2CO3(OH)2 continues 
reacting with OH–. Therefore, Cu2CO3(OH)2 was as an 
intermediate in the process of CuO synthesis. When the 
molar ratio of CuSO4·5H2O  and Na2CO3 was 1 : 3 and 
1 : 4, the diffraction peaks corresponded to the standard 
CuO XRD pattern without any impurities.

The solubility products of Cu4SO4(OH)6 and 
Cu2CO3(OH)2 are log Ksp(Cu4SO4(OH)6) = –17.3 and 
log Ksp(Cu2CO3(OH)2) = –31.96 [28], respectively. According 
to the XRD analysis above, the possible pathways of CuO 
synthesis were deduced as shown in Eqs. (2)–(6).

CO3
2– + H2O → CO2 + 2OH–,                    (2)

CO2 + H2O + CO3
2– → 2HCO3

–,                 (3)
2Cu2+ + SO4

2– + 6OH–  → Cu4SO4(OH)6
–,        (4)

Cu4SO4(OH)6
– + 2CO3

2– + 2H+
 

→  2Cu2CO3(OH)2 + SO4
2– +2H2O,               (5)

Cu2CO3(OH)2 + 2OH– = 2CuO+ CO3
2– + 2H2O.      (6)

Firstly, CO3
2– hydrolyzes and generates OH–. Then 

Cu4SO4(OH)6 was synthesized by Cu2+, SO4
2– and OH–. 

Because the solubility of Cu4SO4(OH)6 is bigger than 
that of Cu2CO3(OH)2, Cu4SO4(OH)6 can be transferred 
into Cu2CO3(OH)2, which is shown in Eq. (5). Finally 
Cu2CO3(OH)2 reacts with the rest of OH– to generate 
CuO. The overall reaction is shown in Eq. (7).

Cu2+ + 2СO3
2– + H2O  → CuO + 2HCO3

–.         (7) 

Because the hydrolyzation of CO3
2– is a reversible 

reaction, CO3
2–– can not hydrolyze completely. And there 

is also no gas overfl ow in the process. The CuSO4·5H2O : 
Na2CO3 molar ratio should be more than 2 (Eq. 7) in order 
to transform starting materials into CuO completely.

According to a series of single-factor experiments, the 
optimal condition of CuO synthesis is shown as follows: 
Na2CO3 and CuSO4·5H2O were mixed at the molar ratio 
of 3 : 1 and heated at 50°C for 5 h. The diameter of CuO 
nanoparticles which were calculated by Debye–Scherrer 
is approximately 6.4 nm at this optimal condition.

The morphology of as-prepared CuO nanostructures 
was analyzed by SEM, as shown in Figs. 4a, 4b. A pan-

(a) (b)

                                         200 μm                                             500 nm

Fig. 3. XRD pattern of CuO samples with different molar 
ratios of CuSO4·5H2O to Na2CO3.

Fig. 4. SEM images of CuO sample prepared at optimal synthesis condition.
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oramic morphology of CuO was shown in Fig. 4a, which 
was sphere-like with the diameter in the range of about 
1.00–1.51 μm. A detailed morphology of CuO products 
was displayed in the high-magnifi cation pattern (Fig. 4b), 
which showed that sphere-like CuO was composed of a 
large number of CuO nanoparticles.

Figure 5a is TEM image which shows the detailed 
structural characterization of the as-prepared CuO 
samples. TEM reveals that CuO samples were self-
assembled by thousands of primary nanoparticles, which 
corresponds with the SEM images. The diameters of 
these nanoparticles are about 5.4 nm, which is consistent 
with the calculation of Debye–Scherrer in XRD. The 
crystal structure was examined by HRTEM in Fig. 5b. 
The fringe spacing is 0.236, 0.252, and 0.103 nm, which 
is consistent well with the distance of (111), (–111), and 
(–131) crystal face of CuO nanoparticles, respectively. 
From the homologous SAED image (Fig. 5c), the elec-
tron diffraction rings indicate the polycrystalline phase 
of CuO nanoparticles.

The  application  in  AP  decomposition. Figure 6 
shows the DSC curves of pure AP and the mixture of AP 

with 2 wt % CuO nanoparticles at 10°C min–1. For pure 
AP, the decomposition process could be divided into three 
steps. The fi rst step is the crystallographic transition of 
AP from orthorhombic to cubic [29] at 248.5°C. The 
second step is low-temperature decomposition (LTD) 
which shows a peak at 338.7°C. LTD is a heterogeneous 
process, in which AP was partly decomposed into HClO4 
and NH3 [30]. The process was shown as follows

NH4ClO4 ↔ NH3–H–ClO4 ↔ NH3–HClO4 
↔  NH3(a) + HClO4(a).                                       (8) 

High-temperature decomposition (HTD) is the third 
step of the decomposition of AP. In HTD process, AP 
dissociated and sublimated to HClO4(g) and NH3(g) 
simultaneously [30] at 453.9°C. The HTD process was 
shown in Eq. (9), 

NH3(a) + HClO4(a) ↔ NH3(g) + HClO4(g),            (9)

The addition of CuO exerted little effect on the 
crystallographic transition and LTD of AP, but had a 
signifi cant effect on HTD of AP.

(c)

20 nm
Fig. 5. (a) TEM, (b) HRTEM, and (c) SAED images of CuO sample prepared at optimal synthesis condition.
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identical to that of pure AP. The addition of catalyst played 
a little role on the crystallographic transition, but LTD and 
HTD were impacted by catalyst. Compared to the pure 
AP, the two exothermic peaks were coalesced into one. 
Meanwhile, the thermal decomposition temperature was 
decreased by 115.6, 110.5, 102.2 and 98.5°C (10, 15, 20, 
and 25°C min–1, respectively). These results indicate that 
CuO nanoparticles show obvious catalytic activity in the 
thermal decomposition of AP.

Kinetic measurements. The kinetic parameters of 
AP decomposition were investigated through DSC data 
by Kissinger method [15, 30, 31]. Kissinger method 
was used to calculate the activation energy and the 
pre-exponential factor by the relation ship between the 
decomposition temperature and heating rate [15, 30], 
shown in Eq. (10),

                
(10)

In Fig. 7, the temperature of endothermic phase 
transitions of AP with CuO nanoparticles at different 
heating rates (10, 15, 20, and 25°C min−1) is almost 

Fig. 7. DSC curves of (a) pure AP and (b) AP + 2 wt % CuO at given heating rates.

Fig. 8. Dependence of ln (β/Tp
2) on 1 TP for (a) pure AP and (b) AP + 2 wt % CuO decomposition.

Fig. 6. DSC curve of thermal decomposition of pure AP and 
AP + 2 wt % CuO (10°C min–1).

ln
 (β

/T
p2 )

ln
 (β

/T
p2 )
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where β is heating rate, TP is the peak temperature, R is 
the gas constant, Ea is the activation energy, and A is the 
pre-exponential factor.

Figure 8 is straight lines plot of ln (β/Tp
2) against 1/TP 

with pure AP and the mixture of AP with CuO nano-parti-
cles. The activation energy was calculated from the slope 
of the straight line. The slope of line is equal to –Ea/R. 

For pure AP, the activation energy was 138.1 kJ mol–1. 
The activation energy of AP decomposition in the pres-
ence of 2% CuO was reduced to 26.8 kJ mol–1. The 
results indicate that the presence of CuO reduces the 
activation energy and the decomposition temperature of 
the decomposition of AP.

CONCLUSIONS

The CuO nanoparticles were synthesized by one-pot 
wet-chemical method using CuSO4·5H2O  and Na2CO3 
as starting materials. The reaction is mild, convenient 
and environmentally friendly. The diameter of CuO 
nanoparticles is about 6.4 nm. Moreover, the addition 
of CuO nanoparticles decreased activation energy of 
AP decomposition process and effectively promoted the 
thermal decomposition of AP.
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