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Abstract—The morphology and structure of copper nanopowders produced by electrical explosion of conductors 
are considered. The regularities of nanopowder oxidation in air were studied during linear and isothermal heating. 
The characteristics of initial powders in relation to the kinetic oxidation parameters were determined and the 
dependence of phase composition of the products of nanopowder oxidation on the heating conditions and dispersity 
of initial powders was found. 
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Submicrometer- and nano-sized copper powders are 
widely used for preparation of nanostructured functional 
materials [1]. The above materials have aroused interest 
because of their properties, which are markedly different 
from the properties of materials produced from coarse 
commercial powders.

Copper possesses high oxygen affi nity and oxidizes 
to form Cu2O even at temperatures on the order of 100°C 
and under the partial oxygen pressures ~10–5 mm Hg [2]. 
Copper oxidation at higher temperatures and pressures 
yields a mixture of oxides, Cu2O and CuO, whose relative 
content in the reaction products is determined by state 
and purity of a metal and by environmental conditions 
[3–6]. Products of high-temperature oxidation of compact 
copper [3, 5–8] and thin copper fi lms [9] formed at varied 
partial oxygen pressures have been studied in suffi cient 
detail. As known [5, 6], the oxide CuO is a product of 
Cu2O oxidation. CuO formation is possible above a cer-
tain critical thickness of a Cu2O layer on the metal surface 
and impossible below a certain limiting partial pressure of 
oxygen (13.3 kPa [5]). Virtually no CuO is present in the 
oxide layer on copper at low temperatures (below 150°C) 
[5]. In the temperature range 300–500°C, the oxide layer 
contains 4–10 wt % CuO, on the average, depending on 
PO2; at t > 800°C the CuO content is virtually pressure-
independent [6].

A low-temperature (below 500°C) oxidation of copper 
in relation to phase composition of the products and 
oxidation kinetics is less well understood; experimental 

data concerning this problem are often controversial and 
unambiguously explained [10–13]. From the literature, 
data on the oxidation of highly dispersed copper powders 
are lacking.

In this work, the regularities of oxidation of 
preliminarily passivated copper nanopowders heated in 
air were studied depending on their characteristics and 
heating conditions.

EXPERIMENTAL

We used in the study copper nanopowders (CNPs) 
produced by electrical explosion of conductors (EEC). 
The EES method consists in evaporating a conducting 
wire of certain length under the action of high power 
electrical pulse (current density as high as 1010 А m–2). 
The dispersity of the nanopowders thus obtained depends 
on the energy supplied to a conductor, conductor 
characteristics, and pressure of an inert gas in explosion 
chamber [14]. The CNPs obtained were passivated in 
argon in a controlled fl ow of air to avoid heating and 
subsequent sintering of the sample. The passivated 
powders were kept in conventional hermetic containers. 
The CNPs nos. 1−3, used in the study, were obtained in 
1999 and CNPs nos. 4 and 5, in 2007 (Table 1). In the 
test experiment, we used a coarse PMS copper powder 
(particle size about 40 μm) and analytically pure grade 
copper oxide Cu2O.

The morphology of the samples and the elemental 
composition of a surface layer of the CNP particles were 
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studied with a JSM-5500 scanning electron microscope 
(SEM) equipped with an EDX microanalyzer. The size 
distribution of CNP particles in ethylene glycol was 
determined with the means of a Nanosizer ZS instrument 
(Malvern); the measurement range was 0.6 nm–6 μm. 
The specific surface area of the CNP samples was 
calculated by the BET method from a low-temperature 
adsorption of nitrogen. The composition and structure of 
the surface oxide layer of CNP particles was examined 
under a JEM-3010 high-resolution transmission electron 
microscope (JEOL); accelerating voltage was 300 kV. The 
state and composition of the oxide layer of particles was 
investigated by the Fourier transform IR spectroscopy 
(a Nikolet 6700 FTIR spectrometer).

The phase composition and structure of the initial 
powders were determined by X-ray diffraction (DRON-
3М diffractometer, CuKα radiation). The quantitative 
content of crystalline phases in the samples was estimated 
by comparing results of the X-ray phase analysis (XPA) 
with the Reference Intensity Ratio (RIR) [15]. The lattice 
parameters of the metal copper were determined by the 
full-profi le analysis of the diffraction patterns [15]. 

The regular features of copper powder oxidation in 
air were studied by differential thermal analysis (SDT 
Q 600 analyzer). 10–20-mg samples were placed into 
corundum crucibles preliminarily calcined to 1500°C. 
The temperature in the furnace was increased to 1200°C 
at a linear rate of 5 and 10 deg min–1. The change in 
the sample mass was recorded to within 0.1 μg and the 
accuracy in measuring temperature by BET method 
was 0.001°. The data of the thermogravimetry (TG) 
were used to calculate the kinetic oxidation parameters 
and determine the content of metal copper in the initial 
samples. The products of the powder oxidation under 

isothermal conditions were obtained after calcining 
samples in a muffl e furnace preliminarily heated to certain 
temperature. The phase composition of the intermediate 
oxidation products formed under the conditions of linearly 
increased temperature was identifi ed by XPA. 

The characteristics of the CNPs nos. 1–5 stored for 
different times are listed in Table 1 along with those of 
a coarse PMS powder (no. 6). 

The nanopowders used in the study were in the 
form of 5–20-μm agglomerates. The shape of the CNP 
particles formed by electroexplosion is close to spherical. 
Under the non-equilibrium conditions realized at high 
EES voltages, the CNPs characterized by the bimodal 
particle-size distribution are formed. Samples obtained 
at low EES voltages are polydispersed, have the broad 
particle-size distribution, and contain larger portion of 
coarse particles (Table 1).

The content of metal copper in freshly prepared CNPs 
is 90–95 wt %; for powders stored for 1–3 years this value 
decreases to 85–88% (Table 1). The residue is oxides and 
adsorbed substances. According to the data of the elemental 
analysis, the NP samples contain up to 0.25 wt % of iron as 
major impurity. According to the X-ray phase analysis 
of the CNPs studied, a major crystalline phase is a metal 
copper with the face-centered cubic lattice, whose 
parameter exceeds a conventional value by 0.2% on the 
average. The Scherrer method gave an average value of 
35 nm for crystallite size in freshly prepared powders 
and larger value after storage.

A necessity to passivate CNPs leads to the presence of 
certain content of copper oxides. The oxide layer in the 
samples stored for no more than 1 year has a thickness on 
the order of 5−10 nm and consists of Cu2O of the cuprite 

Table 1. Characterization of copper powders used in the study
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structure. The thickness of the oxide layer stored for about 
3 years increases to 30–35 nm, with crystalline CuO of 
the tenorite structure present in the NP oxide layer along 
with Cu2O. The most oxidized is sample no. 3 (Table 1). 
The oxide layer of powders nos. 1–3 constitutes a mixture 
of Cu2O and CuO and that of powders nos. 4–6, Cu2O. 
The XPA of the CNP samples revealed somewhat lower 
content of the oxides, in comparison with DTA, which 
shows that the oxide layer on the particle surface is to 
a certain extent amorphous. The content of Cu2O and 
CuO on the outer part of the oxide layer is different for 
different samples and depends on the NP dispersity. For 
example, the IR spectrum of sample no. 3 has a series of 

weak absorption bands in the wave number region 443–
603 cm–1, that corresponds to similar bands in the Cu2O 
spectrum (Fig. 1) [16, 17]. In the spectrum of sample 
no. 4, these bands are absent. At the same time, a broad 
absorption band within 580–600 см–1, that is typical of 
CuO spectrum and is virtually absent in the spectrum of 
sample no. 3, is present. The microdiffraction analysis 
(high resolution TEM) of the particle surface layer 
also revealed Cu2O and CuO, with the Cu2O content 
in CNPs with larger fraction of fi ne particles larger 
(Table 2).

The analysis of the photomicrographs of the CNP 
samples stored for a long time shows that copper 
particles of certain minimal sizes (80–150 nm) are 
completely oxidized on storage and contain no metal core 
(Fig. 2). The XPA and TEM analyses of the oxide layers 
revealed nanosized crystals of copper oxides. Because the 
oxidation of copper particles causes volume to increase 
considerably (the Cu, Cu2O, and CuO molar volumes are 
7.2, 23.6, and 12.3 mol cm–3, respectively), joints of the 
crystallites formed in the course of the oxidation have 
low mechanical strength and easily disintegrate under 
external exposure (shaking and pouring a powder from 
one container into another).This explains why after 
prolonged storage the specifi c surface area of CNP 
samples increases by more than a factor of 1.5 (Table 1). 
Disintegration of the oxide layer in CNP suspensions 
is also observed. In this case, the system consists of 
10–15-nm colloidal copper oxide nanocrystals, which 
makes it possible to characterize CNP state in solutions 
by electrochemical methods [18]. 

Copper oxides are known to differ in thermal 
stabilities: Cu2O melts without decomposition at 1242°C 
and CuO decomposes at 1026°C [19]. Along with this, 
the equilibrium partial oxygen pressure over these oxides 

Fig. 1. The IR spectra of copper oxides and copper nanopowders. 
(T) Transmission (%) and (ν) wave number (cm–1). (1) Cu2O, 
(2) CuO, (3) CNP no. 3, and (4) CNP no. 4.  

Fig. 2. TEM images of CNP particles (sample no. 3).

Table 2. Composition of the oxide layer on the surface of CNP 
particles
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even at relatively low temperatures (500–800°C) is 
comparatively large [6]. To evaluate a possible effect of 
oxides’ decomposition on the behavior of the TG curves, 
we calculated the equilibrium partial oxygen pressures 
for various temperatures. The thermal decomposition of 
copper oxides can proceed by equations:  

Cu2O  2Cu + 1/2O2,                        (1)

where РT is equilibrium partial oxygen pressure at 
temperature T; ΔrH298, ΔrS298, and ΔrCp are changes in the 
enthalpy, entropy, and isobaric heat capacity, respectively, 
in the course of reaction; R is the universal gas constant. 
All values are given in the International System of Units 
(SI).

The log PO2 = f(T) graphs for reactions (1)–(3) are 
plotted in Fig. 3.

Upon decomposition of copper oxides, PO2 approaches 
atmospheric pressure at 930°C (Fig. 3). In this case, 
the main pathway for decomposition must by reaction 
(3), which agrees with a value of tdecomp for CuO. The 
calculated PO2 value for reaction (3) at 1030°C is 
357 Pa, which is approximately 60 times lower than 
in air and corresponds to a 0.35 % degree of the oxide 
decomposition. The decomposition of the oxide CuO onto 
simple substances [reaction (2)] can occur above 1030°C, 
with this process less profi table than the reaction yielding 
Cu2O and oxygen. The results of the calculation show that 
Cu2O decomposition onto simple substances [reaction 
(1)] is thermodynamically impossible up to a melting 
temperature of copper (1083°C [19]) (see Fig. 3). The data 
presented show that in the thermogravimetric analysis 
the loss of mass by CNP samples upon decomposition 
of copper oxides, products of Cu oxidation, within 
100–1030°C may be neglected.

The conversion degree α of the samples was 
determined from data of the thermal analysis and the 
oxidation rate ν = dα/dτ was calculated from differential 
of α with respect to time. 

The thermograms of the PMS powder no. 6 and 
CNP no. 4 recorded during linear heating at a rate of 
10 deg min–1 in air are demonstrated in Fig. 4. The DTA 
data show that the reactivities of the given samples differ 

Fig. 3. The calculated dependences of the logarithm of 
equilibrium partial oxygen pressure PO2 on temperature T (K) 
for decomposition of copper oxides by reactions (1)–(3).  

CuO  Cu + 1/2O2,                          (2)
 

2CuO  Cu2O + 1/2O2.                      (3)

We used in the calculations the thermodynamic data of 
[20]; the temperature was varied within 300–1350 K. The 
logarithm of the equilibrium partial oxygen pressure as 
a function of temperature was calculated by formula: 

markedly. About 1.5-wt % gain of mass by PMS sample 
owing to oxidation is observed even at low temperatures 
(25–220°C).

The oxidation of PMS sample is intense within 
220–620°C (Δm/m0 = 24.58%). In the given temperature 
interval the TG curve can be conventionally divided onto 
three sections (Fig. 4). Within 220–270°C the process 
rate rapidly increases to 0.0053 min–1, with mass gain 
4%. As temperature is increased further up to 460°C, 
the oxidation rate slightly increases to 0.0072 min–1 
(Δm/m0=18%). In the temperature range 470–500°C the 
rate of the PMS oxidation increases again, attaining 
a maximum value of 0.0097 min–1 at 500°C. On further 
heating to 550°C, the oxidation rate decreases and at 
560°C the sample mass does not virtually change. The 
DTA curve has exothermic peaks with fl at maxima in the 
given temperature regions. 

lo
g 

P O
2
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The study of the phase composition of the products 
formed in PMS oxidation during linear heating showed 
that the oxide Cu2O is formed in the temperature range 
220–270°C. In the 270–470°C range, Cu2O and CuO are 
formed simultaneously. At 560°C, the oxidation of Cu2O 
to CuO is complete.

The relative content of Cu2O and CuO in the oxidation 
products formed under isothermal heating for 1.5 h agrees 
with that obtained during linear heating. According to the 
XPA data (see Fig. 5), the oxide Cu2O is major product 
of the PMS oxidation at 250°C, Cu2O and CuO at a mass 
ratio of about 1.4 are present simultaneously at 350°C, 
metal copper is absent at 450°C, with the above mass 
ratio in the oxidation product approximately 1:1.15. The 
oxidation product of PMS heated at 500°C for 1.5 h is 
CuO with trace amounts of Cu2O.

The regular features of the CNP oxidation are different 
from those of PMS. All CNP samples are characterized 
by an about 0.4% mass loss within 25–185°C. This 

fi nding may be explained by desorption of gases and 
water vapors from the surface with a high Ssp value, 
which is very typical for highly dispersed systems [14]. 
Another distinction consists in a pronounced multistep 
character of the oxidation observed during linear heating 
of samples. The thermograms of the CNP oxidation have 
two oxidation peaks spaced by 80–100°C (Fig. 6). The 
parameters of the CNP oxidation depend on the powder 
characteristics and heating rate (Table 3). A major mass 
gain for sample no. 4, approximately as high as 14%, is 
within 190–350°C (Figs. 4, 6). The range 190–245°C 
corresponds to the fi rst oxidation stage. The maximum 
oxidation rate in this stage exceeds that of PMS oxidation 
within 220–270°C by a factor of 5.8. According to the 
XPA data, this stage corresponds to CNP oxidation with 
the formation of Cu2O.

The second stage of the CNP oxidation proceeds in the 
temperature range 270–350°C. The maximum rate vmax in 
this stage is twice lower than in the fi rst stage. The phase 
analysis of the CNP oxidation product formed during 
linear heating to 350°C confi rmed formation of CuO. 
The comparison of the above data with those for PMS 
oxidation shows that a coarse powder is oxidized with 
simultaneous formation of CuO and Cu2O in a broader 
temperature range, 250–560°C.

The fi rst and the second stages of the CNP oxidation 
are spaced by a region of temperatures, wherein the 
oxidation rate is low (about 0.005 min–1).

To substantiate the specifi city of the chemism of 
the copper powder oxidation, we studied the behavior 
of the Cu2O reagent during heating in air within the 
same range of temperatures (Table 3). The low rate of 
the reaction

Fig. 4. Thermograms of PMS and CNP powders obtained by 
heating at a rate of 10 deg min–1 in air. (m/m0) mass loss (%), 
(Q) thermal effect (mW), and (t) temperature (°C).  Curve: (1, 
2) TG; (3, 4) DTA. Powder: (1, 3) PMS and (2, 4) CNP no. 4. 

Table 3. The oxidation parameters for copper nanopowders and copper oxide Cu2O obtained during linear heating in air
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Cu2O + 1/2O2 = 2CuO,                           (4)

and relatively high temperatures of the Cu2O oxidation, 
compared to the parameters of CNP oxidation in the 
second stage, may be due to the size and structure 
effects. As was shown above, the oxide Сu2O, product 
of low-temperature oxidation of nanopowders, consists 
of small-size crystallites, which are responsible for its 
better reactivity. 

The Newkirk estimate [21] of the effective activation 
energy Еа,eff of the oxidation stages based on results of 
the TG analysis obtained on heating of CNP samples at 
a rate of 5 deg min–1 gave the values of 156 ± 5 and 
54 ± 3 kJ mol–1 for the fi rst and second oxidation stages, 
respectively [reaction (4)]. Note, the Еа,eff value of the 
CNP oxidation found from the TG curve within 430–
540°C and that of the Cu2O oxidation within 480–550°C 
are 50 kJ mol–1, on the average. Virtual coincidence 
of the Еа,eff values for oxidation of Cu2O and copper 
nanopowders, along with the data of the XPA, confi rm 
proceeding of the reaction (4) in the above temperature 
regions. 

The value of Еа,eff for the fi rst stage of CNP oxidation 
is close to the activation energy Еа of diffusion of the 
Cu+ cations in the cuprite lattice (151 kJ mol–1 [6]). The 
nonlinearity of the ln(Δm/m0)–1/T dependence makes 
estimate of Еа,eff of CNP oxidation within 220–430°C 
improbable. Virtual coincidence of the Еа,eff values for the 
fi rst stage of the CNP oxidation and Еа of Cu+ diffusion 
confi rm proceeding of reaction (4) in this stage and is 
consistent with the generally accepted conclusion 
that metal copper oxidizes with the formation of 
Cu2O [5, 6].

The experimentally observed sequence of the CNP 
oxidation stages during linear heating may be explained 
by the size effect. After attaining a certain temperature, 
particles on the order of 100 nm in size undergo complete 
Cu → Cu2O oxidation for relatively short time. A further 
increase in the temperature causes Cu2O → CuO process 
to proceed. In this case, the content of the residual metal 
copper in CNP is determined by the content of coarse 
particles, which oxidize considerably slower. This 
conclusion is confi rmed by the DTA of CNP samples 
obtained by electrical explosion at low voltages and 
containing considerable fraction of coarse particles. In the 
fi rst turn, numerical predominance of coarse particles in 
the sample makes temperature range, wherein oxidation 
proceeds, broader. For example, sample no. 1 (Table 1) 
is oxidized within 205–600°C, with mass gain 16%; 

The limiting mass gain (17.2%) is attained at 675°C. 
The vmax is attained at 325°C and makes 0.010 min–1 
(Table. 3). In the given case, the DTA cannot clearly 
distinguish between the oxidation steps. Apart from this, 
the oxidation product formed at higher temperatures also 
contains residual copper. Thus, under otherwise the same 
conditions, the reactivity of samples is determined by 
their dispersity. Sample no. 1 in dispersity and oxidation 
parameters occupies the intermediate place between 
samples nos. 3, 4, on the one side, and PMS samples, on 
the other side. 

Fig. 5. X-ray diffraction patterns of the oxidation products 
formed on heating of PMS samples for 1.5 h at different 
temperatures in air. (2θ) Bragg angle (deg). Temperature (°C): 
(1) 250, (2) 350, (3) 450, and (4) 500.  

Fig. 6. DTG curves obtained for oxidation in air at a heating 
rate of 10 deg min-1. (Δm/m0) mass change (mg min–1) and (t) 
temperature (°C). (1) CNP no. 3, (2) CNP no. 4, (3) PMS, and 
(4) Cu2O. 
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The oxidation degree of the initial CNPs stored for 
different times exerts certain effect on the oxidation 
parameters obtained during heating in air. The data 
of Table 3 show that in the presence of oxide fi lm on 
the surface of CNP particles stored for a long time the 
temperature of the onset of the oxidation somewhat 
decreases in comparison with the case of particles stored 
for a short time. In this case, the temperature, at which 
the oxidation rate at the fi rst stage is maximal, somewhat 
decreases too. The corresponding temperature at the 
second stage is virtually the same for samples stored for 
different times. 

For all the samples studied, the thermal decomposition 
of CuO formed upon complete oxidation is intense 
above 1000°C (Fig. 6). The process proceeds at virtually 
the same temperature for all samples (1029°C on the 
average). The experimentally observed temperature 
of the CuO decomposition is in good agreement 
with a reference value [19]) and the results of the 
thermodynamic calculations and does not depend on the 
dispersity of initial powders and heating conditions. For 
all samples, the mass loss is virtually the same (9.8%), 
close to a theoretical value of 10.0% for reaction (3). It 
is necessary to note that the temperature, at which CuO 
decomposition is complete, is also virtually the same for 
all samples (1058°C on the average).

CONCLUSIONS

(1) Copper nanopowders produced by electrical 
explosion differ from coarse powders by larger reactivity 
with respect to oxidation in air. The nanoparticles of the 
powders stored for more than 2−3 years in conventionally 
hermetic containers oxidize completely. Complete 
oxidation of coarse PMS powder is attained at 620°C and 
that of nanopowders, at 400°C, with the conditions of the 
linear heating the same (10 deg min–1). The temperatures 
of the onset of the oxidation for PMS and nanopowders 
are close (220 and 180°C, respectively, on the average). 
Increasing the storage time of the nanopowders decreases 
the temperature of the onset of their oxidation.

(2) Results of the thermogravimetric analysis showed 
that the nanopowders oxidize in two stages spaced by 
80–100°: at the fi rst stage copper oxidizes to Cu2O and 
at the second stage, the oxide Cu2O oxidizes to CuO. 
The rate of the fi rst stage correlates with the fraction of 
nanoparticles in the powder. The effective energies of 
activation of the stages were determined to be 156 ± 5 and 

54 ± 3 kJ mol–1, respectively. A multistep character of the 
oxidation as a whole and the low energy of activation of 
the second stage are accounted for by the size effect. 

(3) The phase composition of the oxidation products 
obtained under isothermal heating of copper powders 
is determined by the dispersity of initial sample under 
otherwise the same conditions. At the same sintering 
time (1.5 h), the residual copper is present in the 
products of PMS oxidation to 450°C, with Cu2O and 
CuO fractions at this temperature comparable. In the 
products of nanopowder oxidation, residual copper at 
350°C was not found, with CuO a dominating phase at 
this temperature.

(4) The results obtained can be used for the development 
of attestation system for metal nanopowders. 
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