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Oxidation Mechanism of Cu2O and Defect Structure of CuO
at High Temperatures
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Abstract. Kinetics and mechanism of Cu2O oxidation
have been studied as a function of temperature (973–
1273 K) and oxygen pressure (1–105 Pa), using microther-
mogravimetric and marker techniques. It has been found
that in early stages not exceeding 30 hours, CuO formation
follows approximately cubic rate law and in later stages,
the process can be described by parabolic kinetics with the
rate being independent of Cu2O pretreatment. Marker ex-
periments, confirmed by two-stage oxidation studies, have
demonstrated that the growth process of CuO layer on
the surface of Cu2O proceeds by the outward diffusion of
cations, clearly indicating that the cation sublattice of CuO
is predominantly defected. These results together with ki-
netic and nonstoichiometry data strongly suggest that in ad-
dition to intrinsic electronic disorder (i.e. electron holes and
quasi-free electrons), doubly ionized cation vacancies are
the prevailing ionic defects in this oxide.
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1 Introduction

First experimental proof of Wagner’s theory of metal oxi-
dation [1–3] has been obtained more than 60 years ago in
studying the kinetics and mechanism of copper oxidation
[4–7]. In agreement with this theory it has been found that
the metal deficient cuprous oxide scale (Cu2�yO) on this
metal is growing by the outward volume diffusion of cations
and electrons via cation vacancies and electron holes, the
parabolic rate constant of this reaction being in quantita-
tive agreement with that calculated from the self-diffusion
coefficient of copper in Cu2�yO [8–15]. These pioneering
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results are considered in the literature as the starting point
of the rapid development of not only the theory of gas corro-
sion of metallic materials [2, 3, 16, 17], but also of thermo-
dynamics and kinetics of point defects in transition metal
oxides and sulfides [8, 18, 19]. However, in those times vir-
tually no information was available on the mechanism of
the second copper oxide (CuO) formation, because of ex-
tremely low rate of this process. It is interesting to note that
in last 10 years the interest in physico-chemical properties
of cupric oxide, CuO, has shown great revival in connection
with its specific applications in solar cells [20], gas sensors
[21–23], magnetic storage media [24, 25], semiconductors
[26], catalysis [27–29] and high temperature superconduc-
tors [30,31]. Apart from the above mentioned applications,
there are many reports about the preparation of CuO nano-
materials, in the form of nanorodes [32], nanowires [33],
shuttle-like structures [34], nanoribbons [35] and nanopar-
ticles [36, 37]. In addition, due to low cost of production,
both copper oxides constitute important candidates for mass
market applications. However, in all possible applications
of copper oxides, detailed knowledge of their defect struc-
ture and transport properties is urgently needed.

As far as Cu2O is concerned, these properties have been
almost satisfactorily understood [9, 14, 15]. On the other
hand, little information is still available on the kinetics and
thermodynamics of point defects in CuO, in spite of the fact
that from practical point of view this oxide is even more
important than Cu2O. In addition, available literature data
are highly controversial. For instance, Carel et al. [31] and
Ettorche et al. [38] postulate that CuO shows rather large
deviation from stoichiometry, resulting either from cation
vacancies (Cu1�yO) or from interstitial anions (CuO1Cx/,
while Tretyakov et al. [11] claim that nonstoichiometry in
CuO (if any) is very low. Finally, considerable disagree-
ment is observed between the results reported by different
authors concerning the kinetics of Cu2O to CuO oxidation.
Some authors [38–40] suggest that this process at moder-
ate and high temperatures follows cubic or even logarithmic
kinetics [41] and others [39, 42] postulate that at moderate
temperatures this reaction may proceed rather in agreement
with familiar parabolic rate law. However, all these results
have been obtained in rather short oxidation times, not ex-
ceeding 30 hours and consequently they can not be con-
sidered as a rational basis for describing the mechanism of
CuO formation under steady-state conditions and in partic-
ular, for the formulation of some conclusions concerning
defect structure and transport properties of this oxide.
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Detailed analysis of all available literature data [11, 31,
38–43] strongly suggests that one of the main reasons of
disagreements observed in the literature concerning the
mechanism of CuO formation and the type of defect struc-
ture in this oxide result first of all from insufficient purity
and care in the preparation of starting material (Cu2O for
oxidation kinetics and CuO for determination of nonstoi-
chiometry) as well as from inadequate experimental proce-
dure. Thus, the present paper is an attempt to get the reliable
information on the influence of the history of starting ma-
terial (Cu2O) on the kinetics and mechanism of CuO for-
mation, in precise long-term microthermogravimetric oxi-
dation studies and to explain the type of predominant ionic
disorder in CuO using marker [44,45] and two-stage oxida-
tion techniques [46, 47].

2 Materials and Experimental Procedure

In order to eliminate – as much as possible – the impuri-
ties in Cu2O starting material, high purity copper (99.9999
at. %) in the form of rectangular plates (1:5�2:5 cm2) with
the thickness of 0.02 cm and mirror-like surfaces have been
completely oxidized at 1273 K in Ar-He-O2 gas mixture
with the partial pressure of oxygen lower than the dissoci-
ation pressure of CuO. Cu2O samples obtained in this way
were coarse-grained (Figure 1) and showed virtually theo-
retical density, as well as the total concentration of impuri-
ties in this material was lower than 10�5 %. Oxidation rate
measurements of these Cu2O specimens have been carried
out as a function of temperature (973–1273 K) and oxy-
gen pressure (1–105 Pa) – Figure 2 – in the microthermo-
gravimetric apparatus described elsewhere [48]. The weight
gains of the oxidized samples were followed continuously
as a function of time at constant temperature and oxygen
pressure with the accuracy of the order of 10�6 g. The par-
tial pressure of oxygen in ternary Ar-He-O2 gas mixture,
flowing with the constant rate (50 ml=min) through the re-
action chamber, was obtained by suitable composition of
this atmosphere of the total pressure of 105 Pa.

The application of two carrier gases (helium and argon)
needs some explanation. If only one carrier gas is used (as
usual) to obtain oxidizing gas mixture, the Archimedes ef-
fect is to be expected when the oxygen partial pressure in
such mixture is changed [49]. If, namely, the oxygen pres-
sure in Ar-O2 gas mixture is decreased, the weight of the
sample apparently decreases, because of the higher density
of argon as compared to oxygen. As a consequence, the reg-
istered weight gains of the oxidized sample are lower than
those resulting from the oxidation process. On the other
hand, in He-O2 atmosphere opposite effect should be ob-
served. This problem has not been taken into account in
previous works published in the literature and can be con-
sidered as an important source of inadequate results of non-
stoichiometry studies of CuO and of the oxidation kinetics

Figure 1. SEM image of the surface of Cu2O sample ob-
tained after oxidation of copper in Ar-He-O2 atmosphere
at 1273 K and oxygen pressure 103 Pa.

Figure 2. Phase diagram of Cu-O2 system. A –
temperature-pressure range of oxidation rate measure-
ments of Cu2O to CuO, B – temperature-pressure range of
Cu2�yO pretreatments before oxidation.

of Cu2O, in addition to impurity effect. In order to elim-
inate this systematic error, the Ar/He ratio was chosen in
such way that the density of this carrier gas mixture was
exactly the same as that of oxygen.

In order to prove the possible influence of the history
of Cu2O sample on the kinetics of CuO formation, the
starting material was equilibrated before successive kinetic
runs at different oxygen pressures, ranging from the very
low one, close to the dissociation pressure of Cu2O up to
the Cu2O-CuO equilibrium (see Figure 2). As the pre-
dominant defects in metal deficient Cu2�yO are cation va-
cancies and electron holes [9, 14, 15], the above men-
tioned procedure enabled to start the oxidation process with
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highly different defect concentrations in the starting ma-
terial. These differences may be reflected in different in-
fluence of field transport [39] of ions through the growing
CuO layer in early stages of the reaction when CuO layer
is very thin (<1000 Å). In later stages of the reaction, this
influence should gradually disappear and the oxidation pro-
cess should follow familiar parabolic kinetics, being inde-
pendent of the history of Cu2O starting material. In fact,
from available literature data it follows that in early stages
of the reaction, oxidation process may follow cubic [39, 40]
or even logarithmic [41] kinetics, but long-term oxidation
studies have not been carried out, at all. These short-term
oxidation data were interpreted in terms of field transport
[39] or aging effect [40] but not convincing conclusions
have been formulated concerning the mechanism of Cu2O
oxidation and in particular on the defect structure of CuO.
To get more inside into these problems, systematic long-
term oxidation rate measurements of Cu2O to CuO have
been carried out as a function of temperature and oxygen
pressure. Further, marker and two-stage oxidation tech-
niques were applied in order to explain, which sublattice of
CuO is predominantly defected and finally the stoichiomet-
ric composition of this oxide has been studied as a function
of temperature and oxygen pressure. Basing on all these
results, defect structure model of CuO has been elaborated
and self-diffusion coefficient of copper in this oxide was
calculated.

3 Experimental

3.1 Kinetic Results

Long-term oxidation rate measurements have been carried
out, as a function of defect concentration in Cu2�yO. Fig-
ure 3 illustrates kinetic runs, presented in parabolic plot,
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Figure 3. Long-term oxidation kinetics of Cu2�yO at
1273 K and pO2 D 105 Pa, equilibrated before the reac-
tion at different oxygen partial pressures: 1 – 104 Pa, 2 –
103 Pa. 3 – 10 Pa. Parabolic system of coordinates.

obtained at 1273 K on Cu2O samples equilibrated under
different oxygen pressures. As can be seen, in early stages
of the reaction, oxidation process does not follow parabolic
rate law and depends slightly on the history of the start-
ing material, but in later stages, exceeding 30 hours, exact
parabolic behavior is observed. It is important to note, that
as expected, under steady state conditions parabolic rate
constants of Cu2O oxidation do not depend on the history
of starting material, at all (Figure 3). Figure 4, in turn, il-
lustrates the results of early stages of oxidation, presented
in cubic system of coordinates. It follows from this plot
that the oxidation process of Cu2O specimens, equilibrated
at three different oxygen pressures (curves 1, 2 and 3) can
be described by cubic rate law, but the rate of the reac-
tion depends slightly on the history of starting material. It
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Figure 4. Early stages of oxidation kinetics of Cu2�yO at
1273 K and pO2 D 105 Pa, equilibrated before the reac-
tion at different oxygen partial pressures: 1 – 104 Pa, 2 –
103 Pa, 3 – 10 Pa. Cubic system of coordinates.
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Figure 5. Pressure dependence of the parabolic rate con-
stant of Cu2�yO oxidation, presented in double logarith-
mic plot.
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Figure 6. Temperature dependence of the parabolic rate
constant of Cu2�yO oxidation for several oxygen pres-
sures, presented in Arrhenius plot.

may be then concluded that reasonable information on the
steady state growth mechanism of CuO on the surface of
Cu2O may only be obtained from long-term oxidation stud-
ies. Following this type of reasoning, parabolic rate con-
stants of Cu2O oxidation, calculated from the results ob-
tained under such conditions, are shown in Figures 5 and 6,
as dependent on oxygen pressure and temperature, respec-
tively. These results will be utilized later in connection with
those of marker and two-stage oxidation, as well as nonsto-
ichiometry data in explaining the defect structure and trans-
port properties of the discussed oxide.

3.2 Nonstoichiometry Studies

In order to get a direct information about possible devi-
ations from stoichiometry of CuO, the following experi-
ments have been carried out. High purity copper sample
with the weight determined with the accuracy of the order
of 10�6 g, was suspended in the microthermogravimetric
apparatus and completely oxidized to CuO at 1273 K and
oxygen pressure 105 Pa. When constant weight of the ox-
ide sample has been reached, i.e. when the thermodynamic
equilibrium in CuO-O2 system was established, the Cu/O
atomic ratio was calculated from the weight of Cu sam-
ple and its increases due to oxidation. Subsequently, the
partial pressure of oxygen in ternary Ar-He-O2 gas mix-
ture has been changed, step by step to lower values, an-
nealing the sample after each step during 24 hours to get
every time thermodynamic equilibrium. No change of the
sample mass has been recorded. This procedure has been
repeated several times at lower and lower temperatures in
order to determine the possible influence of temperature on
Cu/O ratio. It has been found, rather surprisingly, that in the
whole temperature and oxygen pressure range studied, CuO
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Figure 7. Stoichiometric composition of Cu1˙yO deter-
mined in situ thermogravimetric measurements, as a func-
tion of equilibrium oxygen pressure for several tempera-
tures.

does not show any measurable deviation from stoichiome-
try (Figure 7), because Cu/O atomic ratio was still equal to
unity. Taking into account the accuracy of our thermogravi-
metric experiments (10�6 g), the deviation from stoichiom-
etry, if any, of the studied oxide is lower than 10�5. These
results are in agreement with data, obtained by Tretyakov et
al. [11], which suggest very low, but still measurable devi-
ation from stoichiometry of CuO of the order of 10�5. On
the other hand, these results as well as those obtained in
the present work do not confirm information, reported by
Milliken and Cordaro [43], and Ettorche et al. [38], which
claim, that CuO shows much higher departures from stoi-
chiometry. This distinct disagreement of the literature data
may result from inadequate methods utilized in determina-
tion of Cu/O ratio. The data of Ettorche [38] and Milliken
[43] have, namely, been obtained not in situ thermogravi-
metric experiments, but on quenched samples. Tretyakov
data [11], on the other hand, can be considered as obtained
in situ experiments, because he studied equilibrium states
between CuO and oxygen in a solid electrolyte galvanic
cell. Consequently, these data may be considered as most
reliable, which in fact – in agreement with our results – sug-
gest extremely low, if any, deviation from stoichiometry in
CuO.

3.3 Marker Experiments

Marker method [44,45] widely used in studying the mecha-
nism of metal oxidation consists in the oxidation of a given
metal sample, “marked” before the reaction by an inert sub-
stance (e.g. gold or platinum) and after terminating the re-
action, in determining the position of such a marker in the
layer of reaction product (scale). If the marker is found
at the metal-scale interface, it clearly indicates that the
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scale was growing by the outward diffusion of cations, and
thereby that the cation sublattice of the oxide forming the
scale is predominantly defected. On the other hand, if the
marker is located on the scale-gas interface, it means that
the scale was growing by the inward diffusion of oxidant,
indicating that the anion sublattice is predominantly disor-
dered. It should be noted that reliable information from this
method can only be obtained if the thickness of the reaction
product is at least one order of magnitude higher than that
of the marker.

During last 60 years the application of this method
greatly contributed to the better understanding of the mech-
anism of high temperature corrosion of metallic materials,
and in particular in explaining the type of predominant de-
fects in the number of transition metal oxides and sulphides.
However, in few cases only this method has been used in
studying the mechanism of oxide oxidation. For instance, it
has been shown using this method that the growth process
of Co3O4 on the surface of CoO proceeds by the outward
diffusion of cations and consequently, that the cation sub-
lattice in Co3O4 is predominantly defected [50].

In order to get direct information on the type of pre-
dominant disorder in studied cupric oxide, thin gold film
of about 1 µm in thickness was used as a marker. This gold
film was vacuum evaporated onto the surface of Cu2O sam-
ple through copper mesh, what resulted in the formation
of small islands of gold spread on the specimen surface.
The Cu2O sample marked in this way was then oxidized
at 1273 K under oxygen pressure equal 105 Pa. After ter-
minating the reaction, a cross-section of the sample have
been made in order to determine the position of the marker
in the CuO layer. Figure 8 shows BSE micrograph of met-
alographic cross-section of such a sample, illustrating the
position of the gold markers in the interior of the reaction
product. Such a position of the marker in the middle of
the total CuO thickness, clearly indicates that cation sub-
lattice in CuO is predominantly defected. This conclusion
follows from the fact that in contrast to metal oxidation,
CuO layer is growing simultaneously on both its surfaces,
as illustrated by the model shown schematically in Figure 9.
Outward diffusion of cations and electrons leads to the for-
mation above the markers of the outer CuO layer, growing
at the outer CuO-O2 interface:

CuC2 C 2e0 C
1

2
O2 ! CuO: (1)

Simultaneously, beneath the marker, the inner CuO layer is
being formed due to the following reaction:

Cu2O! CuOC CuC2 C 2e0: (2)

On the other hand, if CuO layer would grow by the inward
diffusion of oxygen, the markers should be located at the
outer CuO surface, because the oxidation product would
form at the inner Cu2O-CuO interface, only.

Cu O2

CuO

Au-markers

50 m

Figure 8. Metalographic cross-section of the Cu2�yO sam-
ple after partial oxidation at 1273 K and oxygen pressure
105 Pa, illustrating the position of Au-markers in the inte-
rior of the CuO layer.

Figure 9. Schematic representation of the growth mecha-
nism of CuO on the surface of Cu2O.

3.4 Two-stage Oxidation Experiments

In order to confirm the above described results, obtained
with the use of marker method, two-stage oxidation tech-
nique has been applied, constituting in the oxidation in
the first stage the Cu2O sample in oxygen 16O and sub-
sequently – without breaking the reaction – in oxygen 18O.
After terminating the reaction, distribution of oxygen iso-
topes in the CuO product layer has been determined by Sec-
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Figure 10. The concentration profiles of Cu, 16O and 18O
isotopes in the interior of CuO layer, formed at 1273 K
and oxygen pressure 105 Pa in two-stage oxidation experi-
ments.

ondary Neutrals Mass Spectrometry (SNMS). Concentra-
tion profiles of both oxygen isotopes in the interior of CuO
layer, obtained at 1273 K under total oxygen pressure 105

Pa are shown in Figure 10. As can be seen, oxygen 18O
introduced to the reaction chamber in the second stage of
the reaction is concentrated in the outer part of CuO layer,
univocally confirming the results obtained with the use of
marker method, i.e. that CuO layer is growing by the outer
diffusion of cations [51, 52] and consequently that cation
sublattice of this oxide is predominantly defected.

4 Discussion

Experimental results described above enable some new con-
clusions to be formulated, concerning the mechanism of
Cu2O oxidation and, in particular, the defect structure and
transport properties of cupric oxide. Long-term oxidation
rate measurements have shown that after incubation period,
the process of CuO formation under steady-state conditions
follows strictly familiar parabolic kinetics, being thus dif-
fusion controlled. From Figures 5 and 6 it follows that the
apparent activation energy of oxidation changes with oxy-
gen pressure and the pressure dependence of the oxidation
rate, in turn, changes also with temperature. This peculiar
phenomenon will be explained later on the basis of defect
structure model of CuO, presented in this paper.

The first problem to be solved in this respect is to de-
cide, which kind of point defects in CuO predominates.
From marker and two-stage oxidation experiments it fol-
lows clearly that cation sublattice is predominantly de-
fected. Thus, the main problem on the beginning of this
discussion consists in deciding whether cation vacancies or
interstitial cations are the predominant point defects. This

 

Figure 11. Concentration gradients of points defects in the
CuO layer, growing on Cu2�yO by the outward diffusion
of cations. a) cation vacancies predominate, b) interstitial
cations predominate.

problem could immediately be solved from the pressure
dependence of nonstoichiometry of CuO at high tempera-
tures. If, namely, cation vacancies and electron holes would
predominate, the metal deficit and thereby nonstoichiom-
etry in CuO should increase with oxygen pressure. On
the other hand, if interstitial cations and quasi-free elec-
trons would be the predominant defects, the nonstoichiom-
etry and thereby defect concentration would decreased with
oxygen pressure. Unfortunately, in the case under discus-
sion, this problem could not be solved in this way, be-
cause – as shown in Figure 7 – the nonstoichiometry in
CuO was to low, to be determined experimentally. How-
ever, there is still another possibility to decide which kind
of point defects prevails in cation sublattice of CuO. Dif-
ferent pressure dependence of the oxidation rate of Cu2O
is, namely, to be expected for two different types of point
defects in CuO. If cation vacancies would be the prevailing
defects, parabolic rate constant of Cu2O oxidation should
increase with oxygen pressure. This conclusion follows
from the fact that this type of defects is being created at
the outer CuO-O2 interface and consequently, their concen-
tration is there much higher than that at the inner Cu2O-
CuO phase boundary, where these defects are annihilated,
as schematically depicted in Figure 11a). Thus, the con-
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centration gradient of defects in CuO layer, determining its
growth rate increases with increasing oxygen pressure and,
consequently, the parabolic rate constant of the oxidation
increases with the oxygen pressure. On the other hand, if
interstitial cations would be the predominant point defects,
their concentration at the inner Cu2O-CuO interface, where
these defects are generated, is much higher than that at the
outer CuO-O2 interface, where they are annihilated (Fig-
ure 11b)). Consequently, concentration gradient of defects
in the growing CuO layer and thereby the oxidation rate
must be in this case virtually pressure independent, because
extremely low defect concentration at the outer CuO surface
does not virtually change with oxygen pressure. It should
be noted, however, that these differences can be observed
only when the oxidation process is carried out at oxygen
pressures several orders of magnitude higher than the dis-
sociation pressure of CuO. At very low oxygen pressures,
on the other hand, near the dissociation pressure of CuO,
very small defect concentration gradients will change in
both cases, i.e., when cation vacancies or interstitial cations
predominate. Thus, in order to decide which type of point
defects predominates, the pressure dependence of the ox-
idation rate must be studied at pressures several orders of
magnitude higher than the dissociation pressure of CuO.
From Figure 5 it follows that at temperatures not exceed-
ing 1073 K and oxygen pressures higher than 104 Pa, i.e. at
pressures more than 3 orders of magnitude higher than the
dissociation pressure of CuO (see Figure 2), the oxidation
rate increases definitively with increasing oxygen pressure.
It may be then concluded that the predominant defects in
cupric oxide are cation vacancies and electron holes, but not
interstitial cations and quasi-free electrons. Thus, cupric
oxide must show in fact very low metal deficit (nonstoi-
chiometry) and consequently stoichiometric formula should
be written as Cu1�yO.

However, the problem of defect ionization degree re-
mained unclear. Nevertheless, taking into account the fact
that the concentration of point defects in CuO is extremely
low, it is reasonable to assume with high probability that
cation vacancies are completely, i.e. doubly ionized. Thus,
the formation of these defects may be described by the fol-
lowing quasi-chemical reaction (Kröger–Vink notation of
defects is used throughout of this paper [53]):

1

2
O2 $ V00Cu C 2h� C OO: (3)

Applying to this defect equilibrium the mass action law, one
obtains the following relationship:

K D ŒV00Cu� � Œh
��2 � p

�1=2
O2

: (4)

In order to describe the defect structure model of the dis-
cussed oxide, it is necessary to consider the fact that CuO is
an intrinsic electronic semiconductor [54], i.e. that the con-

centration of electronic defects (electron holes and quasi-
free electrons) is rather high and only temperature depen-
dent. Consequently, the formation of these defects can be
described by the following quasi-chemical reaction:

zero$ h� C e0 (5)

with the equilibrium constant given by:

Ke D Œh
�� � Œe0�: (6)

Consequently, general electroneutrality condition assumes
the form:

2ŒV00Cu�C Œe
0� D Œh��: (7)

As the concentration of quasi-free electrons is much higher
than that of cation vacancies (Œe0�� ŒV00Cu�), general elec-
troneutrality condition assumes the following simplified
form:

Œe0� D Œh��: (8)

Thus, considering eqs. (4), (6) and (8), the pressure depen-
dence of cation vacancy concentration in CuO is described
by the following relationship:

ŒV”Cu� D K �K
�1
e � p

1=2
O2
: (9)

From Wagner’s theory [17] it follows simply that the
parabolic rate constant of Cu2O oxidation, kp , determined
at pressures highly exceeding dissociation pressure of CuO
should depend in the same way on oxygen pressure as the
concentration of ionic defects (cation vacancies) in the oxi-
dation product (CuO):

kp D const0 � ŒV00Cu� D const � p1=2O2
: (10)

From Figure 5 it follows clearly that at pressures highly
exceeding dissociation pressure of CuO (see Figure 2),
parabolic rate constant of Cu2O oxidation increases with
oxygen pressure exactly in the same way, as predicted by
theoretical equation (10). This agreement may then be con-
sidered as the first important proof of the validity of the pro-
posed defect structure model of CuO. Thus, the results of
oxidation rate measurements of Cu2O, obtained at oxygen
pressures much higher than dissociation pressure of CuO
may be utilized in calculation of the self-diffusion coeffi-
cient of copper in cupric oxide as a function of tempera-
ture and oxygen pressure. In the discussed oxygen pres-
sure range, namely, the pressure dependence of parabolic
rate constant of Cu2O oxidation does not change with the
temperature and activation energy of this reaction does not
change with the oxygen pressure (Figure 5). Consequently,
parabolic rate constant of Cu2O oxidation (expressed in
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g2m�4s�1) may be described by the following empirical
equation:

kp D 1:4 � 10
3 � p

1=2
O2
� exp

�
�
147 kJ=mol

RT

�
(11)

enabling the self-diffusion coefficient of copper in cupric
oxide, DCu, to be calculated as a function of oxygen pres-
sure and temperature. This possibility follows directly from
Wagner’s theory of metal oxidation [17, 18]. However, in
order to use equation (11) in these calculations, parabolic
rate constant, kp , expressed in g2 m�4 s�1, must be recal-
culated into k0p , utilized in Wagner’s theory of metal oxida-
tion and expressed in m2 s�1. As the kp determined ther-
mogravimetrically is the measure of oxygen uptake in the
outer CuO layer, recalculation of this constant into k0p , de-
scribes directly the growth rate of this layer, in agreement
with Tamman’s parabolic rate law:

x2 D 2k0pt C C; (12)

where x is the thickness of the outer CuO layer after time t
and C is a constant. From Wagner’s theory [17] it follows
that if the concentration of defects in the growing oxide
layer is low and their mobility is concentration independent,
the parabolic rate constant k0p is related to the self-diffusion
coefficient of migrating species (in our case of cations), by
the following simple relationship [2, 3]:

k0p D .1C jpj/ �DCu; (13)

where p is the degree of defect ionization.
In the case under discussion, all simplified assumptions

made by Wagner in deriving equation (13) are fullfiled, be-
cause the concentration of point defects in CuO is extremely
low and consequently, their mobility must be concentration
independent. Finally, in the case of such a low defect con-
centration, they obviously must be fully ionized (p D �2).
Summing up this short discussion, it may be then concluded
that simplified equation (13) can be utilized in calculating
the self-diffusion coefficient of copper in CuO. The results
of these calculations may be summarized in equation (14),
describing this coefficient as a function of temperature and
oxygen pressure:

DCu D 1:5 � 10
�10 � p

1=2
O2
� exp

�
�
147 kJ=mol

RT

�
m2 s�1:

(14)

It is important to note that the defect structure model of
CuO, presented in this work is not restricted to oxygen pres-
sures much higher from dissociation pressures of CuO, but
also valid at lower pressures, close to the dissociation pres-
sure of CuO. This conclusion follows again from the appli-
cation of Wagner’s equation but in its general form, taking
into account not only the oxygen pressure at the outer phase
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kp ~ pO2

1273 K
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1073 K

973 Kk p   
 / 

g2 m
-4
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kp ~ pO2
 1/2

CuO

Cu2O

Figure 12. Pressure dependence of the parabolic rate con-
stant of Cu2O oxidation, presented in double logarithmic
plot: solid line – calculated from empirical equation (15),
points – experimental data.

boundary, pO2 , but also equilibrium oxygen pressure at the
inner interface, p0O2 , equal to the dissociation pressure of
the growing oxide layer. In the case under discussion, this
equation assumes the following form:

kp D 1:4 � 10
3 � .p

1=2
O2
� p

01=2
O2

/ � exp

�
�
147 kJ=mol

RT

�
:

(15)

This relationship has been used in calculating the parabolic
rate constant of Cu2O oxidation over the whole oxygen
pressure range studied. The results of these calculations
are shown in the form of solid lines in Figure 12, on the
background of experimental data, obtained in the present
study. As can be seen, very good agreement between calcu-
lated and experimentally obtained data is observed over the
whole pressure and temperature range studied, confirming
the validity of defect structure model of CuO.

In order to compare calculated values of the self-
diffusion coefficient of copper in CuO with analogous data
for other transition metal oxides available in the literature,
the temperature dependence of DCu in CuO, calculated for
oxygen pressure equal 105 Pa, is shown in Figure 13 on the
background of other self-diffusion data. As can be seen,
our diffusion data are located in the interior of the area,
covered by lines representing temperature dependence of
self-diffusion coefficients in a number of transition metal
oxides. It is important to note, that not only absolute values
of DCu, but also activation energy of copper diffusion in
CuO is comparable with the activation energy of diffusion
in other oxides. Following this line of speculation, one may
calculate the concentration of point defects (cation vacan-
cies) in the studied oxide by assuming an average value of
chemical diffusion coefficient, eD, typical for all transition
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Figure 13. Temperature dependence of the calculated self-
diffusion coefficient of cations in CuO on the background
of the analogous dependence for a number of transition
metal oxides.
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Figure 14. Collective plot of the temperature dependence of
the chemical diffusion coefficients in a number of transi-
tion metal oxides.

metal oxides. From the diagram presented in Figure 14,
it follows that the chemical diffusion coefficients in tran-
sition metal oxides do not differ considerably, maximum
differences do not exceed one order of magnitude. Thus,
an average value of the chemical diffusion coefficient at
1273 K may be assumed to be equal 10�10 m2 s�1. The
self-diffusion coefficient of copper in CuO, in turn, in the
same temperature is equal 1:6 � 10�16 m2 s�1. Both these
parameters are related with the defect concentration by the
following equation [8, 18]:

ŒV00Cu� �
eD D .1C jpj/ �DCu: (16)

Using this relationship and above mentioned values of the
chemical and self-diffusion coefficients, the defect concen-
tration expressed in mole fraction in CuO has been calcu-
lated: � 10�6. This estimated value of point defects con-
centration in cupric oxide may be considered as being in
agreement with our results of deviation from stoichiometry
in CuO and those reported by Tretyakov et al. [11], from
which it follows that the defect concentration in CuO is
lower than 10�5.

5 Conclusions

The results described in the present paper enable the fol-
lowing conclusions to be formulated.

In early stages of Cu2O to CuO oxidation, not exceeding
30 hours, the process follows approximately cubic rate law
and the reaction rate depends slightly on the substrate pre-
treatment, i.e. on the defect concentration in Cu2�yO phase.
In later stages, during long-term oxidation, lasting hundreds
of hours, the formation of CuO layer on the surface of
Cu2�yO substrate proceeds strictly in agreement with fa-
miliar, diffusion controlled parabolic kinetics and the reac-
tion rate becomes independent on the substrate history. Cu-
bic kinetics observed in early stages of the reaction, when
the thickness of CuO layer does not exceed about 10�7 m
may results from the influence of electrical field on diffu-
sion in this layer, as suggested for the first time by Hauffe
and Kofstad [39].

From marker and two-stage oxidation experiments it fol-
lows clearly that under steady state conditions, a “thick”
CuO layer is growing by the outward diffusion of cations.
This result may be considered as a first experimental proof
that the cation sublattice of CuO is predominantly dis-
ordered. From the pressure dependence, in turn, of the
parabolic rate constant of Cu2O oxidation it follows, that
the disorder in cation sublattice in CuO results from cation
vacancies and not from interstitial cations. Theoretical anal-
ysis of all these results in terms of point defect thermody-
namics leads to the conclusion that doubly ionized cation
vacancies are the predominant point defects in CuO lattice.
Basing on these results and considering the fact, that CuO
is an intrinsic electronic semiconductor, the defect struc-
ture model for cupric oxide has been elaborated. Using this
model and the results of oxidation rate measurements, the
self-diffusion coefficient of copper in CuO has been calcu-
lated as a function of temperature and oxygen pressure.
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