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Reaction and diffusion path of an interface
reaction between Cu2O and nickel

H. INABA
Technical Research Laboratories, Kawasaki Steel Corporation, 1 Kawasaki-Chou,
Chuo-Ku, Chiba, 260, Japan

The interface reaction between Cu2O and nickel has been investigated and the reaction path

has been analysed on the chemical potential diagram for undoped and doped samples.

The layer sequence of products Cu2O/Cu/NiO/Ni for the undoped sample and that of

Cu2O/Cu/NiO/Cu—Ni alloy/Ni for the doped sample was obtained. The reaction and

diffusion path was explained on the chemical potential diagram of the Cu—Ni—O system,

based on the assumption that a local equilibrium is attained at the interfaces. The doping

effect of NiO in Cu2O was ascribed to a higher mobility of copper in NiO phase due to the

higher chemical potential of oxygen at the Cu/NiO interface resulting from the higher

chemical potential of nickel in Cu2O. When the reaction time becomes longer, it is expected

that the reaction and diffusion path will become similar to that of the doped sample. Because

the reaction and diffusion path is a function of time and has a non-equilibrium character, it

can be represented and reasonably explained on the chemical potential diagram obtained

from a thermodynamic treatment.
1. Introduction
The analysis of the interface reaction has become
increasingly important, not only in the area of basic
solid-state chemistry but also in the development of
materials, such as diffusion bonding, surface coating,
the multi-component grain boundary in ceramics,
composite materials and oxidation of alloys. Various
kinds of interface reactions, such as the displacement
reaction (A#BX"B#AX) [1—3], internal oxida-
tion in non-metallic solid solutions [4], kinetic demix-
ing and decomposition [5] and metal/non-metal
reactions [6—9] have been extensively investigated. In
order to analyse the multi-component interface reac-
tions, the considerations of not only thermodynamics
but also diffusion for multi-component systems, are
necessary.

Yokokawa et al. [6—8] have proposed the use of
a chemical potential diagram to analyse the multi-
component interface reactions, because the driving
force of chemical reaction and diffusion is the gradient
of chemical potential. They have successfully eluci-
dated the order of phases formed by the interface
reaction by the use of multi-component chemical po-
tential diagrams, assuming a local equilibrium in the
interfaces. However, it has still not been clearly shown
through which part of the chemical potential diagram
the reaction path passes during the reaction, nor the
mechanism to determine the reaction and diffusion
path.

Rapp et al. [1] investigated the displacement reac-
tion between Cu

2
O and nickel and found that it

formed the layer sequence of Cu O/Cu/NiO/Ni.
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They made a theoretical analysis for the purpose of

0022—2461 ( 1997 Chapman & Hall
predicting the morphologies and reaction rates from
a knowledge of thermodynamic and diffusion data,
based on a modification of Wagner’s theory of oxida-
tion kinetics [10]. Loo et al. [2, 3] elucidated the
reason for determining the sequence A/AX/B/BX or
A/B/AX/BX in the displacement reaction
(A#BX"B#AX) by considering the tie-lines be-
tween metal phases and the phases of AX and BX.
Vosters et al. [11] investigated the impurity effect on
the displacement reaction between nickel and Cu

2
O

and found that the morphology changed when Cu
2
O

was contaminated with chlorine.
In this study, the interface reaction between Cu

2
O

and nickel for undoped and doped Cu
2
O samples with

NiO has been investigated and the reaction and diffu-
sion path has been analysed on the chemical potential
diagram for the Cu—Ni—O system for undoped and
doped samples.

2. Experimental procedure
A nickel sheet with 99.99% purity and a thickness of
1 mm, and CuO powder with 99.9% purity, were
provided for the Cu

2
O and nickel couple. The CuO

powder was reduced to Cu
2
O under a nitrogen gas

flow with an oxygen partial pressure of 2]10~5 atm
at 1273 K. For doped samples, NiO powder was
mixed with CuO powder in an agate mortar in appro-
priate ratios, in order to obtain the molar ratios of
NiO/Cu

2
O: 0.01, 0.02, 0.05 and 0.1. The doped CuO

powder was reduced to doped Cu
2
O in an oxygen

partial pressure of 2]10~5 atm at 1273 K for most

samples and for 0.01 mol NiO/Cu

2
O in oxygen
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partial pressures of 2]10~5, 2]10~4, 2]10~3 and
2]10~2 atm at 1273 K. The oxygen partial pressures
were obtained by controlling the ratio of the flowing
gas mixture of oxygen and nitrogen using mass flow
controllers. The X-ray diffractometry was conducted
for undoped and doped Cu

2
O in order to determine

the lattice parameter and phases. The undoped and
doped diffusion couples of Ni/Cu

2
O were pressed in

a stainless steel cylinder, similar to that described by
Laheij et al. [12], where the sample was automatically
sealed during the heating process of annealing. The
diffusion couples were annealed at 1273 K for various
periods of time. The profiles of copper, nickel and
oxygen atoms after the reaction were analysed using
an electron probe microanalyser (EPMA). The line-
analysis of EPMA was carried out with the voltage of
15 kV, beam current of 50 nA, beam diameter of about
1 lm and a scan speed of 50 lmmin~1.

3. Results
The lattice parameter was found to be
0.42693$0.000 02 nm for both undoped and doped
Cu

2
O. Nickel oxide phase was detected for doped

Cu
2
O, and CuO phase was also detected for the

sample of Cu
2
O made in an oxygen partial pressure

of 2]10~3 atm. These facts mean that NiO does not
dissolve in the Cu

2
O lattice significantly, and the

doped NiO is present mostly as NiO in Cu
2
O. These

results are compatible with the e.m.f. study [13] of the
Cu—Cu

2
O—NiO system, where the solubility of nickel

in Cu
2
O was observed to be only 0.9 at%.

The results for the doped Cu
2
O (0.01 mol NiO)/Ni

couple after reaction at 1273 K showed a layered
structure similar to the results by Rapp et al. [1]. The
thicknesses of the layers of copper and NiO for the
doped Cu

2
O (0.01 mol NiO)/Ni were measured and

are plotted against square root of reaction time in
Fig. 1, where the linear relationship is seen to be as
observed for the undoped diffusion couple by Rapp

Figure 1 The thickness of the layers of (s) copper and (n) NiO for

the doped Cu

2
O (0.01 mol NiO)/Ni against square root of reaction

time.
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et al. [1]. This linear relationship suggests that the
displacement reaction is controlled by diffusion and
the steady state is attained in the main reaction. How-
ever, the total reaction would not be in a steady state,
as will be discussed in the next section.

The rate constant of copper, k@
1
(Cu), is calcu-

lated from the slope of the linear plot to be
3.0]10~11 cm2 s~1, which is considerably higher
than that of the undoped sample obtained by Rapp
et al. [1], 1.7]10~11 cm2 s~1. The larger value ob-
tained in this study is considered to be due to the
doping effect of NiO in Cu

2
O. The mechanism where-

by the rate constant is higher in the doped system is
considered to be due to the higher mobility of nickel in
the NiO phase, because the rate of the displacement
reaction is determined by the diffusion of nickel in the
NiO phase and the reaction path for the doped case
passes through a higher oxidation—potential area on
the chemical potential diagram in the NiO phase, as
will be discussed in the next section. The molar ratio of
product layers between copper and NiO calculated
from the thickness was about 2 within experimental
error. Because the diffusion constant of oxygen in the
copper phase is several orders of magnitude larger
than that of nickel in the NiO phase, this fact supports
the conclusion that the displacement reaction is con-
trolled by the diffusion of nickel in the NiO phase, as
described by Rapp et al. [1].

The results of the EPMA analysis after the reactions
of undoped and doped Cu

2
O/Ni couples are shown

in Fig. 2. As seen in Fig. 2, a Cu—Ni alloy phase was
formed significantly between NiO and nickel phases
when Cu

2
O was doped with NiO. The concentration

of copper in Cu—Ni alloy was increased, when the
doped amount of NiO was increased. It should be
noted here that even in the undoped sample, copper
diffuses in the NiO phase towards the Ni/NiO inter-
face, and can be seen as a small content of copper at
the Ni/NiO interface in Fig. 2(a). The compositional
analysis of copper and nickel phases for undoped and
doped (0.1 mol NiO) Cu

2
O/Ni couples was made by

EPMA after the calibration using pure copper and
nickel metals and sintered Cu

2
O and NiO discs. The

results are listed in Table I. As seen in Table I, there is
no significant difference in the composition of the
nickel phase between undoped and doped couples, but
the concentration of nickel and oxygen of the copper
phase of the doped couple is significantly larger than
that of the undoped couple.

4. Discussion
4.1. Construction of a chemical potential

diagram
As has been described by Yokokawa et al. [6—8],
the use of a chemical potential diagram is very useful
in order to interpret multi-component interface
reactions. The chemical potential diagram of the
Cu—Ni—O system has been constructed as follows
[6—8]. We consider a compound of Cu Ni O ,
ki li mi
which is the general form of the compound composed



Figure 2 The results of the EPMA analysis after the reaction for
96 h at 1273 K for undoped and doped Cu

2
O/Ni couples: (a) un-

doped, (b) 0.01 mol NiO doped, (c) 0.02 mol NiO doped,
(d) 0.1 mol NiO doped.

TABLE I EPMA analysis of nickel and copper phases for the
diffusion couples of Cu

2
O/Ni using Cu

2
O undoped and doped with

NiO after annealing for 96 h at 1273 K

Phase Composition

Cu
2
O undoped Ni phase Ni

0.989
Cu

0.001
O

0.010
Cu phase Cu

0.944
Ni

0.004
O

0.052

Cu
2
O doped

with 0.1 mol NiO
Ni phase Ni

0.988
Cu

0.000
O

0.012

Cu phase Cu
0.848

Ni
0.036

O
0.116

of copper, nickel and oxygen, and calculate the chem-
ical potential of each component, l

*
, when the three

phases of the compound coexist. Consider the follow-
ing reaction
kiCu#liNi#miO"Cu
ki
Ni

li
O

mi
(1)
Figure 3 Three-dimensional chemical potential diagram of
Cu—Ni—O system at 1273 K. The chemical potential of coexisting
CuO, Cu

2
O and NiO phases is marked A. The broken line shows

a supposed reaction path for the interface reaction between Cu
2
O

and nickel.

then the chemical potential of the compound can be
represented by the sum of each component as

l (Cu
ki
Ni

li
O

mi
)"kil (Cu)#lil(Ni)#mil(O) (2)

Because the chemical potential of a phase i is equal to
the Gibbs energy of the formation of the phase i, we
obtain

l (phase
i
)"*

&
G0 (phase

i
) (3)

When we apply Equation 3 to the chemical potential
of coexisting CuO, Cu

2
O and NiO phases as an

example, we obtain

l (Cu
C6O

)#l (O
C6O

)"*
&
G0(CuO) (4)

2l(Cu
C62O

)#l (O
C62O

)"*
&
G0(Cu

2
O) (5)

l(Ni
N*O

)#l (O
N*O

)"*
&
G0(NiO) (6)

where l (M
i
) is the chemical potential of M in the

phase i.
Because these three phases coexist, we have

l (Cu
C6O

)"l (Cu
C62O

) (7)

l(O
C6O

)"l (O
C62O

)"l (O
N*O

) (8)

Then Equations 4—6 can be solved, because we have
the values of *

&
G0 (phase

*
) from the thermodynamic

database of MALT2, and we only have the three
unknown parameters l (Cu), l(O) and l (Ni). Applying
Equation 3 to all possible phases composed of the
Cu—Ni—O system, we can construct a three-dimen-
sional chemical potential diagram, which for 1273 K is
shown in Fig. 3. The chemical potential of coexisting
CuO, Cu

2
O and NiO phases is marked as A in Fig. 3.

It should be noted here that copper and nickel form
a complete solid solution at this temperature, but we
regard copper and nickel as separate phases here for
the sake of convenience and draw a dotted line on the
boundary between the hypothetical separate phases as
shown in Fig. 3. The reason why we regard copper and
nickel as separate phases is that this diagram is true
and convenient to analyse the reaction and diffusion

path when copper does not contact with nickel.
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4.2. Analysis of the interface reaction using
the chemical potential diagram

The understanding of the resultant layered sequence
Cu

2
O/Cu/NiO/Ni may not be straightforward, be-

cause the metallic phase of copper is formed between
two oxide phases, and the oxide phase of NiO is
formed between two metallic phases. It can, however,
be easily understood by drawing a broken line on the
chemical potential diagram, as shown in Fig. 3, and
thinking that the reaction and diffusion pass along this
line on the chemical potential diagram. The following
assumptions have been made for the analysis of phase
reactions by using the chemical potential diagram.

1. The local equilibrium is attained at the inter-
faces, although the whole system is under a non-
equilibrium condition.

2. There is no kinetic barrier, such as the chemical
reaction at the interface and nucleation.

3. The reaction follows a path so as to maintain
materials balance.

4. The driving force of reaction and diffusion is the
gradient of chemical potentials, and the reaction and
diffusion path follows the diffusion equation in each
phase.

5. The reaction path is generally dependent on the
thickness of the sample and time of the reaction.

The mechanism of the displacement reaction for
Cu

2
O/Ni is considered to be described as follows. At

the Cu
2
O/Cu interface, cuprous oxide decomposes

into copper and atomic oxygen. The oxygen atom
diffuses through the copper phase towards the NiO
phase, because the chemical potential of oxygen in the
copper phase is considered to be larger than that in
the NiO phase (see Figs 3 or 5). At the Ni/NiO
interface, the nickel atom is oxidized to form a Ni2`
ion and two electrons, which diffuse through the NiO
phase towards the copper phase. (Actually, positive
holes diffuse through the NiO phase towards the
Ni/NiO interface instead of electrons.) At the Cu/NiO
interface, the oxygen atom, Ni2` ion and two elec-
trons meet to form NiO. The reaction and diffusion
model for the displacement reaction is shown in Fig.
4a. However, the total reaction cannot be described by
the displacement reaction only. Because the chemical
potential gradient of copper exists in NiO and nickel
phases, copper diffuses through the NiO and nickel
phases. Similarly, nickel diffuses through the copper
and Cu

2
O phases. The diffusion model due to the

chemical potential gradient, in addition to the dis-
placement reaction, is shown in Fig. 4b. The formation
of Cu—Ni alloy at the interface between Ni/NiO for
the doped Cu

2
O/Ni couple as shown in Fig. 2, can be

understood as the result of the diffusion of copper
through the NiO phase.

The difference in the reaction path between un-
doped and doped Cu

2
O/Ni couples is considered to

be as follows. The chemical potential of nickel in the
Cu

2
O phase of the doped sample is higher than that

of the undoped one. Because there was no difference in
the lattice parameter between undoped and doped
samples and the existence of NiO was confirmed in the
doped Cu O from X-ray diffraction, the solubility of
2
NiO in Cu

2
O is considered to be very slight, and the
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Figure 4 The reaction and diffusion model for the interface reaction
between Cu

2
O and nickel: (a) main interface reaction, (b) success-

ive diffusion.

Figure 5 The estimated reaction and diffusion path on the chemical
potential diagram for the interface reaction between Cu

2
O and

nickel with and without doping of NiO in Cu
2
O. (1) (——) An

undoped case, (2) ( — — — ) doped case.

higher chemical potential of nickel of the doped
sample should be taken as an average in the Cu

2
O

phase. The fact that there was no significant difference
in product layers between Cu

2
O made at various

oxygen partial pressures shows that the chemical po-
tential of nickel rather than that of oxygen in Cu

2
O is

important for the overall reaction path. The higher
chemical potential of nickel of the doped sample may
be kept until the Cu/NiO interface, but it would be
reversed somewhere in the NiO phase, because Cu—Ni
alloy is formed at the Ni/NiO interface. From these
considerations, we can estimate the reaction and diffu-
sion path for the undoped and doped samples on the
chemical potential diagram of the Cu—Ni—O system,
as shown schematically in Fig. 5. It is noted in Fig.
5 that the chemical potentials of nickel and oxygen in
the copper phase for the doped sample are higher than
those of the undoped one. Indeed the contents of
nickel and oxygen in the copper phase for the doped
sample are higher than those of the undoped ones
according to the compositional analysis shown in
Table I. The content of oxygen in the copper phase
seems to be larger than the equilibrium solubility of
about 0.3 at% found by Narula et al. [14], but it is
probably due to a metastable oxide like Cu

4
O

0.75
,

which was detected by electron microscopy by Guan
et al. [15] in the sample of initial oxidation.

The diffusion path on the chemical potential dia-

gram for the undoped and doped samples may be



understood using the diffusion equation derived using
irreversible thermodynamics according to Kirkaldy
and Young [16] as follows. The flux, J, of the compon-
ent i in the phase k is expressed as

Jk
i
"

n
+
j/1

¸k
ij
(!gradg

j
) (9)

where g
j
is the electrochemical potential of compon-

ent j and ¸
ij

is the mobility coefficient of component
i due to the electrochemical potential gradient of com-
ponent j. For the ionic phases such as NiO and Cu

2
O,

based on the assumption of site conservation, elec-
trical neutrality condition and equilibrium equations
relating the different components and defect species, it
is possible to simplify Equation 9 into Equation 10
using the chemical potential instead of the electro-
chemical potential as

Jk
i
"

n
+
j/1

¸k
ij
(!gradl

j
) (10)

Because Equation 10 can also be applied to the metal-
lic phases, the fluxes of copper, nickel and oxygen
atoms in copper and NiO phases are written as

JC6
C6

"!¸C6
C6C6

l
C6

x
!¸C6

C6N*

l
N*

x
!¸C6

C6O

l
O

x
(11)

JC6
N*

"!¸C6
N*C6

l
C6

x
!¸C6

N*N*

l
N*

x
!¸C6

N*O

l
O

x
(12)

JC6
O
"!¸C6

OC6

l
C6

x
!¸C6

ON*

l
N*

x
!¸C6

OO

l
O

x
(13)

JN*O
C6

"!¸N*O
C6C6

l
C6

x
!¸N*O

C6N*

l
N*

x
!¸N*O

C6O

l
O

x
(14)

JN*O
N*

"!¸N*O
N*C6

l
C6

x
!¸N*O

N*N*

l
N*

x
!¸N*O

N*O

l
O

x
(15)

JN*O
O

"!¸N*O
OC6

l
C6

x
!¸N*O

ON*

l
N*

x
!¸N*O

OO

l
O

x
(16)

If these ¸
ij

values were known for undoped and
doped samples and using the boundary condition,
these equations could be solved and the diffusion
paths on the chemical potential might be determined.
However, it is not possible to know these constants
and to determine the diffusion paths quantitatively.
Therefore, let us try to examine these constants and to
understand the diffusion paths qualitatively. Gener-
ally, the off-diagonal terms are small compared with
the diagonal terms, so that we have the following
equations as a first approximation

JC6
C6
"!¸C6

C6C6

l
C6

x
(17)

JC6
N*

"!¸C6
N*N*

l
N*

x
(18)

l

JC6
O

"!¸C6
OO

O
x

(19)
JN*O
C6

"!¸N*O
C6C6

l
C6

x
(20)

JN*O
N*

"!¸N*O
N*N*

l
N*

x
(21)

JN*O
O

"!¸N*O
OO

l
O

x
(22)

Because the displacement reaction is controlled by the
diffusion of nickel in NiO and considering the mater-
ials balance at the NiO/Cu interface, we obtain

JN*O
N*

"!¸N*O
N*N*

l
N*

x
"JC6

O
"!¸C6

OO

l
O

x
(23)

Because ¸C6
OO

<¸N*O
N*N*

according to Rapp et al. [1],
the gradient of chemical potential of nickel in NiO is
much smaller than that of oxygen in the copper phase.

The slope of the diffusion path of each phase on the
chemical potential diagram shown in Fig. 5 is repre-
sented as

A
l

C6
x

!

l
N*

x BN
l

O
x

"A
J
C6

¸
C6C6

!

J
N*

¸
N*N*
BN

J
O

¸
OO

(24)

Generally speaking, the system is not in a steady state,
so that the fluxes J

C6
, J

N*
and J

O
are dependent on the

position of the phase. The slope of the diffusion path
of each phase on the chemical potential diagram is,
therefore, dependent on the position of the phase and
the diffusion path would not be expressed by a line
in general. However, because the profiles of copper,
nickel and oxygen atoms are similar during the reac-
tion time studied, and the layer thickness is propor-
tional to the square root of the reaction time, the total
reaction and diffusion can be regarded to be in a
steady state as an approximation. Therefore, the slope
represented by Equation 24 is regarded as a constant,
and the reaction and diffusion path is represented by
the lines connected at the interface as an approxima-
tion, as shown in Fig. 5. The diffusion problems of
multi-component systems with interfaces were treated
by Kirkaldy [17, 18].

The estimation of ¸
C6C6

, ¸
N*N*

and ¸
OO

in the cop-
per phase for doped and undoped cases is not possible
at present, because we do not have available data in
such conditions. The estimation of ¸

C6C6
, ¸

N*N*
and

¸
OO

in the NiO phase for doped and undoped cases is
most important in order to analyse the interface reac-
tion, because the displacement reaction is controlled
by the diffusion of nickel in NiO and the chemical
potential gradients of the undoped and doped sample
are expected to cross at some point in NiO as shown
in Fig. 5. The defect structure of NiO can be described
using the Kröger and Vink notation according to
Peterson and Wiley [19] as

1/2O
2
"O9#V@#h> (25)

V@"V@@#h> (26)

where O9, V@, V@@ and h> are a neutral oxygen, a singly
charged cation vacancy, a doubly charged cation

vacancy and an electron hole, respectively. When V@ is
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the predominant defect for the cation vacancy, then
we obtain

[V@]"K
1
P (O

2
)1@4 (27)

where P(O
2
) is the partial pressure of oxygen and K

1
is a proportional constant. Similarly, when VA is the
predominant defect for the cation vacancy, we obtain

[VA]"K
2
P (O

2
)1@6 (28)

where K
2
is a proportional constant. The self-diffusion

of nickel in NiO can be represented according to
Peterson and Wiley [19] by

D
N*
"D

V{
f
7
[V@]#D

V{{
f
7
[VA] (29)

where D
V{

, D
V{{

and f
7

are the uncorrelated diffusion
constants due to V@ and VA and a constant depending
on crystal geometry, respectively. They explained ex-
perimental data using Equation 29 and unequal con-
tributions of V@ and VA. Because f

7
is a constant of

0.781 and [V@] and [VA] are increasing functions with
respect to P (O

2
), D

N*
is also considered to be an

increasing function with respect to P (O
2
). It can be

concluded that ¸N*O
N*N*

is an increasing function with
respect to P(O

2
), because ¸N*O

N*N*
is considered to be

proportional to D
N*

. As can be seen in Fig. 5, the
chemical potential of oxygen at the Cu/NiO interface
for the doped sample is higher than that of the un-
doped one and therefore ¸N*O

N*N*
of the doped sample is

considered to be higher than that of the undoped one.
This consideration is supported by the fact that the
rate of growth of the product layers of copper and
NiO for the doped sample is significantly higher than
that for the undoped one.

Cation impurity diffusion in NiO has been meas-
ured by many investigators [20, 21] and it has been
shown that the larger ions diffuse more rapidly and
have a smaller activation energy than do smaller ions
for transition-metal impurity ions having the same
valence. Impurity diffusion of copper in NiO has
not yet been measured, but it is considered to diffuse
similarly via a vacancy mechanism. Thus ¸N*O

C6C6
is also

considered to be an increasing function with respect to
P(O

2
) and ¸N*O

C6C6
of the doped sample is higher than

that of the undoped one. Therefore, it is concluded
that the diffusion path of the doped sample on the
chemical potential diagram in a way as shown in
Fig. 5, is mainly due to the larger mobility terms of
copper and nickel in NiO phase.

It should be noted here that, even in the undoped
sample, copper diffuses in the NiO phase towards the
Ni/NiO interface, and can be seen as a small content
of copper at the Ni/NiO interface in Fig. 2a. The
content of copper at the Ni/NiO interface would be
larger as the reaction time is longer. The doping effect
can be regarded as the stimulating effect of the reac-
tion due to the larger mobility term of copper and
nickel in the NiO phase. When the reaction time
becomes longer, the reaction and diffusion path is
considered to be a similar one as the doped sample. If
the reaction time is taken to be infinite using a semi-

infinite size of sample, the reaction and diffusion path
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would approach the line A—B shown in Fig. 5, which is
the nearest distance between Cu

2
O and nickel phases

on the chemical potential diagram. Thus the reaction
and diffusion path, being a function of time and
having a non-equilibrium character, can be represent-
ed and reasonably explained on the chemical potential
diagram obtained from a thermodynamic treatment.

5. Conclusions
The interface reaction between Cu

2
O and nickel for

Cu
2
O samples undoped and doped with NiO, has

been investigated and the reaction path has been ana-
lysed on the chemical potential diagram for undoped
and doped samples.

1. The layer sequences of products Cu
2
O/Cu/

NiO/Ni for the undoped sample, and Cu
2
O/Cu/NiO/

Cu—Ni alloy/Ni for the doped sample, were obtained.
2. The rate constant of product layers for the doped

sample is higher than that for the undoped sample.
3. The content of nickel and oxygen in the copper

phase for the doped sample was higher than that for
the undoped sample.

Based on these facts, it is expected that the reaction
and diffusion path of the doping sample passes a rela-
tively higher point in the chemical potential of nickel
in Cu

2
O phase, higher in the chemical potentials of

nickel and oxygen in the copper phase and at the
Cu/NiO interface, and lower in the chemical potential
of nickel NiO/Ni interface. The main difference of the
reaction and diffusion path due to the doping is as-
cribed to a higher mobility of nickel and copper in the
NiO phase. The reaction and diffusion path is repre-
sented approximately by the lines connected at the
interface on the chemical potential diagram.
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