J Therm Anal Calorim (2010) 99:57-63
DOI 10.1007/s10973-009-0454-0

Evaluation of thermodynamic and Kinetic stability of CuAlQO,

and CuGaO,

Yuh Kumekawa - Motohiro Hirai - Yuhki Kobayashi -
Satoshi Endoh - Eri Oikawa - Takuya Hashimoto

Japan Symposium 2008
© Akadémiai Kiado, Budapest, Hungary 2009

Abstract Thermodynamic and kinetic stabilities of
CuAlO, and CuGaO, have been evaluated by using ther-
mogravimetry and thermodynamic calculations. It has been
revealed that CuAlO, and CuGaO, are not thermodynam-
ically stable in air below 800 °C and 1,200 °C, respec-
tively, and that the oxidation reaction, 4CuMO, + O, —
2Cu0O + 2CuM,04 (M = Al, Ga), should occur if the
reaction kinetics are high enough. However, rate constants
and activation energies indicated slow kinetics of the oxi-
dation reaction, showing kinetic stability of CuMO, even
under some thermodynamically unstable temperatures and
atmospheres. It was also concluded that CuAlO, showed
higher thermodynamic and kinetic stability than CuGaO,.

Keywords CuAlO, - CuGaO, - Ellingham diagram -
Kinetic stability - TG-DTA - Thermodynamic stability

Introduction

CuMO, (M = Al, Ga, In, transition metal ion and rare earth
ion) with delafossite structure has attracted much interest for
p-type transparent conducting oxide, p-type thermoelectric
semiconductor, three-way catalyst of exhaust gas purifica-
tion, and luminescent material and magnetic property [1-7].
Information on stability of CuMO, at high temperatures
under various gas atmospheres is necessary not only for
practical application at high temperatures, such as three-way
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catalyst or thermoelectric energy conversion device, but also
for film preparation, which is inevitable for development of
new optical and electrical devices. Although, it can be
regarded that CuMO, has a problem on long-term stability
since they include Cu™ which should be thermodynamically
unstable in air at room temperature [8], there have been few
satisfying reports on their thermodynamic stability and no
report on their variation with M in CuMO,. Jacob and
Alcock reported temperatures and oxygen partial pressures,
P(0O,), where three phases, CuAl,O4, CuAlO,, and CuO,
coexist from electromotive force (emf) measurements [9].
However, the P(O,) for their measurements were limited to
higher than 0.21 atm. Bruce and Cann proposed phase
relationship among CuGaO,—CuGa,04—CuO-Cu,0 system
[10] based on the emf measurements performed by Jacob
and Alcock [11]. However, their preparation experiments
did not show agreement with their proposed phase diagram.
On the kinetic stability of CuMO, under temperatures and
gas atmospheres where they are thermodynamically unsta-
ble, no article has appeared.

In this study, thermodynamic stability of CuAlO, and
CuGaO, has been quantitatively evaluated with thermo-
dynamic calculation by using program MALT-2 [12]. Also,
their kinetic stability under thermodynamically unstable
circumstances has been investigated by TG-DTA and
X-ray diffraction measurements. The variation of both
stabilities with M in CuMO, is described.

Experimental
CuAlO, ceramic specimen was prepared by solid state
reaction method. Nominal amount of CuO (99.9%,

Furuuchi Chemistry Corp.) and «-Al,O5 (99.99%, Furuuchi
Chemistry Corp.) powders were mixed by using YSZ
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(yttria stabilized zirconia) planet-type ball mill with
300 rpm for 3 h. After pressing the mixed powder into
pellet with 20 mm diameter, the specimen was heated at
1,200 °C for 24 h in air. The color of the obtained speci-
men was light bluish white. The CuGaO, specimen was
also synthesized by solid state reaction method of the
mixture of CuyO (99.9%, Furuuchi Chemistry Corp.) and
Ga,03 (99.9%, Furuuchi Chemistry Corp.) powders. After
mixing nominal amount of Cu,0 and Ga,O5; powders using
YSZ planet-type ball mill with 300 rpm for 3 h, the pellet
with 20 mm diameter was prepared by molding. The pellet
was heated at 1,100 °C for 24 h in N, flow with P(O,) of
about 10™* atm. The color of the specimen was light
greenish white. In both preparation processes, the heating
and cooling rates were 200 °C/h.

The specimens were crushed into powder and subjected
to X-ray diffraction measurements using Cu Ko radiation
(50 kV, 250 mA: Rigaku RINT-2500). It was revealed that
the single phases of delafossite structure were obtained for
the both specimens.

For estimation of thermodynamics stability, CuAlO, and
CuGaO, pellets were annealed at 900 °C and 700 °C,
respectively, for 12 h in air. The phases after the heat-
treatment were identified by powder X-ray diffraction
measurements at room temperature. From the identifica-
tion, the chemical formula of decompose reaction was
proposed. The thermodynamic calculations of the proposed
reactions were carried out using program MALT-2 [12] in
order to evaluate the thermodynamic stabilities of CuAlO,
and CuGaO, under various gas atmospheres.

For analysis of kinetics of the proposed decompose
reaction, apparatus for TG-DTA (TG 8120, Rigaku Co.,
Ltd.) was employed. By using alumina mortar, single phase
of CuAlO; and CuGaO, pellets were crushed into powders,
whose particle size and distribution were evaluated with
laser diffraction particle size analyzer (SALD3000S, SHI-
MADZU Co., Ltd.). The powder of about 30 mg was
loaded on TG-DTA using Pt pan and the temperature was
set at the measurement level after heating at a rate of
100 °C/min. The variation of the mass at constant tem-
perature by time in air was recorded.

TG-DTA curves of the CuAlO, and CuGaO, powders in
air were measured for comparison. Al,O; powder and Pt
were employed for the reference and material of pan,
respectively. Heating rate was 10 °C/min.

Results and discussion
Thermodynamic stability of CuMO, (M = Al, Ga)

Figure 1 shows X-ray diffraction patterns of (a) CuAlO,
obtained in this study and (b) specimen after heating (a) at
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900 °C for 12 h in air. All the peaks depicted in Fig. la
could be indexed as hexagonal symmetry with
a=2857 A and ¢ = 16.94 A, indicating 3R delafossite
type structure [13]. The different diffraction pattern was
observed after the heat-treatment as shown in Fig. 1b,
suggesting that CuAlO, was not thermodynamically stable
at 900 °C in air. The diffraction peaks of Fig. 1b could be
identified as mixture of CuO and CuAl,O, [14], indicating
that following chemical reaction involving oxidation
occurred by the heat-treatment.

4CuAlO; + O — 2CuO + 2CuAl,O4 (1)

Figure 2a shows X-ray diffraction pattern of CuGaO,
prepared in this study. All the diffraction peaks could be
indexed as 3R delafossite hexagonal structure with
a =2976 A and ¢ = 17.16 A. Since diffraction pattern of
the specimen after the heat-treatment at 700 °C for 12 h
could be assigned as a mixture of CuO and CuGa,0O4 [15]
as depicted in Fig. 2b, following chemical reaction could
be proposed at the heat-treatment.

4CuGa0O; + Oy — 2CuO + 2CuGay04 (2)

Since thermodynamic functions of all the chemical
species in 1 and 2 are listed in thermodynamic calculation
program, MALT-2 [12], Ellingham diagram of reaction (1)
and (2) can be calculated and displayed as solid and dashed
lines in Fig. 3, respectively. In Fig. 3, temperatures and log
P(0O,) where three phases, CuAlO,—CuAl,0,—~CuO and
CuGa0,—CuGa,04—Cu,0, coexist proposed by Jacob and
Alcock [9] and Gall and Cann [10] are represented by
circles and triangles, respectively. Our calculated Elling-
ham diagram of reaction (2) showed fair agreement with
the reported calculation [10]. However, difference was
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Fig. 1 X-ray diffraction patterns of CuAlO, a prior to heat-treatment
and b after heating at 900 °C for 12 h in air. Diffraction pattern of (a)
can be indexed as hexagonal delafossite structure with a = 2.857 A
and ¢ = 16.94 A. Diffraction peaks of (b) can be indexed as either
CuO (open square) or CuAl,O4 (closed circle)
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Fig. 2 X-ray diffraction patterns of CuGaO, a prior to heat-treatment
and b after heating at 700 °C for 12 h in air. Diffraction pattern of
(a) can be indexed as hexagonal delafossite structure with
a=12976 A and ¢ = 17.16 A. Diffraction peaks of (b) can be
indexed as either CuO (open square) or CuGa,04 (closed circle)
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Fig. 3 Ellingham diagram of reaction (1) 4CuAlO; + O, —
2Cu0 + 2CuAl,Oy4 (solid line) and (2) 4CuGaO, + O, — 2CuO +
2CuGay0y (dashed line) calculated by using program MALT-2 [12].
Temperatures and logP(O,) where three phases of CuAlO,—CuAl,O4—
CuO proposed by Jacob and Alcock [9] and CuGaO,—CuGa,O4—
Cu,0 by Gall and Cann [10] are represented by circles and triangles,
respectively

observed between phase boundaries of reaction (1)
obtained with our calculation and measurement of elec-
tromotive force [9]. According to our calculation, ther-
modynamically stable region of CuAlO; in air (log P(O;)
of about —0.7) is above 800 °C, whereas CuAlO, is not

thermodynamically stable and decomposed to CuO and
CuAlO,; below 800 °C in air. Since reaction (1) occurs by
heat-treatment at 900 °C in air as shown in Fig. 1, it is
concluded that there is some deviation of temperature in
our calculation and that experimentally obtained boundary
as depicted by circles in Fig. 3 is more accurate. The
deviation is probably due to deficient accuracy of ther-
modynamic function of CuAlO, and CuAl,O, listed in
MALT?2; however, we regard that calculated Ellingham
diagram can be used for semi-quantitative estimation of
thermodynamic stability. Comparing two phase boundary
of reaction (1), namely CuAlQO,, and (2) namely CuGaO,,
depicted in Fig. 3, it can be concluded that thermodynamic
stability of CuAlQO, is higher than that of CuGaO, since
stable region of CuAlO, is wider than that for CuGaO,. It
is also prospected from our calculation in Fig. 3 that
CuGaO, cannot be prepared in air since temperature above
1,200 °C is necessary, which must be probably above the
melting point. In fact, CuGaO, could not be prepared by
heat-treatment at 1,100-1,200 °C in air. Also, it is pros-
pected that CuGaO, can be prepared by reducing log P(O,)
as low as —4 by N, flow since it become thermodynami-
cally stable above 800 °C, showing correspondence with
our preparation conditions.

Although CuAlO, is not thermodynamically stable
below 800 °C in air according to Fig. 3, it can be prepared
by heating the mixture of CuO and «-Al,O3 at 1,200 °C in
air followed by cooling at 200 °C/h in the same atmosphere.
Also, in spite of thermodynamical instability of CuGaO,
below 800 °C in N, atmosphere, it can be prepared by
heating the mixed powder at 1,100 °C in N, followed by
cooling at 200 °C/h in the same atmosphere. These indicate
that reaction kinetics of (1) and (2) below 800 °C in air or
N, are slow; however, they have not been measured so far.
In the next section, kinetic stability of CuAlO, and CuGaO,
has been evaluated quantitatively.

Kinetic stability of CuMO, (M = Al, Ga)

Since oxidation kinetics of powder can also be affected by
particle size, the particle size distributions are required to
be similar in order to compare chemical reactivity for
oxidation as a material. Figure 4 shows distribution of
particle size of CuAlO, and CuGaO, powder employed for
the measurement of reaction rate of (1) and (2). Similar
particle distribution with peak of 0.4 and 3 pum was
observed, indicating that the difference of reaction rate
evaluated in this study was not attributed to difference of
particle size but to difference of reactivity between CuAlO,
and CuGaO,.

Figure 5a shows mass variation of CuAlO, by time at
constant temperatures in air. At 357 °C, no mass variation
was observed, indicating no oxidation due to slow kinetics.
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Fig. 4 Distribution of particle size of a CuAlO, and b CuGaO,
powder employed for measurement of mass variation by time at
various temperatures. Similar distribution was observed

Increase of mass due to reaction (1) was observed above
630 °C and reaction rate increased with increase of tem-
perature in the range of 630-820 °C. Mass increase of
6.5% should be observed when reaction (1) is completed,
which was observed as saturation of 6.2% at 769 and
820 °C. The origin of the difference from ideal value is not
identified; however, it can be ascribed to experimental
error due to small quantity of specimens as low as 30 mg.
However, more than 15 h is necessary to complete the
reaction for about 30 mg of the specimen even at 820 °C,
showing slow kinetics of reaction (1). At 1,025 °C, no
mass variation was observed showing agreement with
thermodynamically stable region of CuAlO, depicted in
Fig. 3.

Figure 5b shows mass variation of CuGaO, by time at
constant temperatures in air. At 364 °C, no mass variation
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Fig. 5 Time dependence of mass of a CuAlO, and b CuGaO,
powder at various temperatures in air

was observed, indicating no decomposition due to slow
kinetics as well as CuAlO,. Increase of mass by time due to
reaction (2) was observed above 450 °C and reaction rate
increased with increase of temperature in the range of 450—
724 °C. Mass increase of 4.8% should be observed when
reaction (2) is completed, which was observed as saturation
of 4.6% at 724 °C and 631 °C. Especially, reaction (2) at
724 °C completed in about 0.5 h. Thus, it was revealed that
kinetic stability of CuAlO, was higher than that of
CuGaO,.

For quantitative estimation of kinetic stability, mass
variation, Aw, depicted as vertical axes of Fig. 5 was
converted to reaction ratio, « using « = Aw/Awg,, where
Awg, denotes saturated mass variation. Assuming reaction
rate, v, is proportional to amount of substance of CuMO,
(M = Al, Ga) under constant P(O,), i.e.,
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y = *@ = K'P(0,)[CuMO,] = k[CuMO,]
(M = AlLGa), (3)

amount of substance of CuMO,, CuO, and CuM,0O, can be
expressed as Aexp(—kr), 4{1 —exp(—kt)}, and 5{1—
exp(—kt)}, respectively (A: initial amount of substance of
CuMO,, k: rate constant). It is found from tedious calcu-
lation that « is equal to 1 — exp(—k#). Therefore, linear
relationship with proportional constant of —k should be
observed between In(1 — «) and time, ¢, if kinetic formula
represented as (3) is applicable. Figure 6 shows time
dependence of In(1 — a) for (a) CuAlO, and (b) CuGaO,
at various temperatures calculated from the data shown in
Fig. 5. Almost linear relationships were observed,
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Fig. 6 Dependence of In(l — o) on time for a CuAlO, and
b CuGaO, at various temperatures in air. o denotes reaction ratio
calculated from vertical axis of Fig. 5. Almost linear relationships
were observed regardless of temperature and specimens

indicating that reaction model depicted as Eq. 3 could be
applicable for reactions of (1) and (2). From the slopes
depicted in Fig. 6, rate constant, k, can be estimated.
Figure 7 shows calculated log k as a function of reci-
procal of temperature. Almost linear relationships were
obtained, indicating that activation energy of reaction (1)
and (2) was almost independent on temperature. In the
temperature range between room temperature and 800 °C,
where mixture of CuO and CuM,0, is thermodynamically
stable, smaller £k was observed for reaction (1), namely
CuAlO,, than (2), namely CuGaO,, indicating that kinetic
stability of CuAlO, was higher than that of CuGaO,.
Higher kinetic stability of CuAlO, can also be supported
from activation energy calculated from the slope of Fig. 7.
The activation energy for reaction (1), namely CuAlO,,
was 266 kJ/mol, which was higher than that for reaction
(2), namely CuGaO,, of 128 kJ/mol. It can be concluded
that single phases of CuAlO, and CuGaO, can be prepared
with heat-treatment at 1,200 °C in air and 1,100 °C in N,
respectively, followed by cooling with rate of 200 °C/h
because the rates of the reaction (1) and (2) below 800 °C
under each preparation atmosphere are slow enough.

Explanation of TG-DTA curves of CuMO,
M = Al Ga)

As a simple estimation method for analyzing stability of
materials, TG-DTA measurements have been frequently
employed. In this section, TG-DTA curves of CuAlO, and
CuGaO, measured in air at heating rate of 10 °C/min,
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Fig. 7 Arrhenius plot of rate constant, k, of the reaction (1)
4CuAlO, 4+ O, — 2Cu0 + 2CuAl,O4 (open circle) and (2) 4Cu-
Ga0O, + O, — 2Cu0 + 2CuGa,04 (closed circle) in air. Almost
linear relationships indicating constant activation energy were
obtained
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Fig. 8 TG-DTA curves of a CuAlO, and b CuGaO, at heating
procedure with rate of 10 °C/min in air

shown in Fig. 8, are explained using thermodynamic and
kinetic stability described above.

In TG curve of CuAlO, depicted in Fig. 8a, gradual
mass decrease was observed from room temperature to
200 °C. It can be ascribed to desorption of adsorbed
specimen such as H,O and CO,. Considering that mixture
of CuO and CuAl,0, is thermodynamically stable at low
temperatures in air, mass increase from 800 °C can be
attributed to beginning of reaction (1). From about 950 °C,
mass decreased again, suggesting that inverse reaction of
(1) started due to thermodynamical stability of CuAlO, at
the higher temperatures than 950 °C. However, no signal
was observed in DTA curve around 800 °C nor around
950 °C, which could be ascribed to slow kinetics of reac-
tion (1). At 1,050 °C, discontinuous mass decrease and
endothermic signal were observed. From the reported
Ellingham diagram of 4CuO — 2Cu,O + O, [8] and
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comparison of reported TG-DTA data of CuO [16], it can
be ascribed to reduction of trace amount of CuO, which
generated as reaction (1), to Cu,0. The origin of smaller
sample mass at the range of 1,100-1,200 °C than that of
300-800 °C of about 0.25% could not be identified; one
possible cause might be experimental error due to small
quantity of specimen. Endothermic peak at 1,250 °C can be
assigned as the melting point of CuAlO,.

TG-DTA curve of CuGaO, in air depicted in Fig. 8b
showed different behavior from that for CuAlO,. Mass
increase from 700 °C was observed indicating that reaction
(2) started due to thermodynamic instability of CuGaO, at
the temperature in air. At 700 °C, exothermic peak due to
reaction (2) was also detected, showing correspondence
with higher kinetics of reaction (2) than that of reaction (1).
At the temperatures higher than 800 °C, the mass was
saturated to about 4.9%, which was identified that reaction
(2) was completed and that mixture of CuGa,0,4 and CuO
was thermodynamically more stable than CuGaO, in air
below 1,000 °C as shown in Fig. 3.

Conclusions

It has been revealed that CuAlO, and CuGaO, are ther-
modynamically unstable in air below 900 °C and 1,200 °C,
respectively, and that thermodynamical stability of CuAlO,
is higher than that of CuGaO,. They are oxidized according
to the chemical reaction, 4CuMO, + O, — 2CuO +
2CuM,0, (M = Al, Ga), under thermodynamically
unstable temperatures and atmospheres if the reaction
kinetics are high enough. Owing to slow kinetics of the
oxidation reaction of CuAlQ, in air and CuGaO, in N, with
log P(O;) of about —4, single phases of CuAlO, and
CuGaO, can be prepared by heating the mixture of raw
materials under thermodynamically stable conditions, such
as at 1,200 °C in air and at 1,100 °C in N, respectively,
followed by cooling rate of 200 °C/h.

Reaction model that kinetics of the oxidation reaction in
air was proportional to amount of substance of CuMO,
could be applicable. Obtained rate constants indicate
higher kinetic stability of CuAlO, than that of CuGaO,.
Activation energies of CuAlO, and CuGaO, oxidation
reactions estimated from Arrhenius plots were 266 and
128 kJ/mol, respectively, showing also higher kinetic sta-
bility of CuAlO, than CuGaO,. The difference of TG-DTA
curve in air between CuAlO, and CuGaQO,, such as
appearance of exothermic peak due to oxidation reaction,
could be explained from difference of kinetics of the oxi-
dation reaction.
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measurement of particle size distribution with laser diffraction par-
ticle size analyzer.
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