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Abstract: To investigate the optimum conditions of the 
CuInO2 (CIO) preparation by cation exchange reaction 
method, the standard entropy, thermal capacity at con-
stant pressure, standard enthalpy and standard Gibbs 
free  energy of formation were estimated. The relations 
of temperature (T ) and thermodynamic equilibrium con-
stants (K ), the conditions for three independent reac-
tions  were analyzed in CuInO2 preparation. The curves 
of Gibbs free energy-T, K − T and PCuCl − T for those reac-
tions have been plotted. The results showed that the 
CIO  powder could be synthesized by cation exchange 
reaction. There were two main reactions through the way 
of NaInO2 reacting with CuCl. One was NaInO2(s) reacting 
with CuCl(s) at T ≥ 1698 K. The cost was higher in the 
way.  The other was NaInO2(s) reacting with CuCl(g) at 
T < 1698 K. However, the yield of CIO would be decreased 
because CuInO2 powder decomposed into Cu2O(s) and 
In2O3(s) with the temperature reduced, especially when 
T ≤ 573 K. And the higher vapor pressure of CuCl(g) was 
necessary for the process, which needs the higher tem-
perature since the vapor pressure of CuCl(g) increases with 
increasing temperature, especially when T > 973 K. It was 
recommended that NaInO2(s) react with CuCl(g) for pre
paring CIO under conditions of 973 < T ≤ 1698 K and the 
vacuum in the reactor.
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1 �Introduction
Copper Indium Oxide (CIO), CuInO2, is a very significant 
transparent conductive oxide (TCO) material with crystal 

structure of delafossite-type oxide [1–3]. The CIO can 
be  applied extensively in industry, for example, pinned 
items, electro optical device, etc. Presently, it is em-
ployed primarily in electronics and photovoltaic industry 
as a consequential green material. Since the middle 19th 
century, the solid-phase reaction method was applied 
by  Hahn [4] and Wofgang [5] in synthesis CuInO2 but 
failed. Then after, Liu [6, 7] proved that CuInO2 powder 
could not be synthesized by solid-phase reaction based 
on  first-principle calculation. However, Kawazoe et al. 
[8]  proposed Chemical Modulation of the Valence Ban 
(CMVB) theory, prepared p-type TCO and found its light 
and electronic properties at 1997. After that, Shimode 
[9]  prepared CIO powder by cation exchange reaction. 
Cation exchange reaction is also named ion exchange 
reaction or substitution reaction. The mechanisms of 
cation exchange reaction is the procedure that cation 
or  ion of the solid reactants can exchange directly to 
produce other two compounds but no resin catalyst used 
during this reaction at a given temperature. For example: 
CuCl + NaInO2 = CuInO2 + NaCl, the Cu+ can directly ex-
change Na+ at solid state. Yanagi [10] prepared thin films 
of Ca-doped and/or Sn-doped CIO on α-Al2O3 (001) single 
crystal substrates by PLD method, and discovered bipolar 
electrical conductivity of the CIO. The band gap (Eg) of 
CIO  was very large, up to about 3.9 eV, and the average 
visible transmittance was 70%. The Calculated results 
get  great academic interests because of its excellent 
photo-electric properties and unique bipolar properties. 
Then, the preparation theory, preparation method, doping 
performance, thin film deposition of CIO, etc. have been 
developed quickly [3, 10–15]. The CIO has been prepared 
in the experimental scale in present. But the productiv-
ity of CIO was very low. Therefore, the thermodynamic of 
CIO preparation should be study in order to expose the 
reasons of low yield, find way to improve the yield and 
determine the optimum reaction conditions. However, 
the open literature rarely report the thermodynamic study 
on preparation of CIO powder. The main reasons for 
that were lack of the thermodynamic data on CIO prepara-
tion. Therefore, the thermodynamics for preparation of 
CIO powder have been studied in the paper with the 
goal of providing theoretical base for the CIO preparation 
process.



356   Y. Yao et al., Thermodynamics of CuInO2 Preparation

2 �Thermodynamic parameters
According to cation exchange reaction, CuInO2 was pre-
pared in the air isolation condition [9, 16]. When the 
reactions reach equilibrium in the process, there were 
many species, such as CuInO2, NaInO2, CuCl(s), CuCl(g), 
In2O3, Cu2O and NaCl in the system. Many thermodynamic 
calculations were involved, for example, multi-elements, 
multiple-phase chemical equilibrium, thermodynamic 
equilibrium, chemical and thermal equilibrium in these 
systems. So an accurate knowledge of property data 
was  important for thermodynamic investigation. A large 
number of thermophysical property data related pure 
simple oxides have been reported, but the data for 
complex oxide was rarely reported in various thermody-
namic handbooks. As we known, the accurate experi
mental thermophysical property data for complex oxide 
is hard to obtain though experiment because of the high 
cost [17]. Therefore, estimation of thermodynamic data 
based on theory analysis with somewhat accuracy was 
popular. In the present work, a large number of mathe-
matical models have been developed to estimate ther
modynamic data of complex oxide. The formulas and/or 
methods of  estimating thermodynamic data of silicate 
were developed by some researchers [18–23]. These works 
were very good and useful, but the model parameters, 
which were necessary in the model, were lack in the open 
literature. Therefore, these models were very hard to be 
used in the system. However, the Two-Parameter Model 
developed by Guo and Zhao [24–26], which could calcu-
late the thermodynamic data of complex oxide with good 
accuracy, could be employed to predicate the thermody-
namic data in the system. The calculated results were effi-
cient with the relation error within 10% by comparing 
with experimental data in the open literature [17]. Thus 
the thermodynamic data of CuInO2, NaInO2, etc. were cal-
culated by application of Two-Parameter Model in this 
paper. The model had also been employed to investigate 
the thermodynamics of CuInO2 preparation by solid reac-
tion method [14].

The complex oxide of aMmOx ⋅ bNnOy was consisted 
of  MmOx and NnOy based on the Two-Parameter Model  
[24–26], here a and b were the corresponding coefficients. 
Wen [22] proposed that the oxygen-containing compounds 
could be regarded as composite oxide, such as sulfate, 
carbonate, etc., as shown in Eq. (1). Therefore, NaInO2 and 
CuInO2 could be considered as complex oxide analogi-
cally. And the NaInO2 and CuInO2 could be expressed as 
Eqs. (2) and (3):

aMmOx + bNnOy = aMmOx ⋅ bNnOy (1)

Na2O + In2O3 = 2NaInO2 (2)

Cu2O + In2O3 = 2CuInO2 (3)

The standard enthalpy change f mHθ∆  of formation of 
aMmOx ⋅ bNnOy could be expressed as follows:

m x n yf m f f rM O N OH a H b H Hθ θ θ θ∆ = ∆ + ∆ +∆ (4)

where 
m xf M OHθ∆  was the standard enthalpy change of 

formation of MmOx. 
n yf N OHθ∆  was the standard enthalpy 

change of formation of NnOy . r Hθ∆  was reaction change of 
enthalpy.

The standard reaction enthalpy changes r Hθ∆  for re-
action (1) could be expressed as:

( )r H H H H
abH aA bB A B

a b
θ ′ ′∆ = + + +

+
(5)

Here, AH, HA′  were parameters of MmOx, BH, HB′  were 
parameters of NnOy .

And standard entropy mSθ  of reaction (1) could be ex-
pressed as:

( )m S S S S
abS aA bB A B D

a b
θ ′ ′= + + + +

+
(6)

Here, As, SA′  were parameters of M mOx, Bs, SB′  were 
parameters of NnOy , D was constant: D = −8.923 J/(mol⋅K).

The standard thermal capacity at a constant pressure 
(Cp) could be expressed as:

( )
p p p pp C C C C

abC aA bB A B
a b

′ ′= + + +
+

(7)

where 
pCA  and 

pCA′  were parameters of M mOx, 
pCB  and 

pCB′  
were parameters of NnOy .

Here is an example about In2O3 with unknown value 
of A and A′ to introduce the way in which the related 
parameters are calculated. The A and A′ of As2O5 can be 
obtained first from Eqs. (8) and (9). Then the A and A′ 
of In2O3 can be obtained from Eqs. (10) and (11) with the 
value obtained above. By the same way, all the A and A′ of 
simple oxides in Tables 1–3 can be reckoned.

3FeO + As2O5 = Fe3(AsO4)2 (8)

Fe2O3 + As2O5 = 2FeAsO4 (9)

In2O3 + As2O5 = 2InAsO4 (10)

In2O3 + 3SO3 = In2(SO4)3 (11)

Based on the reported data of simple oxide in Tables 
1–3 [24–27], the parameters could be calculated with 
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Eqs.  (1)–(7), as shown in Table 4. Then, the thermody-
namic data of NaInO2 and CuInO2 could be calculated with 
the Eqs. (4)–(7) as shown in Table 5.

3 �Reaction condition investigation
In the CuInO2 preparation process by cation exchange re-
action, there were the following seven substance, CuInO2, 
NaInO2, CuCl(s), CuCl(g), In2O3, Cu2O and NaCl. Based on 
Brinklev method, there were three independent reac-
tions during this process as shown in Table 6. When the 
reactions reach equilibrium at constant temperatures (T ) 
and standard atmospheric pressure, the standard en-
thalpy change, molar entropy and lg K − T equations 
for  three independent reactions were calculated based 
on  the standard thermodynamic data listed in Table 6. 
Figures 1 and 2 showed the relation of r mGθ∆  − T and K − T 
for reactions 1–3. Based on the thermodynamic data for 
the related pure complex oxides, respectively. It was noted 
that the curve of K3 was the relation between lg K3 and T in 
Figure 2.

Table 1: AH, ′HA  and θ∆ fH  of oxides at 298.15 K

Simple oxide AH (kJ/mol) HA′  (kJ/mol) fH θ∆  (kJ/mol)

FeO 47.68 −94.86 −272.044
Fe2O3 −51.91 175.52 −824.248
Na2O −122.55 −115.66 −417.982
FeSO4 – – −928.848
Fe2(SO4)3 – – −2582.992
SO3 – – −395.765
Fe3(AsO4)2 – – −1954.974
FeAsO4 – – −865.335
As2O5 – – −942.869
InAsO4 – – −978.303
In2(SO4)3 – – −2767.000
CuO – – −156.063
In2O3 – – −925.789
Cu2SO4 – – −751.400
Cu3AsO4 – – −710.360
Cu2O – – −170.707
CuFe2O4 – – –
Cu3(AsO4 )2 – – –
NaInO2 – – –
CuInO2 – – –

Table 2: AS, ′SA  and θ

mS  of oxides at 298.15 K

Simple oxide AS ( J/(mol⋅K )) SA′  ( J/(mol⋅K ))  ( J/(mol⋅K ))

FeO 66.106 −22.446 60.752
Fe2O3 68.036 69.989 87.404
Na2O 25.756 35.944 75.040
SO3 54.678 33.288 256.773
CuO 28.36 49.29 42.593
Fe3(AsO4 )2 339.908
FeAsO4 161.54
As2O5 105.399
InAsO4 154.850
In2(SO4 )3 272.002
In2O3 104.198
Cu2SO4 182.422
Cu3AsO4 255.977
Cu2O 92.341
NaInO2

CuInO2

Table 3: 
pCA , ′

pCA  and Cp of oxides at 298.15 K

Substance Cp
A  J/(mol⋅K ) Cp

A′  J/(mol⋅K ) Cp J/(mol⋅K )

FeO 49.481 −10.704 49.942
Fe2O3 104.688 0.794 103.866
Na2O 73.178 −8.774 68.892
SO3 52.970 14.460 50.701
CuO 42.755 0 42.244
Fe3(AsO4 )2 264.642
FeAsO4 117.054
As2O5 116.536
InAsO4 119.320
In2(SO4 )3 280.002
In2O3 100.416
Cu2SO4 120.287
Cu3AsO4 176.361
Cu2O 62.544
NaInO2

CuInO2

Table 4: The parameter value of A and A′

Substance AH (kJ/mol) HA′  (kJ/mol) AS ( J/mol⋅K ) SA′  ( J/mol⋅K ) Cp
A  ( J/mol⋅K ) Cp

A′  ( J/mol⋅K )

In2O3 5126.991 −10431.072 85.082 9.136 108.357 2.52
Cu2O 125.065 −97.401 115.654 8.756 576.729 −1233.284
CuO 127.752 −302.519 28.36 49.29 42.755 0
Na2O −122.55 −115.66 25.756 35.944 73.178 −8.774
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4 Results and discussion

4.1 �The relation of Gibbs free energy and 
temperature

According to the Fig. 1, the r mGθ∆  for reaction 1 is smaller 
than zero in the range of 273 K to 1723 K, which indicate 
that the value of the equilibrium constant (K ) is large. 
Under the air isolation condition, reaction 1 is solid-solid 
reaction in the temperature range from 273 K to 1723 K. The 
results indicate that reaction 1 will happen in the tempera-
ture range from 273 K to 1723 K. However, the degree of the 
reaction is small because of ,1r mGθ∆  > −40 kJ/mol.

In the Fig. 1, the r mGθ∆  for reaction 2 is in the range of 
15.732 to 34.789 kJ/mol when the temperature increases 
from 273 K to 1723 K. The results indicate that change of 
exterior condition may possibly promote reaction 2 moves 
towards positive direction in the temperature range from 
273 K to 1723 K because of ,1r mGθ∆  < 40 kJ/mol. However, the 
value of the K2 is very small.

According to the Fig. 1, the r mGθ∆  for reaction 3 is much 
smaller than 0 at the temperature range from 273 K to 
1723  K, which indicates that the value of the K3 is very 
great. Figure 1 also indicate that the degree for reaction 3 
is a very big, which indicate that the reaction is the main 
one in the progress. Therefore, the reaction 3 should be 
investigated specially, which will be addressed in detail in 
the following section. The r mGθ∆  for reaction 3 gradually 
increases with increasing temperature and the presence of 
CuCl in the state of gas phase from the Fig. 1, but the ,3r mGθ∆  
of reaction 3 is less than −40 kJ⋅mol−1 when the tempera-
ture is lower than 1698 K, namely NaInO2(s) reacted with 
CuCl(g) and produced CuInO2 thoroughly. So, the condition 
of reaction 3 should be controlled under the following 
conditions: T < 1698 K and with the presence of CuCl in the 
state of the gas phase.

4.2 �The relation of equilibrium constants 
and temperature

Figure 2 gives the dependence of K on temperature. The 
value of K1 increases slowly from 3.293 to 11.817 with tem-

Table 5: Standard thermodynamic data of formation at 298 K

Substance f mH θ∆   
( KJ/mol)

mS θ   
( J/mol⋅K )

Cp  
( J/mol⋅K )

f mGθ∆   
( KJ/mol)

CuInO2 −554.32 104.841 34.713 −585.578
NaInO2 −806.348 66.689 89.204 −826.232

Table 6: Reaction formulas, standard thermodynamic data at 298 K and lg K − 1/T

Eq. No. Reaction r mH θ∆  (kJ/mol) r mS θ∆  ( J/mol⋅K ) Function

1 NaInO2(s) + CuCl(s) = CuInO2(s) + NaCl(s) 3.447 22.541 lg K1 = 1.177 − 180.027 (1/T  )
2 2CuInO2(s) = Cu2O(s) + In2O3(s) 12.144 −13.143 lg K2 = −0.686 − 634.246 (1/T  )
3 NaInO2(s) + CuCl(g) = CuInO2(s) + NaCl(s) −250.303 −126.908 lg K3 = −6.628 + 13072.604 (1/T  )

Fig. 1: The curves of θ∆r mG  − T for reactions 1–3

Fig. 2: The curves of K − T for reactions 1–3
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perature increase. This indicates that K1 was not a strong 
function of temperature. In other words, CuInO2 may de-
compose which caused the yield of CIO decrease in the 
temperature range mentioned above. Table 6 shows that 
reaction 1 takes a great degree of the reaction progress 
when the temperature is higher than 1900 K. Neverthe-
less, operating problems presents at temperature higher 
than 1900 K including difficult design and challenge for 
equipment. In addition, the motives in the reaction system 
might become complex with temperature increase. This 
eventually led to difficulty in theoretical research. This is 
also the reason that the reaction thermodynamic condi-
tion is not proposed.

In Fig. 2, the value of K2 is range from 9.789 × 10−4 
to  8.829 × 10−2 with the temperature increase from 273 K 
to  1723 K. Similarly, K2 is also a weak function of tem
perature. So, change of exterior condition may possibly 
promote reaction 2 moves toward positive direction, espe-
cially when T is smaller than 573 K. It gives the evidence 
that there Cu2O, In2O3 and other impurities in CIO powder 
preparation by ion exchange reaction under the following 
conditions: air isolation, heated at 573 K–873 K for 6–144 h 
in the previous experimental [2, 9, 10, 28]. This reaction 
is adverse during the CIO preparation process. Reversely, 
increasing temperature may possibly promote reaction 2 
moves toward negative direction (Cu2O + In2O3 = 2CuInO2, 

r mHθ∆  = −12.144 kJ/mol and 0 >  r mGθ∆  = −16.063 kJ/mol >  
−40 kJ/mol [14]). This demonstrates that it is difficult to 
prepare CIO powder by solid reaction and/or cation ex-
change reaction method.

The calculated K3 for reaction 3 decreases rapidly 
when the temperature increase from 273 K to 673 K, 
then  the tendency of decrease become slow. The in-
creased  temperature can have a negative effect on the 
positive reaction. However, the K3 is 1.807 × 1041 − 10 when 
the temperature is lower than 1698 K, namely NaInO2(s) 
reacts with CuCl(g) and produce CuInO2 thoroughly. So, 
the  condition of reaction 3 should be controlled under 
the  following condition: T < 1698 K and with the pres-
ence  of CuCl in the state of gas phase. The interesting 
results are aspiring in  comparison with the difficult 
process for preparing CIO [2, 9, 10, 27]. However, it should 
be noted that the decomposition of CuInO2 can be ac
celerated with temperature decrease (reaction 2), espe-
cially when T < 573 K. So the temperature should be con-
trolled at an appropriate value, which is suggested that 
the temperature is controlled at 573–1698 K. Under the 
temperature, the vapor pressure of CuCl(g) is 6.6 × 10−12 −  
8623.83 Pa correspondingly base on Fig. 2. The results in-
dicate that the process controlled under vacuum condi-
tion is better.

From the reaction 3 in Table 6 and analysis mentioned 
above, it is noted that K3 (K3 = Pθ/PCuCl) is a function of 
the  temperature and vapor pressure of CuCl(g). So, the 
relationship of PCuCl − T for Eq. (12) (CuCl(s) = CuCl(g)) [27] is 
plotted, as shows in Figure 3.

lg PCuCl = 12.811 − 12892.472 (1/T ) (12)

Fig. 3 shows that the PCuCl increases slightly when 
temperature < 973 K, then, the PCuCl is booming with T 
(when temperature > 973 K). High temperature have a pos-
itive effect on the vaporization of CuCl(g). So, to assure a 
very high value vapor pressure of CuCl(g), the reaction tem-
perature should be controlled at ≥ 973 K before the reac-
tion 3 reach equilibrium. And the vapor pressure of CuCl(g) 
is ≥ 0.364 Pa when the T ≥ 973 K correspondingly base on 
Fig. 3. The results indicate that the process should be con-
trolled under vacuum condition. Under these conditions, 
reaction 3 can occur almost completely, the decomposi-
tion of CuInO2 can be restricted, and the theoretical yield 
of CuInO2 could be near 100% if the dynamic condition 
permits.

From the analysis mentioned above, it can be antici-
pated that the processes for preparing CIO, can be divided 
into two conditions. In the first condition, the reaction 3 is 
the main part when the temperature at 973–1698 K and the 
vacuum in the reactor. In the second condition, the reac-
tion 1 is the main reaction when the temperature higher 
than 1698 K. But, operating problems present at tempera-
ture higher than 1698 K involving difficult design and 
challenges for the equipment, and reaction system would 
become complex. And the cost must be considered. There-
fore, the optimum condition of CIO preparation process 

Fig. 3: The curves of lg P − lg 1/T for Eq. (8)
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should be theoretically controlled under the following 
conditions: the temperature at 973–1698 K, the vacuum 
in the reactor. So, the future work including CIO powder 
preparation by the cation exchange method in a vacuum 
reactor and kinetic investigation will be carried on based 
on above investigation.

5 Conclusions
The standard entropy, heat capacity at constant pressure, 
standard enthalpy and standard Gibbs’s free energy for 
formation of NaInO2 and CuInO2 have been estimated by 
application of the two-parameter model. The methods of 
graph, qualitative and quantitative were used to analyze 
three independent chemical reactions for preparing 
CuInO2 by the cation reaction method. It was certified by 
Thermodynamic Investigation that CIO could be prepared 
by cation exchange with NaInO2(s) and CuCl.

The CIO preparation process could be divided into two 
conditions. In the first condition, NaInO2(s) was preferred 
to react with CuCl(g) for producing CuInO2(s) and NaCl(s) 
thoroughly when the temperature was at 973–1698 K. In 
the second condition, NaInO2(s) was preferred to react with 
CuCl(s) for producing CuInO2(s) and NaCl(s) when reaction 
temperature was higher than 1698 K. It was suggested that 
the CIO preparing process by ion exchange reaction con-
trolled under the following conditions: temperature at 
973–1698 K and the vacuum in the reactor. Under these 
conditions, the theoretical yield of CIO was near 100% by 
thermodynamic study.
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