
Transactions of the Materials Research Society of Japan 33[4] 1077-1080 (2008) 

Crystal Structure and Electrical Conductivity of Mixed Conductive Baln1_xMx03-0 

(M = Ti, V, Cr, Mn, Fe, Co, Ni, or Cu) 

Teruaki Kobayashi, Akifumi Hasesaka, Mitsuhiro Hibino, Takeshi Yao 
Graduate School of Energy Science, Kyoto University, Sakyo-ku, Kyoto, 606-8501 

Fax: +81-75-753-4735, e-mail: teruaki.k@tO l.mbox.media.kyoto-u.ac.jp 

For development of mixed conductors, we synthesized Baln1_xMx03-0 (M= Ti, V, Cr, Mn, Fe, 
Co, Ni, or Cu) by substitution of transition metals for indium. The Baln1_xMx03-0 has 
orthorhombic, tetragonal or cubic structure depending on the kind and amount of the transition 
metals at room temperature. The structural transition temperatures from orthorhombic to a higher 
symmetric structure decreased with substitution for indium. For the samples with cubic 
perovskite structures at room temperature, no structural transition was observed from room 
temperature to 1000 °C. Baln0.8Fe0.20 3-0 and Baln0.8Co0.20 3-0 showed higher conductivity than 
Ba21n20 5 and showed no steep change in conductivity with temperature. Hole as well as oxide 
ion was responsible for their high electrical conductivity since their conductivity versus oxygen 
partial pressure exhibited typical behavior in p-type electronic conduction. Consequently, they 
are expected to be favorable mixed conductors. 
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1. INTRODUCTION 
Oxide ionic and electronic mixed conductive 

materials have potential for active catalysts in gas-solid 
reactions and expected to serve as electrodes of solid 
oxide fuel cells (SOFCs), oxygen permeating 
membranes, gas sensors, membrane reactors and etc. In 
recent years, some researchers and our group have 
synthesized mixed conductors derived from an oxide 
ionic conductor by substitution of a transition metal [1 -
6]. 

Barium indium oxide (Ba2In20 5) shows a high oxide 
ionic conductivity via oxygen vacancies above 
approximately 930 °C [7]. However, the structural 
transition from a high temperature perovskite type to a 
low temperature brownmillerite one dramatically 
reduces its conductivity because oxygen vacancies are in 
rows along [101] directions of the perovskite structure at 
low temperatures. It has been clarified that partial 
substitution of lanthanum, gallium or gadolinium for 
barium or indium lowers the transition temperature, and 
retains oxide ionic conductivity even at low 
temperatures [8- 11]. Some of them show higher oxide 
ionic conductivity than the high-temperature phase of 
the original Ba2In20 5 and they have been applied to 
SOFCs [12- 14]. 

In our previous study, Baln1_xCox03-0 was 
synthesized by partial substitution of cobalt for indium 
in Ba2In20 5 for production of a mixed conductor. 
Bain1_xCox03-0 was a cubic perovskite structure and 
retained oxide ionic conduction even at low temperature. 
At the same time, electronic conduction emerged by the 
introduction of mixed valence state of cobalt. A mixed 
conductive Baln1_xCox03-0 was prepared successfully 
[6]. In the present paper, we attempt to synthesize a 
series of Baln1_xMx03-0 (M = Ti, V, Cr, Mn, Fe, Co, Ni, 
or Cu) in which indium is replaced partially by 
transition metals in the fourth period, and discuss their 
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crystal structures and electrical conductivity, especially 
in terms of charge carriers. 

2. EXPERIMENTAL 
Barium carbonate and indium oxide were mixed with 

the oxide, hydroxide, or carbonate of a required 
transition metal in various ratios, and ground in an 
electric mortar with a pestle. The mixture was pressed 
into a disk, and heated in air at various temperatures 
ranging from 950 to 1350 °C depending on the kind and 
amount of the added transition metal. The product was 
ground and analyzed by powder X-ray diffractometry 
(XRD) with CuKa radiation at room temperature. Then, 
the product powder was shaped into a disk, and pressed 
by a cold isostatic press at 392 MPa. The disk was 
sintered under the temperature same as that in the former 
thermal treatment. The product thus sintered was cut 
into a rectangular prism 4 x 10 x 2 mm3 in size for the 
measurement of electrical conductivity. 

For the determination of the structural transition 
temperature, differential scanning calorimetry (DSC) 
was performed in air between room temperature and 
1200 °C at 10 °C min-1 of the heating or cooling rates. 

The electrical conductivity was measured by DC 
four-probe method in the range 600 - 1000 °C. Oxygen 
partial pressure (P0 ,) was controlled from 102 to 105 Pa 
by a regulation of ratio of Ar/N2/02. 

3. RESUTLS AND DISCUSSION 
3.1 Characterization 

Crystal systems for Bain1_xMx03_0 (M= Ti, V, Cr, Mn, 
Fe, Co, Ni, or Cu) determined by XRD at room 
temperature are shown in Fig.1. The samples indicated 
by filled circles have cubic perovskite structures. Neither 
peak nor baseline step in DSC charts (not shown here) 
was observed for these samples, indicating that no 
structural transition occurred. Therefore, high oxide 
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ionic conductivity was expected in these samples 
because oxygen vacancies were suggested to be 
distributed randomly. The samples with tetragonal 
structures are shown by open circles. The DSCs for 
these samples showed no structural transition except for 
Bal11o.8Co0.20 3-ii. This suggested that the samples except 
for Baln0.8Co0.20 3-ii underwent no structural transition at 
temperatures below 1200 °C. DSC for Baln0.8Co0.20 3-ii 
implies structural transition around 750 °C. This was due 
to disappearance and appearance of superstructure [ 6]. 
Filled squares show the samples with orthorhombic 
brownmillerite structures. For these samples, exothermal 
peaks were observed in the heating process of DSC, 
indicating that the transformation from orthorhombic to 
tetragonal structures. The relevant endothermal ones in 
the cooling process were also observed. The samples 
shown by open squares were mixtures of two or more 
phases. 
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Fig.l Crystal systems of Baln1_xMx03_8 at room 
temperature determined by XRD profiles. Filled circles, 
open circles and filled squares indicate the sample with 
cubic, tetragonal and orthorhombic structures, 
respectively. Mixture or unidentified samples were 
indicated by open squares. 

3.2 Electrical Properties 
Figure 2 shows electrical conductivities of Ba2In20 5 

and Balno.sMo.z03-ii (M = Ti, V, Cr, Mn, Fe, Co, Ni, or 
Cu) versus reciprocal temperatures m air. The 
conductivity of Ba2In20 5 changed steeply between 950 

and 900 °C due to the transformation between tetragonal 
and orthorhombic systems. The electrical conductivities 
of Balno.sM0.20H (M = Ti, V, Cr, Mn, Ni, or Cu) 
showed no such abrupt change and were higher than that 
of Ba2In20 5 at low temperature. In contrast, the 
conductivity of these samples was lower than that of 
Ba2In20 5 at high temperature. The electrical 
conductivity of Baln0.8Fe0.20 3-ii and Baln0.8Co0.20 3_8 

also showed no abrupt change, and was higher than that 
of the high temperature phase of Ba2In20 5. For 
Baln0.8Co0.20J-ii, a discontinuous change was observed 
between 850 and 800 °C though the gap was small. This 
temperature was close to that of the DSC peaks 
described above. Hence, electrical conductivity of 
Balno.8Co0.20 3-ii seemed to change in response to the 
superlattice formation. 

The apparent activation energies of electrical 
conductivity are listed in Table I. The activation energies 
for Baln08M020 3_6 (M = Ti, V, Cr, Mn, Fe, Co, Ni, or 
Cu) were lower than that of the original Ba2In20 5. This 
implies that the charge carriers different from oxide ion 
contributed to total electrical conductivity. 
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Fig.2 Arrhenius plots of total electrical conductivities for 
Balno.sMo.z03-ii in air. 

Table I Apparent activation energies for the electrical conductions ofBain0_8M0_20 3-ii estimated at 925 °C. 

Apparent activation energy 
/kJmor1 *112.3 

M=Ti 

81.2 

V 

74.1 

Cr Mn Fe Co Ni Cu 

52.2 107.6 52.6 55.9 93.5 **86.6 

*Estimated at 975 °C, **Estimated at 900 °C 
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The electrical conductivities of Ba2In20 5 and 
Balno.sMo.203-o (M= Ti, V, Cr, Mn, Fe, Co, Ni, or Cu) as 
a function of P0 , at 850 °C is shown in Fig.3. The 
electrical conductivity of Ba2In20 5 was proportional to 
P02

116 at 850 °C, which was lower than the transition 
temperature. In the brownmillerite oxide, oxide ion is 
induced according to the following chemical equation 
(1) using Kroger-Vink notation. 

(1) 

Equilibrium constant for equation (1) is described by 
equation (2). 

K = [O"][h.]2 p-Y, 
OX I 02 (2) 

Considering charge neutrality condition, the hole 
concentration is described by equation (3). 

[h.]= (2K )!( pYo 
OX 02 (3) 

The result of electrical conductivity for Ba2In20 5 at 850 
°C agreed well with equation (3). This indicates that the 
dominant charge carrier was hole in the low temperature 
phase of Ba2In20 5, and agreed well with the result 
reported by Zhang et al. [15]. 
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Fig.3 Electrical conductivity of Baln1_xMx03_8 against 
oxygen partial pressure at 850 °C. 

The logarithm of electrical conductivities (log a) for 
Baln0.8M0.20 3--<l (M = V, Fe, Co, Ni, or Cu) showed 
positive slopes versus logarithm of P0 , (log P0 ,). In a 
defective perovskite oxide, oxide ion is induced 

according to equation (4). 

(4) 

Equilibrium constant for equation ( 4) is described by 
equation (5). 

K = [v··]-1 [h.]2 p-Y, 
OX 0 02 (5) 

Then the hole concentration is described by equation (6). 

(6) 

According to equation (6), the hole concentration is 
proportional to P0 ,

114
. The positive slopes of log a versus 

log P0 , for Baln0.8M020 3--<l (M= V, Fe, Co, Ni, or Cu) 
indicate p-type electronic conduction though they are 
less than 1/4. This suggests mixed conduction of oxide 
ion and hole. On the other hand, Baln0.8M0.20 3--<l (M = Ti 
or Cr) showed small degree of dependence of 
conductivity on the oxygen pressure while it also 
showed the p-type conduction behavior. This result 
suggests that ionic conduction contributed significantly 
to total electrical conduction in Baln0.8M0.20 3--<l (M = Ti 
or Cr). 

The slope of log a for Baln0.8Mn0.20H was negative 
versus log P 0 ,. Oxide ion can be extracted from 
perovskite oxides according to the following equation 
(7). 

(7) 

Equilibrium constant for equation (7) is described by 
equation (8). 

K = [v··][e']2 Py, 
red 0 0 2 

(8) 

Then the electron concentration is described by equation 
(9) . 

[ '] = (K [V••]-1)Y, p-Y. e red 0 o, (9) 

According to equation (9), the electron concentration 
is proportional to P0 ,-

114
. The negative slope of log a 

versus log P0 , for Baln0.8Mn0.20 3_0 indicates n-type 
electronic conduction while it is more than -1/4 (the 
absolute value of the slope is less than 1/4) . 

The electrical conductivities of Ba2In20 5 and 
Baln0.8M020H (M= Ti, V, Cr, Mn, Fe, Co, Ni, or Cu) as 
a function of P0 , at 1000 °C is shown in Fig.4. The 
electrical conductivity of Ba2In20 5 is independent of the 
P0 ,. This indicates that the dominant charge carrier was 
oxide ion in the high temperature phase of Ba2In20 5, and 
agreed well with the result reported by Zhang et al. [15]. 
The log a for Baln0.8M0.20 3--<l (M= Ti, V, Cr, Fe, Co, Ni, 
or Cu) showed positive slope versus log Po,. This 
indicates that p-type conduction contributed to total 
electrical conductivity. In contrast, Balno.sMno.z03--<l 

showed a negative slope versus log P0 ,, indicating a 
contribution of n-type conduction. 

1079 



1080 Crystal Structure and Electrical Conductivity of Mixed Conductive Baln1~Nx03~6 (M=Ti, V, Cr, Mn, Fe, Co, Ni, or Cu) 

-0.5 

-1.0 

,.-.._ 

'a 
u 

r:/'l -1.5 

b 
'-"' 
on 

..9 -2.0 

-•-Ba
2
In

2
0

5 
-e-M=Ti -"-- V 

_ 2 .
5 

-T- Cr -+- Mn -0- Fe 
-l::r- Co ~ Ni --o- Cu 

2.0 2.5 3.0 3.5 4.0 4.5 5.0 

log (P
0 

I Pa) 
2 

Fig.4 Electrical conductivity of Baln1_xMx03-0 against 
oxygen partial pressure at 1000 °C. 

4. SUMMARY 
The crystal structure and transition behavior of 

Baln1_xMx03-<> (M = Ti, V, Cr, Mn, Fe, Co, Ni, or Cu) 
were investigated by XRD and DSC, respectively. 
Baln1_xMx03-<> (M = Ti, V, Cr, Mn, Fe, Co, Ni, or Cu) 
had cubic, tetragonal or orthorhombic structures 
depending on the kind and the amount of transition 
metals. Partial substitution of Ti, V, Cr, Mn, Fe, or Co 
for indium was found to be effective to stabilize cubic 
perovskite structure at low temperature. For the samples 
with orthorhombic structures, the transition temperatures 
from orthorhombic to tetragonal were reduced. As a 
result, Balni-xMx03-0 (M = Ti, Fe, or Co) was in the 
cubic system at room temperature. 

The electrical conductivities of Baln0.8M020 3_, were 
measured as a function of temperature and P0 ,. 

Baino.8Fe0203-0 and Baln0.8Co020 3_, showed higher 
electrical conductivities than the high temperature phase 
of the original Ba2In20 5. Since their conductivity against 
P0 , exhibited typical behavior in p-type electronic 
conduction, hole as well as oxide ion was responsible for 
their high electrical conductivity. Consequently, they are 
expected to be favorable mixed conductors. 

NOMENCLATURE 
P 0 , = oxygen partial pressure [Pa] 
K = equilibrium constant 
[X] = concentration of X in oxide [mol-X I 
mol-perovskite] 
cr =electrical conductivity [S cm-1

] 
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