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Oxide ion conductivity in (Ba0.3Sr0.2La0.5)(In1–xMx)O2.75  

(M = Sc and Yb) systems
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We have investigated the crystal phase and oxide ion conductivity of (Ba0.3Sr0.2La0.5)(In1–xMx)O2.75 (M = Sc and Yb) systems as 
a function of dopant content and unit cell free volume. All peaks in the XRD diffraction patterns of these systems (x = 0.0 – 0.4)
were found to be assignable to pure cubic symmetry. The lattice parameter of the Sc-doped system decreased monotonically 
with rising dopant content, while the Yb-doped one showed a monotonic increase. The oxide ion conductivity of these systems 
increased with a unit cell free volume. Above a volume of 2.43 × 10–2 nm3, the oxide ion conductivity decreased. The oxygen 
vacancy content of the systems was controlled to be constant over the whole compositional range, which suggests that the 
mobile oxygen content should also be constant over the whole range. Above a free volume of 2.43 × 10–2 nm3, a broad Raman 
mode emerged from 350 cm–1 to 400 cm–1, which might relate to the local distortion of oxygen octahedra. We conclude that the 
oxide ion mobility grows with increasing unit cell free volume up to a critical volume, and then the mobility is degraded by the 
local distortion of the oxygen octahedra.
©2009 The Ceramic Society of Japan. All rights reserved.
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1. Introduction
Fast oxide ion conductors are important materials for use as 

electrolytes in solid oxide fuel cells, oxygen sensors, and oxy-
gen-permeable membrane reactors.1)–4) In particular, the perovs-
kite system comprises a group of attractive oxide ion conducting 
materials. The chemical formula of such an oxide is ABO3: the 
A-site cation is 12-coordinate, and the B-site is 6-coordinate. An 
appropriate aliovalent substitution for the A and B-site cations 
can result in the generation of oxygen vacancies in the system, 
which would enhance its oxide ion conductivity. LaGaO3-based 
perovskite oxides show a high oxide ion conductivity when co-
doped with divalent Sr and Mg ions at the La and Ga sites, 
respectively.5),6) Another oxide ion conductors is the Ba2In2O5-
based oxides, discovered by Goodenough in 1990.7) The system 
is one of the Brownmillerite oxides, which are derived from 
perovskites. One-sixth of the oxygen in the unit cell is removed; 
because the oxygen vacancies are in an ordered state, the com-
pound exhibits low oxide ion conductivity under 1203 K. Above 
that temperature, an order-disorder transition of the oxygen 
coordination occurs in the system, and, due to the disordering of 
the oxygen vacancies, high oxide ion conductivity appears. The 
oxide ion conductivity in the high temperature range exceeds that 
of yttria-stabilized zirconia (YSZ). Many studies have been con-
ducted to attempt to make the oxide ion arrangement disordered 
under 1203 K, with the aim of improving the oxide ion conduc-
tivity, but none has reported a conductivity exceeding that of 
YSZ.8)–10) In our previous studies, fast oxide ion conductor of the 

(Ba0.3Sr0.2La0.5)InO2.75 system obtained by doping La3+ and Sr2+

into Ba2In2O5 was discovered. The conductivity of this system 
surpassed that of YSZ, and almost equaled that of the LaGaO3

system.11)–15) As concerns the oxide ion conducting mechanism of 
the Ba2In2O5 based oxide, Uchimoto et al. reported that the saddle 
point was the dominant conductivity factors in the Ba2In2O5

system.9) Ta et al. proposed that the oxide ion conductivity of the 
Ba2In2O5 based oxides depended on the dopant ion radius in case 
that the oxygen vacancy arrangement was in disordered state.16)

We reported that the oxide ion conductivity in any cation doped 
Ba2In2O5 system increased with unit cell free volume, and that the 
conductivity decreased with increasing free volume above a given 
free volume. Hayashi et al. and Nomura et al. also reported that 
the oxide ion conductivity in the other perovskite oxides behaved 
similarly versus unit cell free volume, and that the dependency 
would rely on the balance between the tolerance factor and the free 
volume.17),18)

In order to elucidate the reason for the unit cell free volume 
dependency on the oxide ion conductivity in any cation-doped 
Ba2In2O5 system, we paid attention to the crystallographic sym-
metry of the system. We selected Sc3+ and Y3+ cations as dopants 
for the In site to maintain the oxygen vacancy content of the sys-
tem and to change the lattice parameter monotonically. We inves-
tigated the relationships between the oxide ion conductivity of 
the trivalent cation-doped (Ba0.3Sr0.2La0.5)InO2.75 system, the 
crystal symmetry and the local distortion.

2. Experimental
The samples were prepared by solid state reaction. The start-

ing materials, BaCO3 (99.9%, Wako Pure Chemical Industries, 
Ltd.), SrCO3 (99.9%, Wako Pure Chemical Industries, Ltd.), La2O3

(99.99%, Wako Pure Chemical Industries, Ltd.), In2O3 (99.95%, 
Kojundo Chemical Laboratory Co., Ltd.), Yb2O3 (99.9%, Kojundo 
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Chemical Laboratory Co., Ltd.), and Sc2O3 (99.9%, Kojundo 
Chemical Laboratory Co., Ltd.) were mixed in a ball mill for 24 h 
with ethanol as a medium. The mixture was dried at 373 K for sev-
eral hours, and then calcined at 1273 K for 10 h. The powder, 
which was sieved to under 54 μm, was uniaxially pressed at 5 MPa 
into a rectangular shape (30 mm × 5 mm × 5 mm) and then isos-
tatically pressed again at 200 MPa. The samples were then sintered 
at 1673 K for 10 h in air. The relative densities of all of the sintered 
specimens, estimated from their dimensions and weight, were 
higher than 90%. The single phase nature of the samples was con-
firmed by X-ray diffractometry with Cu Kα radiation (monochro-
mated with graphite Mulfiflex, Rigaku Co.) at room temperature.

Four platinum wires were wound around the samples. Plati-
num paste was coated on each platinum wire and then sintered 
at 1223 K for 1 h in air. The electrical conductivity of the sintered 
samples was measured by the DC four-probe method under var-
ious conditions over a range of temperatures between 873 K to 
1273 K and with oxygen partial pressures ranging from 1.0 × 105

to 1.0 × 10–15 Pa; these oxygen partial pressures were controlled 
by varying the composition of the gas mixture (Ar–O2 or Ar–H2–
H2O). Raman spectra were obtained with an NRS–1000 (JASCO 
Co.) spectrometer equipped with a Nd:YVO4 laser (wavelength, 
532 nm). The output power of the laser was 100 mW.

3. Results and discussion
The XRD patterns of the (Ba0.3Sr0.2La0.5)(In1–xMx)O2.75 (M = 

Sc and Yb) systems are displayed in Figs. 1(a) and (b). Each peak 
in the XRD diffraction patterns was identified to be assignable to 
cubic symmetry. Uchimoto et al. found the La-doped Ba2In2O5

system to have cubic symmetry (space group, Pm3m No. 221).9)

We labeled each XRD peak with reference to the symmetry and 
calculated the lattice parameter of the a-axis. The lattice parame-
ters of these systems are shown in Fig. 2. The lattice parameter of 
the Sc-doped system decreased monotonically with increasing 
dopant content, whereas, the parameter of the Yb-doped system 
increased. The Shanonn ionic radii of Sc, Yb and In are 0.0745 
nm, 0.0868 nm and 0.0800 nm,19) respectively, which would affect 
the dopant content dependency of each lattice parameter.

In perovskite oxides, the electrons, oxide ions and holes func-
tion as charge carriers, so that the electrical conductivity of the 
oxide is the sum (σ tot) of the respective conductivities σe, σo and 
σh as shown in Eq. 1.

σtot = σe + σo + σh

= σe
o Po2

–n + σo + σh
o Po2

+ m (1)

Typical results of the electrical conductivity for the 
(Ba0.3Sr0.2La0.5)(In1–xMx)O2.75 (M = Sc and Yb) system at 1073 K 
are shown as a function of oxygen partial pressure in Fig. 3. We 
found that electronic conductivity appeared for the x = 0 system 
for log[PO2(Pa)] < –10. In the low oxygen partial pressure region, 
In3+ would be reduced to In+ and would supply the conducting 
electrons in the system. We also found that the electronic con-
ductivity of the Sc- or Yb-doped system did not appear in the 
same oxygen partial pressure region. The electronic conductivity 
of the perovskite system follows the polaron hopping mecha-
nism.20)–22) Polaron conduction appears due to the hopping of 
charge carriers between B sites in the perovskite system. A 
mixed valence conduction for the In cation would provide 
hopping sites for electrons in this system. However, the dopant 
cations of Sc and Yb are highly stable in the +3 state, so that they 
do not supply conducting electrons and do not permit the 
hopping sites for electrons. We conclude that the doped Sc or Yb 
cations would prevent the generation of conducting electrons and 
would interfere with the mobility of electron hopping at low 
oxygen partial pressures.  (a)

  (b)
Fig. 1. XRD patterns of members of the (Ba0.3Sr0.2La0.5)(In1–xMx)O2.75

(M = Sc and Yb) systems. (a) (Ba0.3Sr0.2La0.5)(In1–xScx)O2.75, 
(b) (Ba0.3Sr0.2La0.5)(In1–xYbx)O2.75.

Fig. 2. Lattice parameters of members of the (Ba0.3Sr0.2La0.5)(In1–xMx) 
O2.75 (M = Sc and Yb) systems.
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The electrical conductivities of all systems at 1073 K were 
independent of oxygen partial pressure in the region between 
log[PO2(Pa)] = 1.5 and –11, suggesting that the transport number 
of oxide ion conductivity was unity at 1073 K in Ar atmosphere 
(log[PO2(Pa)] = 1.5). The electrical conductivities from 873 K to 
1173 K in Ar atmosphere are displayed as Arrhenius plots in 
Figs. 4(a) and (b). The activation energy of the oxide ion con-
ductivity ranged from 82 to 97 kJ/mol, which is almost constant 
in the compositional region. We considered that the transport 
number of oxide ion conductivity in this system was unity from 
873 K to 1173 K in Ar atmosphere, and that the oxide ion 
conductivity of all compositional region would show same 
dopant content dependency in the temperature region.

The oxide ion conductivities of the (Ba0.3Sr0.2La0.5)(In1–xMx)O2.75

(M = Sc and Yb) systems as a function of dopant content at 
1073K are shown in Fig. 5. The oxide ion conductivities of both 
systems decreased with increasing dopant content and were 
similar in value for the same dopant content. The oxide ion con-
ductivity is strongly dependent on the oxygen vacancy content 
and crystal characteristics, such as lattice parameter, crystal 
symmetry and dopant ion radius. These systems have the same 
oxygen content, but the lattice parameters of the Sc- and Yb-
doped systems showed the opposite dopant content dependency, 
as displayed in Fig. 2. In order to understand the contradiction, 
we have paid attention to the other important crystallographic 
parameter – the unit cell free volume. This quantity is defined as 
the difference between the unit cell volume and the sum of the 
volumes of the component cations

(2)

where a is the cubic lattice parameter, mi is the chemical 
composition ratio of a particular ion, and ri is its ionic radius.19)

The oxide ion conductivity of the (Ba0.3Sr0.2La0.5)(In1–xMx)O2.75 

(M = Sc and Yb) system at 1073 K is shown as a function of the 
unit cell free volume in Fig. 6. We found that the oxide ion 
conductivity of the system increased with increasing unit cell 
free volume up to 2.43 × 10–2 nm3, and then decreased. As shown 
in Figs. 4(a) and (b), the Arrhenius plots of oxide ion conductivity
was parallel to each other, so that the unit cell free volume depen-
dency of oxide ion conductivity would show same behavior. The 

oxygen vacancy content was constant in these systems, so we 
assume that the unit cell free volume dependency is related to the 
mobility of the oxide ion. The results shown in Fig. 6, therefore, 

Fig. 3. Electrical conductivity of members of the (Ba0.3Sr0.2La0.5)(In1–xMx)
O2.75 (M = Sc and Yb) systems at 1073K as a function of the oxygen par-
tial pressure.

unit cell free volume = − ∑a m ri

i

i
3 34

3
π

    (a)

    (b)
Fig. 4. Arrhenius plots of oxide ion conductivity for members of the 
(Ba0.3Sr0.2La0.5)(In1–xMx)O2.75. (M = Sc and Yb) systems. (a) (Ba0.3Sr0.2La0.5)
(In1–xScx)O2.75, (b) (Ba0.3Sr0.2La0.5)(In1–xYbx)O2.75.

Fig. 5. Oxide ion conductivity at 1073 K as a function of dopant content.
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lead us to the conclusion that the oxide ion mobility of the 
system first increased with the unit cell free volume and then 
decreased due to the operation of other factors.

A possible reason for a decrease of the oxide ion conductivity 
is the ordering of component cations and anions, as seen in struc-
tures such as the pyrochlore-type oxide ion conductors23) and the 
parent Ba2In2O5 oxide ion conductor.7) In the case of perovskite 
oxides, a B-site cation ordering arrangement was reported in the 
perovskite-related oxide Ba2HoHfO5.5, which exhibited an XRD 
pattern that included superlattice reflections.24) However, such 
reflections are missing in the XRD data of the 
(Ba0.3Sr0.2La0.5)(In1–xMx)O2.75 (M = Sc and Yb) system, shown in 
Figs. 1(a) and (b). Moreover, the X-ray diffraction peaks did not 
split with increasing cation doping, which suggested that the 
crystal symmetry did not change due to ordering of the oxide 
ions.

Another possible cause of the lowering of the oxide ion con-
ductivity is a local distortion of the oxygen octahedra. Although 
the X-ray diffraction pattern is not sensitive to local distortions, 
Raman spectroscopy can detect local distortions and the presence 
of oxygen vacancies. The Raman spectra for the 
(Ba0.3Sr0.2La0.5)(In1–xMx)O2.75 (M = Sc and Yb) system are dis-
played in Fig. 7. Even though there is no Raman-active mode in 
the case of cubic symmetry,25),26) we detected a mode around 630 
cm–1, which has been reported to be related to oxygen vacancies 
in perovskite oxides.27)–29) Moreover, the broad mode appeared 
from 350 cm–1 to 400 cm–1 above unit cell free volume values of 
2.43 × 10–2 nm3. It was reported that the stretching mode of oxy-
gen octahedral appeared around the same wave number in the 
perovskite oxide of SrCeO3 system, and that the broadening was 
corresponded to the local lattice distortion of the oxygen octahe-
dra.30) Further work is needed to clarify the origin of the broad 
mode. We speculate that this Raman mode also might reflect 
local distortions for the oxygen octahedra of (Ba0.3Sr0.2La0.5) 
(In1–xYbx)O2.75 system, and that such distortions might be the rea-
son for the degradation of the oxide ion conductivity above unit 
cell free volumes of 2.43 × 10–2 nm3.

4. Conclusion
We have synthesized single-phase samples of members of the 

(Ba0.3Sr0.2La0.5)(In1–xMx)O2.75 (M = Sc and Yb) systems (x = 0.0 

– 0.4). The Cu Kα XRD patterns showed that all the samples 
were single cubic phases. The oxide ion conductivities increased 
with the unit cell free volume up to 2.43 × 10–2 nm3, and then 
decreased with further volume increases. We conclude that the 
dependence of the conductivity on the unit cell free volume is 
related to the mobility of the oxide ions, because the oxygen 
vacancy content was maintained constant in the system. These 
results suggest that the oxide ion mobility of the system increases 
with the unit cell free volume; then, above a certain value, the 
mobility decreases due to the influence of other factors. Two 
Raman modes were detected in the (Ba0.3Sr0.2La0.5)(In1–xYbx)O2.75 

system, in which the unit cell free volume ranged above 2.43 ×
10–2 nm3. The Raman mode of 630 cm–1 can be associated with 
oxygen vacancies in the perovskite oxide, and the other broad 
mode from 350 cm–1 to 400 cm–1 might relate to the local dis-
tortions of oxygen octahedra. Such local distortions may be 
responsible for the degradation of the oxide ion conductivity 
above unit cell free volumes of 2.43 × 10–2 nm3.
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