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Abstract

The crystal structure of perovskite based Ba(Ce0.8Zr0.2)O3 has been determined by X-ray and neutron powder diffractions. The
space group has been established by Rietveld refinement. Our final analysis indicates that the space group of Ba(Ce0.8Zr0.2)O3 is

Imma with an anti-phase oxygen octahedral tilting along the two crystallographic axes. At a temperature above the transition, 1273
K, the high temperature prototype phase is found to be cubic Pm 3�m. # 2001 Elsevier Science Ltd.
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1. Introduction

Trivalent rare earth-doped BaCeO3 has been investi-
gated extensively due to its high ionic conduction prop-
erty for electrolyte in solid oxide fuel cell (SOFC)
application.1,2 However, its application has been restric-
ted to oxygen atmosphere, instead of reformer gas under
ambient atmosphere, because its chemical stability
deteriorates on contact with CO2 and H2O.

3 Recent
studies have reported that the chemical stability can be
increased by zirconium substitution, in spite of the una-
voidable reduction in ionic mobility.4 But, 20% Zr sub-
stitution is considered to be enough for the structural
stability, not sacrificing conductivity too much.5

The crystal structure of BaCeO3 is reported to be
orthorhombic at room temperature with the space group
Incn and transited to F32/n, and then finally to Pm 3�m
with the increase in temperature.6 However, there is a
contradicting report that its room temperature structure
is Pnma then it transforms to cubic Pm 3�m at high tem-
perature via intermediate Imma and R 3� C phase.7

A raman study suggested that phase transition occurs
also in Zr substituted BaCeO3,

8 but there are no struc-
tural studies by neutron and X-ray diffractometry to
support such a claim.
The purpose of this work is to investigate the crystal

structure of 20% Zr substituted BaCeO3 which is

reported to be structurally stable and which may pro-
vide the fundamental information about ionic transport
phenomena.9,10

2. Experimental

Ba(Ce0.8Zr0.2)O3 was synthesized by solid state reac-
tion from the mixed BaCO3, CeO2 and ZrO2 powders at
1400�C for 7 h. X-ray powder diffraction patterns were
collected at room temperature on a Rigaku Rotaflex dif-
fractometer using CuKa radiation equipped with a gra-
phite monochromator [l=1.5418 Å, 2�=20–130�]. The
neutron powder diffraction pattern was collected at
room temperature and at 1273 K on a high-resolution
powder diffractometer (HRPD) [l=1.8430 Å, 2�=20–
130�] at the Hanaro reactor, Korea Atomic Energy
Research Institute. Test powders were compacted in a
vanadium cylinder and were heated in vacuum. Neutron
beams from the reactor were monochromated by the
Ge(331) single crystal. The structure refinement was car-
ried out on a FULLPROF program (LLB-France)
which adopts the Rietveld calculation method.

3. Results and discussion

Figs. 1 and 2 are the X-ray and neutron diffraction
profiles of Ba(Ce0.8Zr0.2)O3 at room temperature. A
rather simple pattern implying a high symmetry is
observed. In addition to the fundamental reflections,
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extra diffraction lines are shown. X-ray superlattice lines
appear more conspicuously at low angles and their
relative intensity is much lower. This means that these
extra peaks arise due to either the oxygen octahedral
tilting or the cation modulation. A direct evidence that
the superlattice lines are attributed to tilting is that the
neutron relative intensity of these lines is much stronger
than that of the X-ray because the neutron oxygen
scattering cross section is significant in comparison with
the cation cross sections. For convenience, we chose the
doubled unit cell of a perovskite cell in considering the
inphase and antiphase tilting. In order to determine the
space group, the mode of oxygen octahedral tilting
should be determined correctly. The superlattice lines
are indexed in reference to the doubled perovskite pro-
totype unit cell of which basis vectors may be converted
from that of the orthorhombic unit cell, satisfying the
following vector relationships.

ap ¼ �ao þ co; bp ¼ ao þ co; cp ¼ bo: ð1Þ

Only the odd-odd-odd (h 6¼l) type indices were identi-
fied. No even or mixed indices are found. According to
the Glazer11 and Woodward,12 the tilting mode which
satisfies the above conditions is a�b�b� and the space
group is determined to Imma(#74). The indexing result
in reference to the prototype structure obeys the reflec-
tion condition very well.
The objective of this study is two fold. Firstly, we set

out to determine the crystal structure of Ba(Ce0.8
Zr0.2)O3, which has been determined to be Imma. Sec-
ondly, we wanted to know whether Ba(Ce0.8Zr0.2)O3
goes through a phase transition. To find out the second
objective, we conducted neutron scattering at room
temperature and at 1273 K.
To confirm the space group Imma, Rietveld refine-

ment has been executed. The calculated fitting profile is
superposed in Fig. 3. The fitted curves and observed
patterns are in the solid lines and the circle markers
respectively. The vertical marks in the middle represent
the calculated Bragg positions. The traces in the bottom
plots are the difference between the calculated and
observed intensities. The atomic positions are changed
from the positions in the aristotype perovskite phase.
Antiphase tiltings along the two axes and non-tilting
along the remaining axis were assumed. Schematic pro-
jections are drawn in Fig. 4 from the refined data. The
final atomic coordinates are listed in Table 1.
In order to find out the high temperature crystal

structure, refinements on the neutron data were also
carried out at 1273 K, Fig. 5. We can clearly see that all
the superlattice lines have disappeared. Hence, the crys-
tal structure of the high temperature prototype phase is
cubic Pm 3�m. Our numerical results indicate that the
calculated fit is a satisfactory one. We have not been
able to determine the transition temperature in this
study, but we have established that Ba(Ce0.8Zr0.2)O3
undergoes a phase transition somewhere in between
room temperature and 1273 K.
In studying perovskites stability, the Goldschmidt

tolerance factor is very helpful. It is defined by

Fig. 1. Room temperature X-ray diffraction pattern of Ba(Ce0.8
Zr0.2)O3; filled circles represent {h+1, k+1, l+1}p type superlattice

reflections.

Fig. 2. Room temperature neutron diffraction pattern of Ba(Ce0.8
Zr0.2)O3; filled circles represent the octahedral tilting superlattice

reflections.

Fig. 3. Powder neutron diffraction pattern fittings for Ba(Ce0.8Zr0.2)

O3 at room temperature in space group Imma.
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t ¼
rA þ rO
ffiffiffi

2
p

rB þ rOð Þ
ð2Þ

where rA, rB and rO are the radii of the A and B cations
and oxygen ion respectively. The more deviated is the
tolerance factor from unity, the more distorted is the

structure. When the space generated by the oxygen
octahedra is close packed by cations, an ideal cubic
phase is fully established, while larger B-site cations
tend to cause the oxygen atoms to induce oxygen octa-
hedral tilting.13,14 In calculating the tolerance factor, the
ionic radii data were taken from Muller and Roy.15 In
Ba(Ce0.8Zr0.2)O3, its tolerance factor is increased from
0.96674 to 1.0035 by substituting smaller Zr4+ [RIV=
0.86 Å] for Ce4+ [RIV=0.94 Å]. Hence, the number of
the Ba(Ce0.8Zr0.2)O3 a�a�a� tilting axes is reduced to
two from three of the BaCeO3 a

+a�a� tilting. Yet, we
notice that the ionic size difference is not as large as to
induce a B-site ordering.

4. Conclusion

The crystal structure of Ba(Ce0.8Zr0.2)O3 has been
determined to be orthorhombic, space group Imma, at
room temperature. However, at 1273 K the positions of
oxygen atoms become more symmetric due to the ther-
mal motion. As a consequence, Pm 3�m cubic space
group appears at the high temperature most solid oxide
fuel cells are operated.
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Table 1

Refined fractional atomic coordinates and displacement parameters at

(a) room temperature and (b) at 1273 K

x y z B

(a)

Ba 0 0.25 0.02129 0.83143

Ce 0 0 0.5 0.38394

Zr 0 0 0.5 0.88

O1 0.5 0.25 �0.0113 0.96707

O2 0.25 �0.01969 0.75 0.29867

Rwp= 1.57 RBragg=0.8 a=5.9805 b=8.4794 c=6.0019

(b)

Ba 0.5 0.5 0.5 0.73794

Ce 0 0 0 0.43348

Zr 0 0 0 0. 60952

O 0 0.5 0.5 0.10470

Rwp= 2.12 RBragg=1.18 a=4.2716 b=4.2716 c=4.2716
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