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bForschungszentrum Jülich GmbH, Institute for Materials and Processes in Energy Systems, 52425 Jülich, Germany
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Abstract

In the present study the oxides Ln0.8Sr0.2Fe0.8Co0.2O3�x (Ln=La, Pr, Nd, Sm, Eu, Gd) were prepared and characterized to study
the influence of the host rare earth cation on their properties and their potential application as intermediate temperature solid oxide

fuel cell cathodes with higher ionic conductivity, lower linear thermal expansion coefficient and better chemical compatibility with
the electrolyte. The oxides were prepared by the amorphous citrate synthesis. From X-ray powder diffraction measurements it was
deduced that all oxides were single-phased with the sensitivity of the method. However, irregularities during thermal expansion
measurements indicated that some structural changes might occur during heating. Only after examination of the powders in a scan-

ning electron microscope, the presence of a second phase (cobalt oxide) in most compositions became evident. # 2001 Elsevier
Science Ltd.
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1. Introduction

Over the past years a continuous effort has been made,
aiming at better material properties for solid oxide fuel
cell (SOFC) components. As far as the cathode is con-
cerned, some of the main aims are to achieve high elec-
tronic conductivity, to overcome disadvantages such as
chemical reactivity and thermal expansion coefficient
(TEC) mismatch with the yttria-stabilized zirconia solid
electrolyte and to raise the cathode’s catalytic activity for
oxygen molecule dissociation and oxygen reduction.1

Mixed ionic-electronic conductors are considered pro-
mising materials. Strontium-doped lanthanum cobaltites
are known to possess high electronic conductivity, while
iron substitution for cobalt improves significantly their
thermochemical and mechanical properties.2 Strontium
doping should not be very high in order to avoid the for-
mation of reaction products with the electrolyte3 and the
TEC increase. Replacing lanthanum cations by heavier
rare earth elements also results in less reactive materials

towards the electrolyte material3,4 with better catalytic
activity5,6 and lower overpotential values.4

In an attempt to combine most of the above properties
Ln0.8Sr0.2Fe0.8Co0.2O3 oxides, with Ln=La, Pr, Nd,
Sm, Eu and Gd, were prepared and characterized.

2. Experimental

The oxides were prepared by the amorphous citrate
synthesis. Reagents were dissolved in distilled water or
nitric acid, mixed and heated over a burner flame until
combustion took place and all themixture got burned. The
powder was calcined at 1100�C for 15 h and then milled
with zirconia balls in acetone for 24 h. Finally, rectan-
gular rods were formed, pressed at 90 MPa and sintered
at 1300�C for 30 h at a 1 K/min heating and cooling rate.
All oxides were characterized by X-ray powder dif-

fractometry (XRD) at room temperature on a Siemens
D5000 diffractometer, in the Bragg angle range 10�42�4
80�. Further examination of the materials structure was
performed with a LEO 1530 scanning electron micro-
scope (SEM) on powder samples sintered at 1200�C for
24 h. Thermal expansion measurements were conducted
in air with a DIL 402E Netzsch dilatometer, between 20
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and 1100�C (heating/cooling rate: 1 K/min). Electrical
conductivity was measured in air with the four point DC
method between 20 and 1000�C (heating rate: 5 K/min).

3. Results and discussion

XRD measurements at room temperature produced
clear patterns for the first three oxides (Ln=La, Pr, Nd)
(Fig. 1). For Ln=La the perovskite had a rhombohe-
dral structure, while for Ln=Pr and Nd an orthorhom-
bic structure was observed. Tai et al.7 report that
La0.8Sr0.2Fe0.8Co0.2O3 is orthorhombic, their investiga-
tions showed however, that this composition lies directly
at the point where the structure changes from the
orthorhombic to the rhombohedral unit cell: for iron
content up to 70 mol% the perovskite is rhombohedral,
while for 80–100 mol% orthorhombic. Moreover, in the
next paper of Tai et al.,8 where the influence of strontium
substitution is studied, we see that compounds with Sr-
content up to 10 mol% were found to crystallize in the
orthorhombic structure whereas compositions with 30–
40 mol% in the rhombohedral structure. Thus a small
stoichiometric deviation of strontium and/or iron con-
tent could lead to the formation of the rhombohedral
structure.
The XRD patterns for the last three members (Ln=

Sm, Eu, Gd) were rather ambiguous (Fig. 2). After a
careful analysis considering various perovskite powder
patterns in the ICDD data base (e.g. La0.8Sr0.2FeO3
ICDD: 35-1480, LaFeO3 ICDD: 15-0148), it was
assumed that the three compositions were single-phased,

since they matched very well with the FeSmO3 structure
(ICDD: 39-1490). Dilatometric measurements (Fig. 3)
showed that thermal expansion was linear up to 800�C
for all oxides. Pr and Nd oxides were proved to possess
TECs compatible with the currently used and under
study electrolytes (Table 1). However, these thermal
expansion curves presented some irregularities at about
900�C, which were most pronounced for the Nd and Eu
compounds and made evident that some ordering phe-
nomena took place during heating and cooling in the
range of 750–1000�C. Initially it was assumed that a
phase transition7,8 might be the reason for these irregu-
larities and further study with high temperature XRD
(HT-XRD) was needed to make clear the reason of these
phenomena. HT-XRD measurements made soon evident
that no changes in the reflection pattern occurred apart
from reversible intensity changes during heating and
cooling between 750 and 1000�C. Presumably defect
compensation due to oxygen losses during heating7�9 and/
or an isostructural atomic re-ordering took place. Also, a
magnetic order$ disorder transition has to be considered
as such transition can affect the thermal expansion of
solids, e.g. in the case of NiO.10 Because a magnetic
study of these materials was out of the scope of our
work, sintered powder of all six samples was examined
with scanning electron microscopy.
For each sample secondary and backscattered electron

micrographs were collected. Secondary electron images
provide information about the surface morphology, while
backscattered electron images in composite contrast
show differences in the mean atomic number. The mere
fact, that powders instead of a mounted and polished disc

Fig. 1. X-ray powder diffraction patterns of Ln0.8Sr0.2Fe0.8Co0.2O3�x, for Ln=La, Pr, Nd.
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were examined, caused difficulties in the interpretation of
the SEM images. Despite this, by comparing secondary
with backscattered electron images, we observed that
the difference in the mean atomic number was so intense
(Figs. 4–7), that it was obvious, that for members with

Ln= Sm, Eu and Gd, a second phase existed which was
confirmed by EDS analysis on grey and white regions
on the particles. By re-examining the XRD patterns, the
presence of cobalt oxide (CoO, ICDD: 9-0402) was con-
firmed. The presence of CoO (pointed grey areas on
micrographs) was barely detectable for the Nd perovskite
(Fig. 4), while for the Sm, Eu and Gd oxides (Figs. 5–7) it
becamemore and more evident. For La and Pr containing
oxides, some evidence for phase impurities can be attrib-
uted with certainty either to small stoichiometric devia-
tions or to the influence of surface irregularities. It was
thus deduced, that as the rare-earth ionic radius decreases

Fig. 3. Thermal expansion curves for Ln0.8Sr0.2Fe0.8Co0.2O3�x,

(Ln=La, Pr, Nd, Sm, Eu, Gd) in air.

Table 1

Specific conductivity and TEC values at 700�C of Ln0.8Sr0.2Fe0.8
Co0.2O3�x oxides

Ln � 700 (S cm
�1) TEC700 10

�6 (�C�1)

La 179 12.45

Pr 159 11.25

Nd 123 10.91

Fig. 2. X-ray powder diffraction patterns of Ln0.8Sr0.2Fe0.8Co0.2O3�x, for Ln=Sm, Eu, Gd.

Fig. 4. Backscattered electron micrograph of Nd0.8Sr0.2Fe0.8Co0.2
O3�x. Pointed grey areas indicate the presence of CoO.
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(heavier elements) a miscibility gap exists: a Sr-rich and a
Sr-poor phase is formed and a stable solution for stron-
tium does not appear.
Lattice parameters and theoretical density were calcu-

lated for the first three oxides (Ln= La, Pr, Nd) from the
XRD data, using the least squares unit cell refinement
program (LSUCR) (Table 2). Silicon was used as an
internal standard during XRD measurements. Density
was measured by the Archimedes method. All three
compounds were proved to possess at least 97% of their
theoretical density.
Electrical conductivity measurements are presented for

the perovskites with Ln=La, Pr, Nd. All three composi-
tions showed to possess semiconductive behaviour up to

about 800�C. At this temperature a metal-insulator tran-
sition was observed and from then on conductivity
decreased with increasing temperature (Fig. 8). Ferrites are
known to be substoichiometric in oxygen. The amount
of these oxygen vacancies increases with increasing

Fig. 5. Backscattered electron micrograph of Sm0.8Sr0.2Fe0.8Co0.2
O3�x. Pointed grey areas indicate the presence of CoO.

Table 2

Structure and lattice parameters of Ln0.8Sr0.2Fe0.8Co0.2O3�x oxides

Ln Structure a (Å) b (Å) c (Å)

La Rhombohedrala 5.5213 – 13.4134

Pr Orthorhombic 5.4244 5.4703 7.7214

Nd Orthorhombic 5.4671 5.5382 7.7410

a Hexagonal lattice parameters.

Fig. 6. Backscattered electron micrograph of Eu0.8Sr0.2Fe0.8Co0.2
O3�x. Pointed grey areas indicate the presence of CoO.

Fig. 7. Backscattered electron micrograph of Gd0.8Sr0.2Fe0.8Co0.2
O3�x. Pointed grey areas indicate the presence of CoO.

Fig. 8. Logs versus reciprocal temperature (1000/T) for Ln0.8Sr0.2
Fe0.8Co0.2O3�x, Ln=La, Pr, Nd.
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temperature,7,8 causing the concentration of the tetra-
valent B-ions (Fe, Co) to decrease according to the fol-
lowing equation:

Oo
x þ 2B ! V€o þ 2B

x þ
1

2
O2 ð1Þ

where Kröger–Vink notation is used.
The change in electrical conductivity, i.e. the metal-

insulator transition, can on the one hand be due to the
continuously changing oxygen content of the samples11

or, on the other hand, be induced by a magnetic transi-
tion as mentioned above since the changes appear in the
same temperature region. However, at this stage of the
investigations no definite explanation can be given for
the reason of the metal-insulator transition.
Nevertheless, the above mentioned compositions

(Ln=La, Pr, Nd) meet the requirements for use as
intermediate temperature SOFC cathodes (�>100 S
cm�1) (Table 1).

4. Conclusions

In the Nd compound the second phase, namely cobalt
oxide, is just about to appear. From then on it becomes
more and more apparent. Dilatometric and electrical
conductivity measurements proved that the oxides with Pr
and Nd as the host rare earth cation could be taken into
consideration as cathode materials for intermediate
temperature SOFCs, provided that the Nd oxide
acquires a more stable structure.
From HT-XRD and SEM characterization it became

obvious that much attention has to be paid at the evalua-
tion of XRD patterns of compositions, that have not been
extensively studied and for which structure data are
insufficient. Apart from XRD characterization, SEM
micrographs should be made, in order to ensure that the
materials are actually single-phased. It is definitely

interesting to know, the circumstances, under which the
formation of cobalt oxide takes place.
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