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Abstract

Microstructural evolution and mixed electronic–ionic conduction properties of perovskite-type La0.6Sr0.4Co0.8Fe0.2O3 ceramics
were investigated in the sintering temperature range 1100–1250 �C. The results confirm the crucial role of sintering temperature on
microstructure and mixed conduction properties. The improvement of the mixed conduction properties with the increased sintering

temperature from 1100 to 1200 �C is ascribed to the development of densification. Further increase of the sintering temperature
above 1200 �C declined the mixed conduction properties due to the generation of excessive liquid. With respect to the mixed con-
duction properties, the preferred sintering temperature was ascertained to be 1200 �C for La0.6Sr0.4Co0.8Fe0.2O3 ceramics. The

La0.6Sr0.4Co0.8Fe0.2O3 ceramic sintered at 1200 �C exhibited an electrical conductivity of 1.26�103 ��1 cm�1 and an oxygen ionic
conductivity of 3.73�10�2 ��1cm�1 at 800 �C.
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1. Introduction

Perovskite-type complex oxides of La1�xSrxCo1�yFeyO3

compositions are attracting growing attention because
of their superior mixed electronic-ionic conduction
properties. At elevated temperatures (about 800 �C),
La1�xSrxCo1�yFeyO3 compositions exhibit electronic
conductivities exceeding 102 ��1 cm�1 and ionic con-
ductivities on the order of 10�2–1.0 ��1 cm�1, making
them promising candidate materials for many important
applications, including cathodes for intermediate tem-
perature solid oxide fuel cells, oxygen separation mem-
branes, membrane reactors for syngas production and
catalysts for oxidation of hydrocarbons [1–3]. The
structure and electrical properties of the La1�xSrx-
Co1�yFeyO3 oxides depend greatly on their composi-
tions. It was ascertained by Tai et al. that the solubility
of Sr in the perovskite structure was limited to x40.4
and the variation of Co/Fe ratio also generated a sig-
nificant influence on structure and electrical properties
[4,5]. The La1�xSrxCo1�yFeyO3 compositions have been
extensively investigated, involving the electronic and
ionic conduction characteristics [6,7], oxygen perme-
ability [8], oxidation catalytic activity [9], etc. Consider-
ing the long-term stability of structure and properties
during practical applications at elevated temperatures,
most of these researches focused on the La1�xSrx-
Co1�yFeyO3 compositions with a relatively low Co con-
tent such as La0.6Sr0.4Co0.2Fe0.8O3. However, it has
been confirmed that the La1�xSrxCo1�yFeyO3 composi-
tions with a relatively high Co content such as
La1�xSrxCo0.8Fe0.2O3 were also viable candidate mate-
rials for applications at intermediate temperatures [6,
10].
The mixed electronic–ionic conduction properties of

the La1�xSrxCo1�yFeyO3 oxides were usually obtained
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from ceramic materials [6,7]. The effect of sintering
temperature on the microstructure and mixed conduc-
tion properties of La1�xSrxCo1�yFeyO3 ceramics is an
intriguing subject of great importance, and was seldom
reported. In this work, the microstructural evolution
and mixed conduction properties of La0.6Sr0.4Co0.8-
Fe0.2O3 ceramics were investigated in the sintering tem-
perature interval 1100–1250 �C.
2. Experimental procedure

La0.6Sr0.4Co0.8Fe0.2O3 powder was synthesized by a
citrate method. Reagent grade La(NO3)2.6H2O,
Sr(NO3)2, Fe(NO3)3.9H2O, Co(NO3)2.6H2O and citric
acid were used as starting materials. The nitrates were
weighed according to the nominal composition of
La0.6Sr0.4Co0.8Fe0.2O3, and then dissolved into deio-
nized water in a beaker. A designed amount of citric
acid was added, and the mole ratio of citric acid to total
metal cation content was 1.2. The pH of the yielded
precursor solution was adjusted to 9–10 by NH4OH
solution to prevent precipitation. The solution was
dehydrated using a vacuum oven to form sol and gel.
The resulting gel was pulverized and calcined at 700 �C
for 1 h. A single-phase perovskite structure with rhom-
bohedral symmetry was identified for the calcined pow-
der by X-ray diffraction (XRD). Scanning electron
microscope (SEM) analysis shows that the powder con-
sists of homogeneous particles with a main size dis-
tribution in 100–200 nm. The sub-micron powder was
uniaxially pressed into rectangular bars (30�4�4 mm3)
and disks (13 mm diameter and 2 mm thickness),
respectively, followed by sintering at 1100–1250 �C for 4
h in air.
After etching in diluted hybrid acids, fractured cross

sections of sintered specimens were investigated by SEM
(Jeol JMS-5610LV). The ceramic specimens were
polished to ensure surface flatness. The rectangular
specimens were painted with platinum paste for mea-
suring electrical conductivity. The electrical con-
ductivity was then measured at 20–900 �C by a dc four-
terminal method in air. Adopting the two-terminal
blocking electrode method described by Chen et al. [7],
the oxygen ionic conductivity was measured using disk
specimens by a TH2816 high frequency precision LCR
digital bridge (Chongzhou Tonghui ELectronic Co.
Ltd., China) at 400–800 �C in air.
3. Results and discussion

Fig. 1 shows the linear shrinkage and average grain
size of La0.6Sr0.4Co0.8Fe0.2O3 ceramics as a function of
sintering temperature, indicating a slight increase of
linear shrinkage from 21.6 to 22.8% and a considerable
increase of average grain size from 1.5 to 9.2 mm with
the elevation of sintering temperature. Fig. 2 shows the
SEM micrographs of La0.6Sr0.4Co0.8Fe0.2O3 ceramics
sintered at different temperatures. A porous micro-
structure with small grain size was observed in the
specimen sintered at 1100 �C. The increase of sintering
temperature significantly promoted the grain growth
and microstructural densification. Compared with the
gradual increase of grain size with sintering temperature
in the range of 1100–1200 �C, there is a facilitated grain
growth in the specimens sintered at 1230 and 1250 �C,
respectively, implying a considerable increase in the
amount of liquid after 1200 �C.
Fig. 3 shows the electrical conductivity (denoted as

�e) of La0.6Sr0.4Co0.8Fe0.2O3 ceramics as a function of
measuring temperature. Due to the low oxygen ionic
transport number in the La1�xSrxCo1�yFeyO3 oxides
(generally less than 1%), the electrical conductivity
measured by the dc four-terminal method can be regar-
ded as the representative of electronic conductivity [6].
The electrical conductivities of the specimens sintered at
different temperatures display an identical variation
with measuring temperature, increasing with measuring
temperature through a maximum value near 600 �C and
then decreasing. In the case of a same measuring tem-
perature, the electrical conductivity increases with the
sintering temperature from 1100 to 1200 �C and attains
the largest value at 1200 �C, followed by a decease of
electrical conductivity with further elevated sintering
temperature. Fig. 4 shows the plots of ln �eT versus
1000/T for La0.6Sr0.4Co0.8Fe0.2O3 ceramics sintered at
different temperatures. The plots are nearly linear at low
temperatures, suggesting that small polaron hopping is
the predominant mechanism for electronic conduction,
expressed as [6]:

�e ¼ C=Tð Þexp �Ea=KTð Þ ð1Þ

where C is a material constant containing the carrier
concentration term, T is the absolute temperature, Ea is
Fig. 1. Linear shrinkage and average grain size of La0.6Sr0.4Co0.8-

Fe0.2O3 ceramics as a function of sintering temperatures.
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Fig. 2. SEM micrographs of La0.6Sr0.4Co0.8Fe0.2O3 ceramics sintered at (a) 1100 �C, (b) 1150 �C, (c) 1180 �C, (d) 1200 �C, (e) 1230 �C, and (f)

1250 �C.
Fig. 3. Electrical conductivity (�e) of La0.6Sr0.4Co0.8Fe0.2O3 ceramics

as a function of measuring temperature.
Fig. 4. Plots of ln �eT versus 1000/T for La0.6Sr0.4Co0.8Fe0.2O3

ceramics sintered at different temperatures.
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the activation energy for small polaron hopping, and
K is the Boltzmann constant. At higher temperatures,
the plots present a significant negative deviation from
linearity. It is attributed to a substantial increase of
thermally-induced oxygen loss, decreasing not only
the concentration but also the mobility of electronic
carrier [5].
Fig. 5 shows the temperature dependence of oxygen

ionic conductivity (denoted as �ion) for La0.6Sr0.4-
Co0.8Fe0.2O3 ceramics sintered at different tempera-
tures. The Arrhenius plots over the whole measuring
temperature range yielded straight lines. At an iden-
tical measuring temperature, the ionic conductivity
shows a rather similar variation with sintering tem-
perature to that of the electrical conductivity, with
the specimen sintered at 1200 �C approaching the
highest ionic conductivity as well.
The oxygen ionic transport numbers were calculated

by dividing the oxygen ionic conductivity by the elec-
trical conductivity. Fig. 6 shows the ionic transport
numbers of La0.6Sr0.4Co0.8Fe0.2O3 ceramics sintered at
different temperatures. In the case of the ionic transport
numbers at 900 �C, the oxygen ionic conductivities were
obtained by the extrapolation of the Arrhenius lines in
Fig. 5. As the measuring temperature is identical, the
ionic transport numbers are very similar in magnitude
and the specimens sintered at 1180–1230 �C show rela-
tively large values. The ionic transport numbers at
900 �C are approximately one order of magnitude lower
than those of other La1�xSrxCo1�yFeyO3 compositions
measured at the same temperature [6].
The activation energy for small polaron hopping (Ea)

was derived from the linear fit of the plots in Fig. 4 over
the low temperature range, while the activation energy
for oxygen ionic conduction (denoted as Eion) was cal-
culated from the slopes of the straight lines in Fig. 5.
Fig. 7 shows the Ea and Eion of La0.6Sr0.4Co0.8Fe0.2O3

ceramics as a function of sintering temperature. The
activation energy for small polaron hopping varied
slightly in the range of 5.33–5.76 kJ/mol, whereas
there is an evident change of the activation energy for
ionic conduction with sintering temperature. The var-
iation of the activation energy for ionic conduction
with sintering temperature is consistent with that of
the ionic conductivity.
It is notable that the microstructural evolution with

sintering temperature corresponds well to the variation
of the mixed conduction properties of La0.6Sr0.4Co0.8-
Fe0.2O3 ceramics. The increase of sintering temperature
promoted the microstructural densification. It benefits
the conduction of electrical carriers and is thus respon-
sible for the improvement of the mixed conduction
properties with the increased sintering temperature in
the range of 1100–1200 �C. The exaggerated grain
growth after 1200 �C confirms a considerable increase in
the amount of liquid. The presence of liquid during sin-
tering can enhance the mass transport and micro-
structural densification. Nevertheless, the amorphous
phase formed by the liquid is a kind of heterogeneous
component in ceramic bulk, blocking the transport of
Fig. 5. Temperature dependence of oxygen ionic conductivity (�ion)

for La0.6Sr0.4Co0.8Fe0.2O3 ceramics sintered at different temperatures.
Fig. 6. Oxygen ionic transport numbers of La0.6Sr0.4Co0.8Fe0.2O3

ceramics sintered at different temperatures.
Fig. 7. Activation energy for small polaron hopping (Ea) and activa-

tion energy for oxygen ionic conduction (Eion) of La0.6Sr0.4Co0.8-
Fe0.2O3 ceramics as a function of sintering temperature.
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electrical carriers. As a result, the degradation of the
mixed conduction properties for the specimens sintered
at higher temperatures is attributed to the generation of
excessive liquid. Therefore, it is crucial to adequately
control sintering temperature to achieve desired micro-
structure and optimum mixed conduction properties. In
terms of the mixed conduction properties, it was ascer-
tained that the preferred sintering temperature for
La0.6Sr0.4Co0.8Fe0.2O3 ceramics is 1200 �C. The speci-
men sintered at this temperature exhibited an electrical
conductivity of 1.26�103 ��1 cm�1 and an oxygen ionic
conductivity of 3.73�10�2 ��1 cm�1 at 800 �C.
4. Summary

The influence of sintering temperature on the micro-
structure and mixed electronic–ionic conduction prop-
erties of La0.6Sr0.4Co0.8Fe0.2O3 ceramics was
investigated in the range 1100–1250 �C. The develop-
ment of densification at 1100–1200 �C is responsible for
the improvement of the mixed conduction properties.
Raising the sintering temperature further above 1200 �C
resulted in a degradation of the mixed conduction
properties due to the generation of excessive liquid. The
results demonstrate that it is crucial to adequately con-
trol sintering temperature to yield desired micro-
structure and mixed conduction properties. The
preferred sintering temperature was ascertained to be
1200 �C for La0.6Sr0.4Co0.8Fe0.2O3 ceramics in terms of
mixed conduction properties. The specimen sintered at
1200 �C exhibited an electrical conductivity of 1.26�103

��1 cm�1 and an oxygen ionic conductivity of
3.73�10�2 ��1 cm�1 at 800 �C.
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