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In this study the characteristics of two different kinds of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)
powders, one in-house powder synthesized by a co-precipitation method and another
purchased from the Fuel Cell Materials Co. (FCM Co., USA) were compared.
The co-precipitated powder was prepared by using ammonium carbonate as the
precipitant with a NH4+/NO3- molar ratio of 2 and calcination at 1000˚C for 1 h. Phase
composition, morphology and particle size distribution of powders were systematically
studied using X-ray diffraction (XRD), field emission scanning electron microscopy
(FESEM) and laser particle size analysis (LPSA), respectively. The synthesized and
commercial LSCF powders were overlaid on an Yttria-stabilized zirconia (YSZ)
electrolyte having a gadolinium-doped ceria (GDC) interlayer. Electrochemical
Impedance Spectroscopy (EIS) measurements were carried out at various operating
temperatures in the range of 600-850˚C. XRD and FESEM analysis revealed that
single phase nano-crystalline LSCF powder with a mean crystallite size of 14 nm and
mean particle size of 90 nm was obtained after calcination at 1000˚C. The presence of
hard agglomerated particles larger than a few microns in the commercial powder and
also sub-micron agglomerates in the co-precipitated LSCF powder might be related
to the final mechanical milling process and high calcination temperature of powders,
respectively. LPSA results showed an identical mean particle size of about 1.5μm for
both LSCF powders. EIS results revealed almost identical polarization resistance for
both LSCF powders.
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1. Introduction
Fuel cells constitute an attractive power-generation
technology that converts chemical energy directly
into electrical energy with high efficiency and low
emission of pollutants [1]. In particular solid oxide fuel
*Corresponding author. Tel.: +98 21 82084607; fax: +98 21 88006076,
. E-mail address: alireza.babaei@ut.ac.ir

cells (SOFCs) are important as they can be used with
a wide variety of fuels including hydrocarbons and
alcohols and are affected less by impurities compared
to polymer electrolyte membrane (PEM) fuel cells [2].
However, they suffer from some drawbacks such as a
high level of cost and also degradation due to the high
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operating temperature of a SOFC stack. In this regard,
most recent studies have been focused on decreasing
the operating temperature to an intermediate range of
500-700°C in order to lower the cost and to extend
the lifetime of SOFCs [3]. Perovskite-type complex
oxides are of great interest in SOFC structure due
to their fantastic properties, low cost and varied
applications [4]. The ability of perovskite oxide
materials to show high ionic and electronic conduction
as well as appropriate catalytic activity makes them
very promising materials to be used in SOFCs as the
main materials for anode and cathode electrodes,
interconnector coating and even electrolyte [5, 6].
Cathode materials for SOFC application should
possess high electrical conductivity and high
electrocatalytic activity for the oxygen reduction
reaction as well as sufficient porosity to facilitate
the transportation phenomena [6, 7]. Although
La1-xSrxMnO3 (LSM) perovskite used to be the best
choice of cathodes for high temperature SOFCs,
nowadays, its application in IT- SOFCs is seriously
limited due to its very low ionic conductivity and
poor electrocatalytic activity in the lower temperature
range [7]. La1-xSrxCo1-yFeyO3 (LSCF), especially
the composition of La0.6Sr0.4Co0.2Fe0.8O3, as a mixed
ionic–electronic conductor (MIEC) is an attractive
cathode material for intermediate temperature SOFCs
which show high activity, high thermal and chemical
stability, high mixed electronic-ionic conductivity and
high compatibility with other fuel cell materials. In
addition to SOFC cathode material, this compound
has multifunctional applications as a catalyst for
combustion and oxidative coupling of hydrocarbons
and oxygen separation membranes [7-10].
LSCF compounds for SOFC application have been
synthesized via different routes such as the conventional
solid state method [11], combustion synthesis [12],
co-precipitation [10, 11], citrate gel [11, 13] and
gel-casting [13]. The co-precipitation method is
a simple route to prepare fine, nano-crystalline,
high-purity and homogeneous powders of single or
multi-component oxides which enable appropriate
control of morphology and size of the particles [14].
Extensive research shows that cathode performance

in SOFCs is strongly dependent on the morphology,
microstructure and distribution of cathode material
particles [15]. There are several different approaches
to enhance the electrochemical performance of
SOFCs such as using composite electrodes [2, 16] and
nanostructured materials [17], lowering the average
size of electrode nanoparticles [18], manipulating
the particle size distribution of electrode
materials [15] and changing the morphology of the
particles [2]. It is reported that overlaying a GDC
interlayer between the electrode and electrolyte is
an effective way to improve the electrochemical
performance by preventing the undesired solid state
reaction between the YSZ electrolyte and LSCF
cathode. . Kim et al.[3] found that the GDC interlayer
should be sufficiently dense and uniformto prevent
the destructive reactions between LSCF and YSZ that
may lead to the formation of undesired phases such as
SrZrO3 and La2Zr2O7, which significantly deteriorates
the cell performance. In this regard, Duan et al. [19]
reported severe solid state reactions between YSZ
and GDC at 1300 °C, and suggested that 1250 °C is
the best sintering temperature for the GDC interlayer.
Also, Mai et al. [20] investigated the structural
properties of the GDC interlayer and found the best
performance with an optimal sintering temperature
of 1250 °C to maximize the density of the interlayer
while minimizing the formation of a solid solution
between GDC and YSZ.
In this study, single phase La0.6Sr0.4Co0.2Fe0.8O3
perovskite was successfully synthesized by a simple
co-precipitation method. In order to investigate the
applicability of the powder synthesized by a simple and
low cost co-precipitation method as a SOFC cathode
material, the phase composition, microstructure and
electrochemical performance of the co-precipitated
powder were compared with those of a commercial
LSCF powder at the operating temperature range of
600-850 °C .

2. Experimental
La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) compound was
synthesized by a co-precipitation route using high
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purity analytical grade metal nitrates (Merck) and an
ammonium carbonate (CH6N2O2*CH5NO3, Merck)
with a (NH4+/NO3-) molar ratio of 2. The details of the
synthesis procedure are reported in [21]. Dense YSZ
electrolyte substrates were prepared as described
in [22]. In order to prevent formation of unwanted
compounds between the LSCF and YSZ electrolytes,
a thin GDC (Ce0.9Gd0.1O2) interlayer was applied
on top of the YSZ electrolyte by a screen printing
technique followed by sintering at 1250 °C for 2 h.
The cathode layer was prepared by mixing the LSCF
powder with an ink vehicle (Fuel Cell Materials Co.,
USA) and applying it on the GDC interlayer and
subsequently sintering at 1050 °C for 2 h.
The phase formation of the synthesized powder was
studied by the X-ray diffraction (XRD) technique using
a Philips PW-1730 apparatus with Cu Kα radiation
(λ=1.5406 Å) in the range of 20°≤2θ≤80° and step size
of 0.02°. The microstructure of the LSCF powders and
fabricated cathodes were observed by a field emission
scanning electron microscope (FESEM, TESCAN
MIRA3) and scanning electron microscope (SEM,
Cambridge S360), respectively. The mean particle
size was calculated using MIP (Microstructural
Image Processing) software to measure more than
20 particles from the FESEM images. The size
distribution of the powders was investigated using
the laser particle size analysis (LPSA) method. For
comparison of the specifications a commercial LSCF
powder with a similar composition, denoted here
as LSCF (FCM), was obtained from the Fuel Cell
Materials Co. USA.
Electrochemical measurements were carried out
using a PARSTAT 2273 potentiostat. A three
electrode system comprised of working, counter and
reference electrodes was used for the electrochemical
measurements. The electrochemical impedance
spectra were measured at open circuit potential in the
frequency range of 0.1 Hz –100 kHz with a signal
amplitude of 10 mV at operating temperatures in
the range of 600- 850 °C. All three electrodes were
exposed to open air. Pt mesh was used to collect
current.
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3. Results and discussion
Fig. 1 shows X-ray diffraction patterns of commercial
LSCF (FCM) powder along side the co-precipitated
powders by ammonium carbonate with a (NH4+/NO3-)
molar ratio of 2 and pH of 8.5, after calcination at
different temperatures in the range of 900-1100 °C.
XRD results revealed that at the calcination temperature
of 900 °C a minor secondary phase is present and
formation of perovskite phase was not complete, while
at the temperature of 1000°C a single phase crystalline
LSCF provskite was formed and we note it herein
as LSCF (1000). Furthur increasing the calcination
temperatures up to 1100 °C increased the crystallinity
of the powders. Previous reports also showed
formation of a pure La0.6Sr0.4Co0.2Fe0.8O3 phase at the
temperatures in the range of 900-1000 °C [11, 13].
Additionally, mean crystallite size of commercial
LSCF (FCM) and synthesized LSCF (1000) powders
were calculated from XRD patterns and the values of
19 and 10 nm were obtained, respectively.

Fig. 1. XRD patterns of the precursor processed by
(NH4+/NO3- )=2 at pH=8.5 and the commercial FCM powder
after calcination at different temperatures in the range
of 900-1100 °C.
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Fig. 2 shows the FESEM micrographs of LSCF (FCM)
and LSCF (1000) powders. The presence of faceted
plate-like particles with a wide size distribution in the
commercial powder, seen in Fig. 2a, might be due to
a final milling process on the powders which makes
it difficult to exactly estimate the mean particle size
of the powder. On the other hand, hard agglomerated
semi-spherical nanoparticles with a mean particle size
of 90 nm were observed in the LSCF (1000) powder.
Such a hard agglomerated LSCF powder with a mean
particle size of 50 nm was also observed by Dutta
et al. [12], even at a low calcination temperature of
700 °C. In another research, hard agglomerated LSCF
particles with irregular shape were synthesized by
the mixed oxide method, while the co-precipitation
method leads to the formation of large particles with
a highly textured surface. Richardson et al. reported
that utilizing a citrate-gel method causes formation of
a highly porous morphology [11].

performance data showed almost identical results. As
seen in the inset of Fig.3, at 700 °C the LSCF (1000)
cathode exhibited almost the same electrochemical
response with the cathode fabricated from the LSCF
(FCM) powder. Considering the morphology of LSCF
particles from Fig. 2, a better performance was expected
from the LSCF (1000) cathode rather than the LSCF
(FCM) due to the finer particle size of synthesized
powder, but no significant difference was observed
in the electrochemical response of the electrodes.
Therefore, another factor must have an important role
in controlling the electrode performance.

Fig. 3. Electrochemical impedance spectra (EIS) for the
LSCF (FCM) and the LSCF (1000) cathodes in an operating
temperature range of 700-850 °C.
Fig. 2. FESEM micrographs of (a) commercial LSCF (FCM),
and (b) LSCF (1000) powders.

Fig. 3 demonstrates the electrochemical impedance
spectra (EIS) for the commercial LSCF (FCM)
and synthesized LSCF (1000) cathodes under open
circuit conditions in an operating temperature range
of 650-850 °C. All the ohmic resistances of the EIS
spectra were set to 0.1 Ω.Cm2 for better comparison
of the impedance arcs. The obtained polarization
resistance data are slightly smaller than those reported
by Chen et al [23]. Although the individual particle
size of the LSCF (1000) powder was much finer
compared to that of LSCF (FCM) powder, the cell

The reason behind this contradiction could be related
to the strong effect of the particle size distribution of
electrode materials, which is in a good agreement with
the LPSA results of the LSCF powders presented in
Fig.4. It is notable that the particle size distribution of
the LSCF (FCM) powder was reported in the range
of 0.7- 1.1μm in a data sheet presented by Fuel Cell
Materials Co. [24]. Contrary to this, we observed two
split peaks in the LPSA diagrams, which could be
related to the existence of two groups of particles with
different sizes. A group of fine particles was in the range
of 0.3-0.6μm, and another group of hard agglomerated
particles in the range of 2-3μm. As it can be observed,
both synthesized and commercial LSCF powders
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show the same particle distribution characteristics and
a mean particle diameter of 1.5μm was reported for
both. It is well known that particle size distributions
of powders have a significant effect on the sintering
behavior, physical and electrochemical performance
of the cathode materials [15]. Although both the LSCF
powders were previously roll-milled in acetone for 32 h
before the LPSA experiment with an aim to increase
the homogeneity of the powders, this process was not
effective for obtaining a uniform distribution of particle
size. Thus, it can be concluded that these powders
consist of hard agglomerated particles which even
prolonged roll milling could not convert to discrete
particles. It is worth mentioning that for co-precipitated
LSCF powders, increasing the calcination temperature
from 1000 to 1100 °C increased the mean particle size
from 1.5 to 90 μm (not shown), which indicates the
severe sintering of particles at very high calcination
temperatures.
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Fig. 5 shows the SEM micrographs of LSCF half
cells. Fig. 5a depicts a comprehensive view of a
cathode half-cell which consists of a porous LSCF
cathode (top layer), a GDC interlayer (middle layer)
and a dense YSZ electrolyte (bottom layer). The
porous structure of the LSCF cathode layers is clearly
seen in Figs. 5b and 5c. Also, sintering of the LSCF
cathodes at 1050 °C for 2 h resulted in a well-necked
grains as well as appropriate porosity volume. The
mean grain size of the LSCF (FCM) and LSCF (1000)
cathode particles was estimated to be 700 and 160 nm,
respectively. By comparing these values with the mean
particle size of LSCF powders from Fig. 2, it can be
concluded that the grains of the LSCF (1000) cathode
were retained fairly fine and uniform after sintering
at 1050 °C for 2 h. Furthermore, Fig. 5d shows the
overall view of the YSZ-GDC-LSCF layers.

Fig. 5. SEM micrographs of (a) a half cell containing YSZ
electrolyte, GDC interlayer and LSCF cathode; the surface of
(b) LSCF (FCM) and (c) LSCF (1000) cathode materials both
sintered at 1050 °C for 2 h, and (d) overall view of YSZ & GDC
& LSCF (1000) layers.
Fig. 4. Particle size distributions of LSCF (FCM) and LSCF
(1000) powders.

Fig. 6. indicates the temperature dependence of
the polarization resistance for synthesized and
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commercial LSCF cathodes, sintered at 1050 °C
and mesaured within the range of 600-850 °C. As
shown, polarization resistance decreased with
increasing temperature. Also, the polarization
resistenace values were almost identical for both
LSCF-based cathodes. Calculated activation energy
values for both LSCF cathodes were similar, around
130 kJ/mol, which is fairly small compared to other
reports [10, 16, 25, 26].

polarization resistance for both LSCF powders.
Polarization resistance of the cathode electrode was
measured equal to 0.7 and 0.76 Ω.Cm2 for LSCF
(FCM) and LSCF (1000), respectively. It is concluded
that particle size distribution of the LSCF cathode
material plays an important role in improvement of the
cell performance. An activation energy of around 130
kJ/mol for oxygen reduction reaction was calculated
for both LSCF powders.
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