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LaSr3Fe3-yCoyO10-δ (0 e y e 1.5) oxides with a perovskite-related intergrowth structure have been
investigated as cathode materials for oxygen reduction reaction in intermediate temperature solid oxide
fuel cells (SOFC). The electrical conductivity, oxygen vacancy concentration, and thermal expansion
coefficient (TEC) increase with increasing Co contenty. The electrocatalytic activity and power density
measured with the LaSr3Fe3-yCoyO10-δ/La0.8Sr0.2Ga0.8Mg0.2O2.8 (LSGM)/Ni-Ce0.9Gd0.1O1.95 (GDC) single
cells with a porous Ce0.9Gd0.1O1.95 (GDC) interlayer between the cathode and the electrolyte to avoid
undesired interfacial reactions increase with increasing Co content because of an increase in the electronic
and oxide ion conductivities of the cathode. The intergrowth LaSr3Fe3-yCoyO10-δ cathodes offer
electrochemical performances comparable to that of the well-known pervskite La0.6Sr0.4CoO3-δ cathode
but with an important advantage of significantly lower TEC.

1. Introduction

Solid oxide fuel cells (SOFC) offer an important advantage
of directly using the hydrocarbon fuels such as natural gas
without requiring external fuel reforming to produce hydro-
gen, but they suffer from high chemical reactivity and
thermal expansion mismatch among the components at the
conventional operating temperature of>900 °C. These
difficulties have generated interest in recent years to lower
the operating temperatures to an intermediate level of 500-
800 °C. However, one of the major issues with the
intermediate temperature SOFC is the slow kinetics of the
oxygen reduction reaction and the consequent high overpo-
tential at the cathode. Although conventional SOFC technol-
ogy operating at>900°C uses the La1-xSrxMnO3 perovskite
as the cathode, its catalytic activity for the oxygen reduction
reaction is inadequate at<800 °C.1 Moreover, the stability
of the Mn4+ oxidation state at elevated temperatures results
in little or no oxide ion vacancies in La1-xSrxMnO3.
Consequently, it is not an oxide ion conductor, which limits
the location of the oxygen reduction reaction to an electrolyte-
electrode-O2 triple phase boundary (TPB). In contrast, the
cobalt-containing perovskite oxides such as La1-xSrxCoO3-δ

sustain significant amount of oxide ion vacancies because
of the lower stability of the Co4+ oxidation state and exhibit
high oxide ion conductivity with lower overpotentials.2

Unfortunately, oxides with significant amounts of Co exhibit
large thermal expansion because of the spin state transitions
associated with the Co3+ ion and the high chemical reactivity
with the electrolyte.3

ABO3-δ perovskite oxides are the most widely investigated
mixed ionic-electronic conductors and cathodes for SOFC

in the literature. More recently, perovskite-related intergrowth
oxides4-6 An+1BnO3n+1 (A ) lanthanide or alkaline earth, B
) transition metal, andn ) 1-3) belonging to the Ruddles-
den-Popper series have drawn some attention as mixed
conductors.4-9 These intergrowth oxides have structures in
which the (AO)2 double rock-salt layers alternate with the
An-1BnO3n-1 perovskite layers along thec axis, giving a two-
dimensional structure.10 We have shown that the intergrowth
oxides Sr3-xLaxFe2-yCoyO7-δ with 0 e x e 0.3 and 0e y e
1.0 (n ) two member) and LaSr3Fe3-yCoyO10-δ with 0 e y
e 1.5 (n ) three member) exhibit good mixed ionic-
electronic conduction with adequate oxide ion and electronic
conductivities and are attractive as oxygen separation
membranes.6-9 More importantly, these oxides exhibit excel-
lent structural stability with no crystallographic phase
transformations up to 900°C even under low pO2 conditions,
unlike most of the Co- and Fe-containing ABO3-δ perovskite
oxides, suggesting good long-term stability for the inter-
growth oxides.

However, the An+1BnO3n+1 intergrowth oxides have not
been explored as cathodes for SOFC, excepting then ) one-
member La2NiO4+δ

4,5 that containsδ excess oxide ions
located at the tetrahedral interstitial sites of the (LaO)2 double
rock-salt layers. La2NiO4+δ exhibits rather low electronic
conductivity because of the Ni2+/3+ couple. In contrast, the
n ) two and three members with the Fe3+/4+ and Co3+4+

couples offer much higher electronic conductivity because
of an increased O-B-O interaction along thec axis and a
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smaller charge-transfer gap between the Fe3+/4+:3d or Co3+4+:
3d band and the O2-:2p band.6-9 With this perspective, we
present here the characterization of LaSr3Fe3-yCoyO10-δ (0
e y e 1.5) as cathode materials for intermediate temperature
SOFC. The effect of Co content on the electrical conductiv-
ity, thermal expansion, chemical compatibility, and electro-
chemical performance is presented. We also show the effect
of Ce0.9Gd0.1O1.95 (GDC) interlayer in preventing undesirable
reactions between the cathode and the electrolyte.

2. Experimental Section

The LaSr3Fe3-yCoyO10-δ (0 e y e 1.5) samples were synthesized
by solid-state reaction. Required amounts of La2O3, SrCO3, Fe2O3,
and Co3O4 were first calcined at 1000°C for 12 h, were ground,
and finally were fired at 1400°C for 24 h. The La0.8Sr0.2Ga0.8-
Mg0.2O2.8 (LSGM) electrolyte was prepared by firing required
amounts of La2O3, SrCO3, Ga2O3, and MgO at 1100°C for 5 h,
followed by pelletizing and sintering at 1500°C for 10 h. NiO-
Ce0.9Gd0.1O1.95 (GDC) cermet (Ni:GDC) 70:30 vol %) anode was
synthesized by the glycine-nitrate combustion method.11

Thermal expansion coefficients (TECs) of the sintered samples
were measured by a Perkin-Elmer series 7 thermal analysis system
from room temperature to 700°C with a heating/cooling rate of
10 °C/min. Electrical conductivity was measured by a four-probe
dc method in the temperature range of 200-900°C. All the samples
used for conductivity and thermal expansion measurements had
densities of>95% of the theoretical values.

Electrochemical performances were evaluated by single cell test
and ac impedance analysis. The LaSr3Fe3-yCoyO10-δ cathodes and
NiO-GDC cermet anode were prepared by screen printing the
slurries prepared with the sample powder and an organic binder
(Heraeus V006) onto a 0.7-mm-thick LSGM electrolyte pellet
followed by firing for 3 h at 950°C for the cathode and 1200°C
for the anode. For the LaSr3Fe3-yCoyO10-δ cathodes with the GDC
interlayer, both the cathode and the interlayer were first prepared
by screen printing and then were cofired at 1100°C for 3 h. For a
comparison, the electrochemical performance was also evaluated
with the La0.6Sr0.4CoO3-δ (LSC) perovskite cathode that was
synthesized by a solid-state reaction at 1200°C for 24 h and was
fired after screen printing at 1000°C for 3 h. The geometrical area
of all the electrodes was 0.25 cm2. I-V measurements of single
cells were carried out at 800°C with a three-electrode configuration,
which allows for separating and monitoring cathode overpotentials
during the cell operation. Pt paste was used as the reference
electrode. The detailed single cell configuration has been described
elsewhere.12 Humidified H2 (∼3% H2O at 30 °C) and air were
supplied as fuel and oxidant, respectively, at a rate of 100 cm3/
min. ac impedance was measured in air by a potentiostat with a
three-electrode configuration, and the test cell geometry and
configuration were the same as that used for the single cell
performance test. Pt paste was used as both the counter and the
reference electrodes, and the applied frequency was in the range
of 0.5 mHz to 1 MHz with the voltage amplitude of 10 mV.

3. Results and Discussion

The temperature dependence of the electrical conductivity
of the LaSr3Fe3-yCoyO10-δ samples is shown in Figure 1.
All the samples exhibit a thermally activated semiconducting

behavior at lower temperatures (<400 °C), with the con-
ductivity increasing with increasing temperature. However,
the conductivity decreases with increasing temperature above
a transition temperatureTt of about 300-500°C because of
a significant loss of oxygen from the lattice as indicated by
the TGA data.8 The formation of oxide ion vacancies
accompanied by a reduction of Fe4+ to Fe3+ or Co4+ to Co3+

at higher temperatures causes a decrease in the charge carrier
concentration and covalent interaction because of a perturba-
tion of the O-(Fe,Co)-O periodic potential,12,13 resulting
in a decrease in conductivity. The transition temperatureTt

decreases slightly with increasing Co contenty because of a
lowering of the temperature at which oxygen loss begins to
occur in air with increasing Co content.8 At a given
temperature, the electrical conductivity increases monotoni-
cally with increasing Co content because of an increase in
the covalency of the (Co-Fe)-O bond. Matsumoto et al.14

and Dasgupta et al.15 have also reported a similar trend,
respectively, for the perovskite systems La1-xSrxFe1-yCoyO3

and Nd0.7Sr0.3Fe1-xCoxO3.

The thermal expansion behaviors of the LaSr3Fe3-yCoyO10-δ

samples at 50-700 °C in air are shown in Figure 2a. The
nonlinear thermal expansion curve could be fitted with a
fourth polynomial regression,16 and the average TEC values
obtained with the fitting are plotted as a function of Co
content in Figure 2b. The TEC value increases with increas-
ing Co content. The Co3+ ions experience a low spin (t2g

6eg
0)

to high spin (t2g
4eg

2) transition as the temperature in-
creases.17,18 Considering the larger ionic radius of the high
spin Co3+ ion (r ) 0.61 Å) compared to that of the low spin
Co3+ ion (r ) 0.545 Å), the spin state transition leads to a
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Figure 1. Variations of the electrical conductivity of LaSr3Fe3-yCoyO10-δ
(0 e y e 1.5) with temperature in air.
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larger TEC for the Co-based perovskite systems.19,20 There-
fore, the spin state transitions associated with the Co3+ ions
within the perovskite blocks of the present intergrowth oxide
system could contribute to the increase in TEC with Co
doping. TEC can also increase with increasing oxide ion
vacancies because of a reduction in the electrostatic attractive
forces between the cations and anions21,22 and a reduction
of the smaller Fe4+ or Co4+ to larger Fe3+ or Co3+ ions. Since
the degree of oxygen loss increases with Co content in
LaSr3Fe3-yCoyO10-δ,8 it could also contribute to the increase
in TEC with Co content. The temperature at which the
expansion curve deviates from linearity decreases slightly
with increasing Co content, which attests to the influence of
the formation of oxide ion vacancies on the lattice expansion.
Furthermore, TEC is inversely proportional to the bonding
energy between the ions in the lattice.23 A lower standard

Gibbs free energy of formation for Co3O4 (-794.871 kJ/
mol) compared to that for Fe3O4 (-1017.438 kJ/mol)24

implies that the Co-O bond is weaker than the Fe-O bond.
Thus, the decrease in bonding energy with Co doping could
also cause an increase in TEC.

One issue with the perovskite-related intergrowth oxide
cathodes is the interfacial reaction with the yttria-stabilized
zirconia (YSZ) or the LSGM electrolytes. The LaSr3Fe3-yCoy-
O10-δ samples react with LSGM at 1000°C and form
undesired reaction products. This reaction problem could be
overcome by adopting an interlayer between the cathode and
the electrolyte, and there is some knowledge of the CeO2-
based interlayers on the YSZ electrolyte.25-28 The interlayer
or the buffer layer should not react with both the cathode
and the electrolyte and should have high oxide ion conduc-
tivity to enhance the oxide ion diffusion. Figure 3 shows
the X-ray diffraction patterns of the LaSr3Fe1.5Co1.5O10-δ and
GDC (Ce0.9Gd0.1O1.95) mixtures after heat treatment at various
temperatures. While the samples fired at 1000 and 1100°C
show no interfacial reaction, reflections corresponding to
unknown reaction products are found on firing at 1200°C.
The compositions with lower Co contents also do not react
with GDC at 1100°C (Figure 4). This indicates that the
intergrowth oxide cathodes could be fired at least at 1100
°C to get good adhesion without the undesired interfacial
reaction. Similarly, no reaction product was detected after
firing GDC and LSGM at 1200°C for 3 h. However,
although X-ray diffraction does not indicate the formation
of new phases, diffusion of ionic species across the interface
between different phases could not be completely ruled out.
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Figure 2. Thermal expansion behaviors of LaSr3Fe3-yCoyO10-δ (0 e y e
1.5) in air: (a) thermal expansion (∆L/Lo) curves with temperature and (b)
average thermal expansion coefficients (Rav) with Co contenty in the
temperature range of 50-700 °C.

Figure 3. X-ray power diffraction patterns of LaSr3Fe1.5Co1.5O10-δ and
GDC mixture after firing at various temperatures for 3 h in air.
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The firing temperature of the cathode could also affect
the microstructure and consequently the electrochemical
performance. Figure 5 shows the typical SEM micrographs
of the cross section of the porous LaSr3Fe1.5Co1.5O10-δ

cathodes without and with the GDC interlayer on the LSGM
electrolyte after firing, respectively, at 950 and 1100°C for
3 h. Without the GDC interlayer, the LaSr3Fe1.5Co1.5O10-δ

cathode should be fired below 1000°C to avoid the
interfacial reaction. As seen in Figure 5, the LaSr3Fe1.5Co1.5-
O10-δ cathode without the GDC interlayer fired at 950°C
has only point contacts between particles and poor adhesion
between the cathode and electrolyte because of low firing
temperature. On the other hand, the LaSr3Fe1.5Co1.5O10-δ

cathode with the GDC interlayer fired at 1100°C shows area

contacts between particles and good adhesion between each
layer. The smaller grain size of the GDC interlayer compared
to that of the LaSr3Fe1.5Co1.5O10-δ layer is due to the poor
sinterability of the GDC particles. In addition to preventing
the interfacial reaction, the GDC layer should be sufficiently
dense to maximize the oxide ion transport since it is an
extension of the electrolyte as an oxide ion conductor.
Therefore, further studies to improve the sinterability of the
GDC interlayer could prove beneficial.

The electrochemical performances of the LaSr3Fe3-yCoy-
O10-δ cathodes were evaluated with an electrolyte-supported
single cell fabricated with the LSGM electrolyte and
GDC-Ni (30:70 vol %) anode. Figure 6 compares theI-V
curves, the power density, and the overpotential of the
LaSr3Fe1.5Co1.5O10-δ cathodes with and without the GDC
interlayer at 800°C. The LaSr3Fe1.5Co1.5O10-δ cathode with
the GDC interlayer exhibits a lower overpotential and a
higher maximum power density than that without the GDC
interlayer. This indicates that the LaSr3Fe1.5Co1.5O10-δ cath-
ode with the GDC interlayer exhibits good catalytic activity
and the GDC interlayer does not sacrifice the catalytic
activity.

Figure 4. X-ray power diffraction patterns of LaSr3Fe3-yCoyO10-δ (0 e y
e 1.5) and GDC mixture after firing at 1100°C for 3 h in air.

Figure 5. SEM micrographs of the LaSr3Fe1.5Co1.5O10-δ cathodes that were
prepared (a) without and (b) with the GDC interlayer by firing, respectively,
at 950 and 1100°C for 3 h

Figure 6. Comparison of (a) theI-V curves (open symbols) and power
densities (closed symbols) and (b) cathode overpotentials of the LaSr3Fe1.5-
Co1.5O10-δ cathodes with and without the GDC interlayer at 800°C. The
temperatures in the legend refer to the cofiring temperatures.
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The ac impedance spectra of the LaSr3Fe1.5Co1.5O10-δ

cathodes with and without the GDC interlayer at various
temperatures in air are shown in Figure 7. At all tempera-
tures, the LaSr3Fe1.5Co1.5O10-δ cathode with GDC interlayer
shows lower total resistanceRtot (right intercept onZre axis)
than that without the GDC interlayer. The temperature
dependences of the ohmic resistanceRb (left intercept on
Zre axis) and polarization resistanceRp (Rtot - Rb) are shown
in Figure 8. Although GDC has much higher resistivity than
LaSr3Fe1.5Co1.5O10-δ, the cathode with the GDC inter-
layer shows lower ohmic resistance than that without the
GDC interlayer (Figure 8a). As seen in Figure 5, the
LaSr3Fe1.5Co1.5O10-δ cathode with the GDC interlayer fired
at 1100°C for 3 h has good area contact between particles
with good adhesion between the cathode and electrolyte
layers, which leads to lower contact and ohmic resistances.
Large enough area contact and good adhesion can not only
decrease the contact resistance but also improve the electron
motion and oxide ion diffusion, resulting in decreased
polarization resistance as shown in Figure 8b. It is possible
that the GDC interlayer may also offer some catalytic activity
for the oxygen reduction reaction as has been reported by
others.25-27,29Thus, the better single cell performance of the
LaSr3Fe1.5Co1.5O10-δ cathode with the GDC interlayer (Figure
6) is due to a reduction in not only the ohmic loss but also
in the polarization loss.

The variations of theI-V curve, power density, and
overpotential at 800°C for the various LaSr3Fe3-yCoyO10-δ

cathode compositions with the GDC interlayer are shown in
Figure 9. For a comparison, the data for the perovskite
La0.6Sr0.4CoO3-δ (LSC) cathode with the GDC interlayer
under similar experimental conditions are also shown in
Figure 9. The power density increases and the overpotential
decreases with increasing Co content for the intergrowth
LaSr3Fe3-yCoyO10-δ cathodes. For all the compositions

investigated, the electrochemical performance was stable
without any significant degradation during the test period.
Since the oxygen reduction reaction is considered as a
multiphase catalytic reaction, the oxide ion mobility and
surface exchange (the adsorption/dissociation of oxygen
molecule) as well as the electronic conductivity of the
cathode material are critical to maximize the electrochemical
performance. The electrical conductivity increases with
increasing Co content (Figure 1), and the substitution of Co3+

for Fe3+ increases the concentration of the oxide ion
vacancies as indicated by the TGA data.8 The oxygen
permeability, which is controlled by the transport or mobility
of oxide ions, also increases with increasing Co content.8

The surface oxygen exchange coefficient is directly propor-
tional to the mobile fraction of the oxide ion vacancies.30

Gao et al.31 have also reported that high oxide ion vacancy
concentration on the surface of the cathode material could

(29) Shiono, M.; Kobayashi, K.; Nguyen, T. L.; Hosoda, K.; Kato, T.; Ota,
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Figure 7. Typical ac impedance spectra of the LaSr3Fe1.5Co1.5O10-δ
cathodes (a) with and (b) without the GDC interlayer at various temperatures
in air. The inset in (a) shows an expansion of the high-frequency region.

Figure 8. Temperature dependence of (a) ohmic (Rb) and (b) polarization
(Rp) resistances of the LaSr3Fe1.5Co1.5O10-δ cathodes with and without the
GDC interlayer. The results were derived from the ac impedance data. The
temperatures in the legend refer to the cofiring temperatures.
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improve the oxygen dissociation. Thus, an increase in the
charge-transfer kinetics, oxide ion mobility, and surface
exchange resulting from a substitution of Co3+ for Fe3+ leads
to an increase in the electrochemical performance. More
importantly, the LaSr3Fe1.5Co1.5O10-δ cathodes with the GDC

interlayer show slightly better electrochemical performance
than the perovskite La0.6Sr0.4CoO3-δ cathode. The lower
TEC of the intergrowth LaSr3Fe3-yCoyO10-δ cathodes (15.2-
20.4 × 10-6 °C-1) compared to that of the perovskite
La0.6Sr0.4CoO3-δ cathode (21.3× 10-6 °C-1)32 provides an
added advantage with this new class of cathodes.

4. Conclusions

With an aim to develop new cathode materials for
intermediate temperature SOFCs, the mixed conducting
LaSr3Fe3-yCoyO10-δ (0 e y e 1.5) oxides with a perovskite-
related intergrowth structure have been investigated. The
electrical conductivity of these intergrowth oxides are>100
S/cm above 500°C, which is acceptable to employ them as
cathodes in SOFC, and the substitution of Co for Fe increases
the conductivity because of an increase in the covalency of
the (Fe,Co)-O bond. The TEC increases with increasing Co
content because of the spin state transitions associated with
the Co3+ ions and the formation of increasing degree of oxide
ion vacancies. The porous GDC interlayer successfully
prevents the unfavorable reaction between cathode and
electrolyte, and the cathode with GDC interlayer exhibits
good electrocatalytic activity. The electrochemical perfor-
mance of the LaSr3Fe3-yCoyO10-δ cathodes with a GDC
interlayer increases with increasing Co content because of
an increase in the electrical conductivity and oxide ion
conduction. While the electrochemical performance is com-
parable to that of the well-known perovskite La0.6Sr0.4CoO3-δ

cathode, this new class of LaSr3Fe3-yCoyO10-δ intergrowth
cathodes offers an important advantage of significantly lower
TEC compared to that of the La0.6Sr0.4CoO3-δ perovskite.
Additionally, the good structural stability of the intergrowth
oxides without any phase transitions compared to the
perovskite oxides may provide added benefits with respect
to long-term stability.
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Figure 9. Comparison of (a) theI-V curves (open symbols) and power
densities (closed symbols) and (b) cathode overpotentials of the intergrowth
LaSr3Fe3-yCoyO10-δ (0 e y e 1.5) cathodes with the GDC interlayer (fired
at 1100°C for 3 h) at 800°C. For a comparison, the data for the perovskite
La0.6Sr0.4CoO3-δ (fired at 1000°C for 3 h) are also shown.
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