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Mixed ionic-electronic conductors in the family of LaxSr1xCoyFe1yO3d (LSCF) have been
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widely studied as cathode materials for solid oxide fuel cells (SOFCs). However, the long-
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term stability and the limited surface catalytic activity are still a concern. Here we report
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a new catalyst La0.4875Ca0.0125Ce0.5O2d (LCC), which can significantly enhance the perfor-
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mance and stability of LSCF cathodes when applied as a thin-film coating on LSCF surface.
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For example, with 5 mL 0.25 mol L1 LCC solution infiltrated into LSCF cathode, the cathodic
polarization resistance was reduced by w60% (to w0.076 U cm2) at 750  C, leading to a peak
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power density of w1.25 W/cm2, which is w18% higher than that for the unmodified LSCF

SOFC

cathode in an anode-supported cell. In addition, stable power output was observed for over

LSCF cathode

500 h operation at 750  C under a constant voltage of 0.7 V.
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1.

Introduction

In recent years, the LaxSr1xCoyFe1yO3d (LSCF) based cathode
for SOFCs has been extensively investigated due to its much
higher ionic and electronic conductivity and hence better
performance than the conventional LSM cathode [1e3] in the
temperature range of 600e800  C. However, the long-term
stability of LSCF cathodes is a concern for practical applications [4e6]. Additionally, the oxygen reduction reaction on
LSCF cathode is likely limited by the surface exchange process
rather than the bulk charge transport process [7e9].
In order to enhance the performance and/or stability of
LSCF cathode, several approaches have been studied, including
using composite cathode of LSCF-SDC [10,11], LSCF-GDC [2],
LSCF-Ag [12] and LSCF-SDC-Ag [13], or using precious metal
such as Pt, Pd, and Ag [14e16] to coat the LSCF surface and

enhance its performance. Recently, we proposed a method to
improve the performance and stability of a porous LSCF
cathode by application of a thin catalytically active coating
through infiltration [17]. Improved performance and stability
have been demonstrated using thin coating of LSM [9], SSC [18]
and SDC [19] on LSCF. Compared to the aforementioned work
[2,10e16], this approach can be more readily incorporated in
the current fabrication processes at low cost.
Here we report a new catalyst, La0.4875Ca0.0125Ce0.5O2d
(LCC), for LSCF cathode surface modification. Doped ceria
compounds have been widely used as catalyst materials due
to their high ionic conductivity, favorable surface exchange
properties, and oxygen storage capability [20]. Among various
dopants studied, La incorporated into the cerium site
can significantly enhance the oxygen transfer capability
[21]. Although LCC displays relatively poor ionic conductivity,
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the high doping level of ceria by La and Ca (i.e. 50% mol.
total substitution) creates high surface oxygen vacancy
concentration. When the LSCF cathode is modified by a thin
LCC coating, the surface layer with high oxygen vacancy
concentration may enhance oxygen molecule dissociation
into atomic oxygen [22] and facilitate the oxygen reduction
reaction. Even more importantly, the LCC coating can alleviate
the enrichment of Sr at the LSCF/SDC interface and LSCF grain
surface that is believed to be at least partially responsible for
the LSCF degradation [4]. The doped ceria shows excellent
solubility of SrO [23], which can reduce the driving force of
diffusion of Sr from the LSCF cathode to the YSZ electrolyte
and thus help prevent the enrichment of Sr on LSCF grain
surface that would otherwise block active sites for oxygen
reduction. In this manner, LCC coated LSCF may potentially
enhance the stability during operation which would ultimately reduce the cost of SOFC technology.

2.

Experimental

To evaluate the polarization resistance of the modified
LSCF cathodes, we used symmetric cells with two identical
LSCF cathodes on both sides of the YSZ electrolyte:
LSCFjSDCjYSZjSDCjLSCF. Further, the performance enhancement was also validated in anode-supported button cells with
a configuration of Ni-YSZjYSZjSDCjLSCF.
YSZ electrolyte was used for construction of symmetrical
cells in this study so that the LSCF cathodes for symmetrical
cells were identical to those for anode-supported YSZ cell.
Cylindrical YSZ pellets were prepared by uniaxially pressing
a commercially available YSZ powder (Daiichi Kigenso, Japan)
followed by sintering at 1450  C for 5 h to achieve relative
density of w98%. LSCF (from Fuel Cell Materials) green tapes
prepared by tape-casting [24] (w50 mm) were then bound onto
both sides of a YSZ pellet using a slurry of Sm0.2Ce0.8O2d (SDC,
3e4 mm) as a buffer layer, which was subsequently co-fired
with SDC on YSZ at 1080  C for 2 h to form porous LSCF electrodes with an active area of 0.3 cm2. The SDC powder was
synthesized using a chemical co-precipitation process [25,26].
The SDC powder was then dispersed in acetone with V-006 as
binder and ball-milled for 24 h to form a stable SDC slurry.
Aqueous nitrate solutions of LCC precursors with different
concentrations (0.05, 0.10, 0.125, 0.25 and 0.5 mol L1) were
prepared by dissolving proper amounts of La(NO3)3$6H2O,
Ca(NO3)2$4H2O, Ce(NO3)3$6H2O and glycine in distilled water.
Glycine was used as a complexing agent to facilitate the phase
formation. For each surface modification, 5 mL of LCC solution
was infiltrated into a porous LSCF electrode using a micro-liter
syringe to control the amount of loading. The infiltrated cell
was then fired at 900  C in air for 1 h to obtain the LCC-infiltrated LSCF. The ASR of cathodes was measured in a twoelectrode symmetric cell configuration using two Pt meshes
as current collector (without Pt paste to avoid the possible
catalytic contribution from Pt). Impedance spectra were
acquired using a Solartron 1255 HF frequency response
analyzer interfaced with an EG&G PAR potentiostat model
273A with an amplitude of 10 mV in the frequency range from
100 kHz to 0.1 Hz.

For comparison, a mixture of LSCF and LCC with weight
ratio of 7:3 was mixed thoroughly with V-006 binder to prepare
cathode slurry, and the slurry was then applied to both sides
of sintered SDC pellets by brush-painting followed by sintering at 1050  C to assemble a symmetrical cell. Pure LSCF
cathodes and LSCF-SDC (weight ratio of 7:3) composite cathodes were also prepared using the same method for
comparison.
To fabricate anode-supported button cells, a tape-cast NiOYSZ anode-support was first fabricated and pre-fired at 900  C
for 2 h. Then, an active NiO-YSZ layer (w15 mm) and YSZ
electrolyte (w15 mm) were sequentially deposited on the
anode support by a particle suspension coating process [27,28]
followed by co-firing at 1400  C for 5 h. The LSCF cathode was
then applied to the YSZ electrolyte using the same procedures
for the fabrication of symmetric cells as described earlier. 5 mL
0.25 mol L1 LCC solution was infiltrated into cathode followed
by firing at 900  C for 1 h. The whole cell was mounted and
sealed on a fuel cell testing fixture, and then tested with
humidified hydrogen (3 %H2O) as fuel and ambient air as
oxidant. The cell performances were examined with an Arbin
multi-channel electrochemical testing system (MSTAT).
X-ray diffraction (XRD) analysis was used to examine the
phase purity of the LCC powders (derived from nitrate solutions) and the LSCF powder as well as the chemical compatibility between LCC and LSCF. The microstructure and
morphology of the LCC-infiltrated LSCF cathode was examined using a thermally assisted field emission scanning electron microscope (SEM, LEO 1530). Raman spectroscopy
(Renishaw RM 1000, 514 nm excitation) was also performed on
both LCC-infiltrated and unmodified cathodes before and after
long-term operation of the full cells.

3.

Results and discussion

3.1.

Structural characterization

Shown in Fig. 1 are the XRD patterns of LCC powders derived
from the infiltration solution and subsequently fired at
different temperatures. A fluorite phase of LCC, with

Fig. 1 e X-ray diffraction patterns of LCC powders derived
from the infiltration solution and subsequently fired at
different temperatures.
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a ¼ 5.5680(1) Å, was formed at 800  C. The main peaks became
sharper at higher temperatures, indicating some grain
growth. The grain sizes calculated from the Scherrer formula
were 10, 20, and 47 nm at firing temperatures of 800, 900, and
1000  C, respectively. Although finer particles are preferable
for initial catalytic activity, grain growth during operation can
lower the stability of the fuel cell [29]. For the best overall
performance of a fuel cell cathode operated at 750  C, we used
900  C as the initial firing temperature for LCC modification of
LSCF.
While the purpose of using a thin LCC coating on LSCF is
to enhance the surface catalytic properties of LSCF, the
chemically compatibility of the two phases is very important
to the performance and stability of the cathode. The chemical compatibility of LCC with LSCF was investigated by
calcining the mixture of LCC and LSCF powders (weight ratio
of 1:1) at high temperatures. Shown in Fig. 2 are the XRD
patterns of the LCC-LSCF mixture after calcination at 1000
and 1100  C for 10 h. No extra peaks or obvious peak shifts
were observed, indicating that there were no apparent
chemical reactions between LSCF and LCC even when
they were fired at 1100  C, suggesting that the LCC and
LSCF have a good chemical compatibility even at high
temperatures.

3.2.

Electrochemical activity

Fig. 3 summarizes the effect of LCC infiltration on electrode
polarization resistances (Rp, determined from the impedance
spectra) at 650e800  C under open circuit conditions. As can
be seen in Fig. 3, the blank LSCF cell exhibited an area specific
resistance of 0.130 U cm2 at 750  C, close to the reported value
of w0.12 U cm2 at 750  C [2]. When infiltrated with the proper
amount of LCC coating on LSCF backbone, Rp decreased
significantly as the LCC concentration was increased from 0.05
to 0.25 mol L1. At 750  C, for example, the Rp was reduced to
0.115, 0.102, 0.085, and 0.076 U cm2 for the 0.05, 0.1, 0.125, and
0.25 mol L1 LCC-infiltrated LSCF, respectively. Among the
concentrations of LCC solutions studied, 0.25 mol L1 offered
the lowest resistance. When infiltrated with 5 mL 0.25 mol L1
LCC solution, the Rp values were 0.035, 0.076, 0.184, and
0.539 U cm2 at 800, 750, 700, and 650  C, respectively. However,

Fig. 2 e XRD pattern of LCC and LSCF fired at different
temperatures for 10 h.
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Fig. 3 e Interfacial polarization resistances of porous LSCF
electrodes, without or with infiltration of 5 mL different
concentrations of LCC solution, as determined from
impedance spectra acquired from symmetrical cells tested
in air at different temperatures.

further increasing the concentration to 0.5 mol L1 resulted in
significant reduction of the performance and the Rp was
increased to 0.148 U cm2, even higher than that of the LSCF
cathode before infiltration. The influence of the LCC concentration on the performance of the LSCF cathode might be
explained by the detailed morphologies of the LCC coating on
LSCF backbone shown in Fig. 4aef. Before the infiltration, the
blank LSCF cathode showed a uniform, porous and wellsintered structure. The LSCF grain size was in the range of
0.2e0.5 um and the surface of the LSCF grains were clean and
smooth (Fig. 4). In contrast, after infiltrating the LSCF with
0.05 mol L1 L LCC solution, a small amount of nanoscale
discrete LCC particles were uniformly deposited on the LSCF
grain surface and the particle size was in the range of
10e20 nm (Fig. 4b). The nano-particles on LSCF surface
significantly increased the number of active sites on LSCF
surface, leading to a lower polarization resistance. By further
increasing the concentration of LCC solution from 0.05 to
0.25 mol L1, more LCC nano-particles were formed on LSCF
surface, which further increased the number of active sites
and reduced the polarization resistance. The improved
performance of the LCC-infiltrated LSCF compared to the pure
LSCF suggested that the LCC is an effective catalyst for oxygen
reduction reaction. However, a higher concentration of LCC,
such as 0.5 mol L1, resulted in larger clusters and thick
coating of LCC on LSCF surface (shown in Fig. 4f), which
reduced the number of active sites and hence resulted in poor
performance. In addition, the low conductivity of LCC (to be
discussed later) may block ionic and electronic transport
across the LCC coating.
Fig. 5 shows some typical impedance spectra of symmetrical cells with blank or LCC-infiltrated LSCF cathode
measured at 750  C in air under open circuit conditions (OCV).
Clearly, LCC infiltration dramatically reduced the interfacial
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Fig. 4 e Typical surface morphology (SEM images) of (a) a porous LSCF cathode without LCC infiltration and (b)e(f) porous
LSCF cathodes infiltrated with 5 mL of LCC solution of different concentrations: (b) 0.05 M, (c) 0.1 M, (d) 0.125 M, (e) 0.25 M and
(f) 0.5 M

polarization resistance compared with LSCF cathodes. It
appears that all spectra display two separable depressed arcs,
implying that at least two different electrode processes make
significant contributions to the impedance associated with
oxygen reduction reaction. To better understand the effect of
LCC infiltration, an equivalent circuit of LR0 ðQH RH ÞðQL RL Þ was
used to fit the impedance data, where L is the inductance
arising from the testing fixture, R0 is the ohmic resistance of
the electrolyte and lead wires, (QHRH) corresponds to the high
frequency arc, and (QLRL) corresponds to the low frequency
arc. Compared with that of the blank LSCF cathode, the
impedance loop appearing at low frequencies varied more
dramatically with the infiltration of LCC. For example, RL

varied from 0.112 U cm2 for blank LSCF cathode to 0.06 U cm2
for LCC-infiltrated LSCF cathode while RH just decreased
slightly. According to the model electrode analysis of LSCF
cathode reported by Maier et al. [30] and Liu et al. [8], the high
frequency feature can be assigned to the charge transfer
across the interface between the cathode and the electrolyte,
while the low frequency feature can be assigned to the electrochemical oxygen surface exchange reaction. The significant reduction of RL after LCC infiltration indicates that the
surface reaction of oxygen species on the LSCF cathode was
highly accelerated by the thin LCC coating. However, due to
low loading, the LCC has only small effect on the enhancement of charge transfer at the interface.
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Based on the positive results demonstrated in symmetrical
cells, 5uL of 0.25 mol L1 LCC solution was infiltrated into the
state-of-the-art anode-supported cell with porous LSCF
cathode to investigate the performance and stability upon
introduction of LCC coating.
Fig. 6 shows the currentevoltage characteristics and the
corresponding power density at 750  C for the anode-supported cells using blank LSCF or LCC-infiltrated LSCF cathodes
before and after long-term operation (about 550 h). When
humidified hydrogen was used as the fuel and ambient air as
the oxidant, a cell with a blank LSCF cathode (without LCC
infiltration) yielded a initial peak power density of
1.08 W cm2, which is comparable to the highest values
reported for Ni-YSZ supported SOFCs with LSCF cathodes
[31,32]. It should be noted that similar performances were
collected from three identical cells, demonstrating good
reproducibility of our cell fabrication procedure. The high cell
performance provided us a good baseline for the LCC

infiltration study; a baseline with poor performance may
misguide the study or lead to erroneous conclusions. The cell
with LCC infiltration displayed an initial peak power density of
w1.27 W cm2 (Fig. 6), implying 18% improvement in
performance.
To study the stability, both cells were run at a constant cell
voltage of 0.7 V at 750  C for about 550 h while the current
density was recorded as a function of time, as shown in Fig. 7.
Clearly, some degradation was observed for the blank LSCF
cathode, as the current density dropped from 1.18 A cm2 to
1.04 A cm2. The degradation rate was w12% over 500 h
(w0.02% per hour), which is lower than the values reported in
the literature (0.06e0.17% per hour) for anode-supported YSZ
cells with LSCF cathodes operated under similar conditions
[4,5]. For the cells with LCC-infiltrated LSCF cathodes, in
contrast, the current density increased slightly in the first few
hours and became stabilized thereafter until the end of the
test. After 550 h of testing, the current density of the cell with
LCC modification was w0.4 A cm2 higher than that of the cell
without LCC modification, demonstrating w40% performance
enhancement. The cell performance measured after the
durability test is also presented in Fig. 6. An increase in power
output was observed for the LCC-infiltrated cell while the
performance of the blank cell underwent a significant
decrease after durability test. The corresponding peak power
densities were about 1.29 and 0. 95 W cm2, suggesting that
both power density and stability can be enhanced through
LCC infiltration.
Shown in Fig. 8 are some typical Raman spectra collected
from LSCF cathodes with or without LCC modification before
and after the 550 h operation. A typical Raman spectrum from
the LSCF cathode before operation consisted mainly of two
broad peaks centered at 546 cm1 and 632 cm1, which
correspond to Eg modes characteristic to the structure of R3c
[33], which is the space group of LSCF [34]. When Raman
analysis was performed on the LSCF cathode following longterm operation, the intensities of the two Eg peaks decreased
considerably while two new sharp peaks appeared at 675 cm1
and 995 cm1. These changes were indicative of the

Fig. 6 e Some typical performance of anode-supported
button cells, without or with the LSCF cathode infiltrated
with 5 mL 0.25 M LCC solution, as measured using
humidified hydrogen as fuel and air as oxidant.

Fig. 7 e Long term stability of the anode-supported cells
with and without LCC infiltration.

Fig. 5 e Impedance spectra of the blank LSCF and LCC
infiltrated (0.25 mol LL1) LSCF at 750  C.

3.3.

Cell performance in anode-supported cell
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spectra can be observed, corresponding with the other peak in
the LCC powder spectrum. Although these spectral differences were subtle, the stabilizing effect of the LCC on the
cathode was quite clear when comparing the sets of spectra in
Fig. 8(A) and (B).

3.4.

Fig. 8 e Typical Raman spectra collected from (A) LSCF and
(B) LCC-infiltrated LSCF cathodes before/after durability
tests, along with a spectrum collected from LCC powder.

degradation of the LSCF phase and the emergence of a new
Raman active phase out of the original LSCF. The 675 cm1
peak, in particular, might represent the A1g mode of a Co3O4
phase that separated out of the LSCF [35]. These changes to
the cathode material’s phase composition are likely a major
component of the performance degradation observed for the
unmodified LSCF. On the other hand, as displayed in Fig. 8(B),
spectra obtained from the LCC-infiltrated LSCF cathode both
before and after long-term operation were largely similar; no
new peaks nor notable changes in the peaks were observed
after operation. As for evidence of the presence of LCC itself,
one may note that the low loading amount of the nanoparticles likely approaches the lower sensitivity limits of
Raman spectroscopy. However, evidence could be seen in
a small sloped shoulder centered at 435 cm1 in the spectra for
the LCC-infiltrated sample corresponding with a broad peak in
the spectrum collected from LCC powder, which is also shown
in Fig. 8(B). The spectra for the un-infiltrated LSCF are slightly
less sloped in the same spot. In addition, a relatively higher
peak intensity for 546 cm1 versus the un-infiltrated LSCF

Mechanism of enhancement

It should be mentioned that improved performance has been
demonstrated for SDC [19], YDC [36] and GDC [16] infiltration
into LSCF. The improved performance resulted from the high
ionic conductivity of the doped ceria, which significantly
reduces electrode resistance for the oxygen migration/diffusion process [16,36]. However, compared to the aforementioned SDC and GDC, the conductivity of LCC was very low.
Shown in Fig. 9 are the Arrhenius plots of the conductivities of
SDC and LCC obtained in air. It was obvious that the conductivity of LCC was about one order of magnitude lower than that
of SDC. The low conductivity of LCC might be the reason for
the low performance when LCC infiltrant with higher
concentration was loaded on LSCF cathode (shown in Fig. 4).
In order to better understand the catalytic contribution of
LCC on LSCF surface, the functionality of LCC and SDC were
also compared using symmetric cells. Fig. 10 compares the
interfacial polarization resistance of the LSCF-LCC composite
cathode with LSCF-SDC composite cathode and pure LSCF
cathode. Clearly, the LSCF-SDC composite displayed much
lower electrode polarization resistance than pure LSCF. At
750  C, for example, the polarization resistance for LSCF-SDC
was only 0.041 U cm2, compared to 0.068 U cm2 for the pure
LSCF cathode. It is reported that the electro-catalytic activity
of cathode can be significantly improved by adding oxygen ion
conducting phases such as GDC or SDC to LSCF [2]. However,
opposite behavior was observed when mixed the LCSF with
LCC. The Rp was 0.15 U cm2 at 750  C for the LSCF-LCC
composite cathode, about 2 times higher than that of pure
LSCF. The low performance of the LSCF-LCC composite
cathode indeed indicated that the LCC is not a good ionic
conductor for enhancing the electro-catalytic properties of
LSCF. However, when a thin coating or nano-particles of LCC

Fig. 9 e Ionic conductivities of LCC and SDC as measured
from 800 to 400  C in air.
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understand the intrinsic catalytic properties of LCC, more
details of the electrochemical behavior under different
cathodic bias and different PO2 should be studied in the future.
In addition, other techniques, such as electrical conductivity
relaxation (ECR) techniques or oxygen-isotope exchange and
depth profiling (IEDP) measurements, are needed to investigate surface exchange kinetics behavior of LCC.
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Fig. 10 e A comparison of the electrode polarization
resistance of LSCF-SDC and LSCF-LCC composite cathode
with pure LSCF cathode studied symmetric cells.

is applied via infiltration, a significant enhancement of the
LSCF performance is achieved, which might result from
the enhanced catalytic activity toward O2 reduction on the
surface. In other words, the LCC shows high surface kinetic
toward O2 reduction, but the total performance is limited by
the low diffusion kinetics in the bulk.
It is should be noted that infiltration method demonstrated
in the present work is different from that of being widely
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4.

Conclusion

The present study demonstrated that both performance and
stability of LSCF cathode can be enhanced by surface modification with an LCC catalyst coating, leading to w18%
improvement in peak power density and stable operation
(without observable degradation) for over 550 h. It was found
that nanoscale discrete LCC particles on the LSCF cathode can
increase the active sites and enhance surface activity for
oxygen reduction reaction on the LSCF surface. The cathode
enhancement technique reported here only requires a simple
infiltration process and post treatment, which can be easily
incorporated into the current commercial cells to improve the
performance and reliability at low cost. In order to further
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