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Silver infiltrated La0.6Sr0.4Co0.2Fe0.8O3 cathodes for intermediate
temperature solid oxide fuel cells
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1. Introduction

Solid oxide fuel cells (SOFCs) are attractive electric power gener-

ation system with high-energy conversion efficiency as high as 60%
for electricity and 80% for electricity and thermal energy. In addi-
tion, SOFCs have many advantages such as multi-fuel capability and
simplicity of system design [1,2]. The high efficiency will contribute
to reduce CO2 emission. SOFCs have been extensively developed for
more than 40 years and the practical SOFC systems with a high
performance have demonstrated already. The cost performance,
however, has not been acceptable for the commercial applica-
tions. At moment, the most successful SOFCs have been operated
at 1000 ◦C. To reduce the costs, lowering of the SOFC operation
temperatures has been widely pursued to extend the materials
selection to suppress the degradation of SOFC components and
consequently to extend the cell lifetime [3]. Inexpensive metallic
materials may be used for interconnect and manifold components
at an operating temperature lower than 800 ◦C [4]. However, the
SOFC performance decreases with decreasing the operation tem-
perature, because of increasing the electrode polarization and the
electrolyte resistance. The electrolyte resistance contribution can
be reduced significantly by using a thin film electrolyte on an anode
support structure [5] and high conductivity oxide ion conductors
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SCF) electrodes on anode support cells were infiltrated with AgNO3 solu-
e glycol. Two types of solid oxide fuel cells with the LSCF–Ag cathode,

e0.9Gd0.1O1.95(GDC)/GDC/LSCF–Ag, were examined in a temperature range
and moist hydrogen fuel. The infiltration of about 18 wt.% Ag fine parti-
enhancement of the power density of about 50%. The maximum power
s enhanced from 0.16 W cm−2 to 0.25 W cm−2 at 630 ◦C by infiltration of
tion of out-put power was observed for 150 h at 0.7 V and 700 ◦C. The

wed the maximum power density of 0.415 W cm−2 at 530 ◦C.
© 2008 Elsevier B.V. All rights reserved.

such as the doped LaGaO3 [6] and scandia doped zirconia [7]. While
improvements in electrolyte for low temperature SOFCs have been
achieved, their performance is still typically limited by cathode
polarization. Thus, there is interest in identifying improved cath-
odes for low-to-medium temperature SOFCs.

La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) is a promising cathode mate-

rial in SOFCs operating intermediate temperature (550–750 ◦C)
[8]. Sahibzada et al. reported the cell performance of the
Ni–Ce0.9Gd0.1O1.95(GDC)/GDC/LSFC cell in a temperature range
650–550 ◦C [9]. The maximum out-put power of 140 mW cm−2

and 80 mW cm−2 was observed at 650 ◦C and 600 ◦C, respec-
tively. The addition of noble metals to porous SOFC electrodes
is known to improve the electrocatalytic activity. Generally
these noble metals were introduced by wet infiltration method
[9–11]. Sahibzada et al. [9] investigated the effect of the addi-
tion of Pd to the LSCF cathode and found to decrease the
over all cell resistance by 15.5% at 650 ◦C and 40% at 550 ◦C.
However, the performance of the cell with Pd addition dete-
riorated very first [12]. Silver metal is an excellent candidate
for the cathode in SOFCs with operating at less than 800 ◦C,
because of its good catalytic activity, high electrical conduc-
tivity and its relatively low cost. Wang et al. reported the
oxygen reduction catalytic activity of the LSCF–CGO–Ag com-
posite electrode [13]. The addition of AgNO3 solution into the
LSCF–CGO composite electrode improved the catalytic activ-
ity for oxygen reduction; Liu et al. [14] reported the effect
of the Ag addition into LSCF–GDC. The power density of
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Fig. 1. Current–voltage curves of Ni–YSZ/YSZ/GDC/LSCF (A) and
Ni–YSZ/YSZ/GDC/Ag infiltrated LSCF by a AgNO3 aqueous solution (B) under
moist H2 fuel and air at various temperatures. (�, �) 730 ◦C; (�, �) 680 ◦C; (�, �)
630 ◦C; ( , ) 580 ◦C; (©, �) 530 ◦C.

the Ni–(ZrO2)0.89(Sc2O3)0.1(CeO2)0.01(ScSZ)/ScSZ/GDC/LSCF cell at
0.7 V and 550 ◦C was enhanced 60 mW cm−2 to 300 mW cm−2 by
Ag impregnation. In this study, the various types of the solution
containing Ag was infiltrated into the LSCF cathode and the SOFC
performance of the anode supported cell with the cathode was
examined in a temperature range 730–530 ◦C.

2. Experimental

The LSCF and GDC powders were purchased from Semi Chem-
ical, Japan. The two type anode support half cells, Ni–YSZ/YSZ
(21 mm in diameter, 500 �m in total thickness, and ∼15 �m in elec-

trolyte thickness) and Ni–GDC/GDC (21 mm in diameter, 500 �m in
total thickness, and ∼15 �m in electrolyte thickness) were supplied
from Hosokawa Micron Co., Japan. To protect the reaction of YSZ
and LSCF, a GDC film was screen-printed on the YSZ electrolyte and
then sintered at 1200 ◦C for 4 h. The thickness of the GDC layer was
about 7 �m. The LSCF and polyethylene glycol (molecular weight:
190–210) mixture (70:30 weight ratio) was screen-printed on the
GDC surfaces of the Ni–YSZ/YSZ/GDC and Ni–GDC/GDC cells and
sintered at 1100 ◦C for 4 h. The thickness of the LSCF layer was about
15 �m. The active area of the cathode was 0.5 cm2. The power den-
sity of the cells was calculated from based on the cathode active
area.

The polymerized complex method is an effective technique
to obtain a homogenous fine particle [15]. This method is based
on the Pechini’s process consisting in formation of complex of
the respective metals with hydroxypolycarboxylic acid in ethy-
lene glycol (EG) medium. Citric acid and glycine were used as
the hydroxypolycarboxylic acid. A weighted amount of citric acid
or glycine was dissolved in a measured volume of ethylene gly-
col under stirring and heating at 40 ◦C, and then silver nitrate
was added to the obtained solution. The solution with silver
ources 182 (2008) 476–481 477

nitrate was infiltrated into the porous LSCF electrode and heated
at 200 ◦C for 2 h. To obtain Ag0.8Pd0.2 alloy, the mixed solution of
Pd(NO3)2 and AgNO3 (2:8 mol ratio) in citric acid and EG were
used.

The anode support cell was set upped in a ProbeStateTM (Nor-
wegian Electro Ceramics AS, Norway). A silver ring was used as the
gas sealing at the anode. Fuel cell tests were carried out in a tem-
perature range 530–730 ◦C using a wet H2 fuel (babbled in water at
25 ◦C) in excess on the anode side and air in excess on the cathode
side. The open-circuit voltages of the test cells were much closed
with the calculated values. That is, the gas sealing was well. The
cell voltages were measured under a constant current drain. The
cell impedance was measured using a Solartron 1260 analyzer and
Solartron 1287 electrochemical interface in the frequency range 106

to 0.05 Hz with amplitude of 10 mV.
XRD patterns were collected with a Rotaflex RU 200B with Cu

K� radiation. The cathode morphologies were characterized with a
Hitachi S4000 scanning electron microscope (SEM) and the distri-
butions of elements in the cathode with a JEOL JXA8900R electron
probe microanalysis (EPMA).

3. Results and discussion

The aqueous solution of AgNO3 (0.5 mol l−1) was infiltrated into
the porous LSCF cathode. The amount of silver in LSCF was about
18 wt.% to LSCF. Fig. 1 shows the current–voltage curves of the anode
support Ni–YSZ/YSZ/GDC/LSCF cells with the Ag infiltrated LSCF
cathode and the Ag free LSCF cathode in the temperature range
530–730 ◦C. The improvement of the power density by the Ag infil-
tration is remarkable at lower temperatures. The enhancements of
maximum power density by infiltration of Ag are 20% at 530 ◦C, but
only 10% at 730 ◦C. The SEM image and the element distribution
map images of the close section of the Ag infiltrated LSCF cathode
are shown in Fig. 2, where the samples were heated at 700 ◦C for
2 h. The distribution of Ag is not homogenous and the large amount
of Ag is penetrated into the GDC layer.

To obtain a homogenous distribution of Ag over the LSCF matrix,
the polymerized complex method was effective [14]. A solution of
AgNO3 in citric acid and EG (2.26:1 weight ratio) was infiltrated
into the LSCF matrix and heated at 700 ◦C for 2 h. As shown in
Fig. 3, the polymerized complex method gives homogenously dis-
tributed fine silver particles over the LSFC matrix. The particle size
of Ag is less than 2 �m. As expected, the fuel cell performances

of the cell with this cathode are improved by fine silver particle
distribution over the porous LSCF matrix as shown in Fig. 4. The
maximum power densities are recorded as 0.74 W cm−2 at 730 ◦C
and 0.05 W cm−2 at 530 ◦C, these values of which are more than 1.5
times compared to that of the LSCF cathode without Ag. The effect
of the fine silver particle for the oxygen reduction was also reported
previously. Wang and Barnett [16] found that the interfacial resis-
tance of La0.7Co0.3O3(LSC)/(Y2O3)0.25(Bi2O3)0.75 at 750 ◦C decrease
from 0.7 � cm2 to 0.5 � cm2 by addition of 30% volume fraction Ag,
where Ag was co-sputtered with LSC.

The power density of 0.55 W cm−2 at 0.7 V and 730 ◦C is attrac-
tive for the cathode in intermediate temperature fuel cells. This
power density is compared to the results of by Murray et al. [17].
They claimed that the anode support Ni–YSZ/YSZ/LSCF–GDC cell
showed good stability over entire 100 h test at 700 ◦C at 0.6 V and a
power density of ∼0.35 W cm−2. Sahibzada et al. [9] reported that
performance enhancement was observed for Pd-impregnated LSCF
cathode. However, the performance of the cell with Pd addition
in the (La0.8Sr0.2)xFeO3–Ce0.8Sm0.2O1.9 cathode deteriorated very
fast; the power density measured at 0.7 V and 730 ◦C decreased
from 0.61 to <0.4 W cm−2 in less than 24 h [12]. In this study, long-
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LSFC
Fig. 2. SEM image and element distribution maps of the close section of the
Fig. 3. SEM images and element distribution maps of the LSCF cathode Ag

term cell performance tests have been carried out, and the changes
of the power density with operation time are shown in Fig. 5. No
significant power density change is observed within 150 h opera-
tion period. The impedance spectra of Ni–YSZ/YSZ/GDC/LSCF–Ag of
the initial and after 150 h at 730 ◦C are shown in Fig. 6. The ohmic
resistance (intercept of the real axis at a high frequency) and the
electrode polarization resistances are slightly decreased after oper-
ating for 150 h. The impedance plots show the two semicircles. The

Fig. 4. Current–voltage curves of SOFC under moist H2 fuel with Ni–YSZ anode, YSZ
electrolyte (15 �m), and Ag infiltrated LSCF cathode from a AgNO3 solution in citric
acid and EG at various temperatures. (�, �) 730 ◦C; (�, �) 680 ◦C; (�, �) 630 ◦C; ( ,

) 580 ◦C; (©, �) 530 ◦C.
–GDC cathode Ag infiltrated from a AgNO3 aqueous solution (color online).
infiltrated from a AgNO3 solution in citric acid and EG (color online).

low frequency semicircle was increased and the high frequency
semicircle was not changed with decreasing the H2 concentration
at the anode site. These results suggested that the low frequency
semicircle and the high frequency semicircle are due to the contri-
bution of the air electrode and of the fuel electrode, respectively,
the LSCF–Ag electrode polarization resistance is rather decrease by
operating for 150 h. That is, the LSCF cathode infiltrated Ag by the
AgNO3 solution in citric acid and EG is stable at least for 150 h.
The slightly decrease of the power density after 150 h operation

Fig. 5. Time dependence of the power density at 700 ◦C and 0.7 V for a
Ni–YSZ/YSZ/GDC/LSCF Ag infiltrated from a AgNO3 solution in citric acid and EG.
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may be due to the crack in the thin film electrolyte, which was
confirmed from the OCV decrease after 150 h operation. The OCV
slightly decreased with operating time after 75 h. More long-term
stability test is now in our research program.

Glycine is also used as the polymerized complex former with
metal. The solution of AgNO3 in glycine and EG was infiltrated into

◦
the porous LSFC matrix and fired at 700 C for 2 h. The SEM image
showed the smaller particle size of Ag than that from the citric
acid solution, but Ag was distributed mainly on the GDC layer as
shown in Fig. 7. The solubility of AgNO3 into the glycine and EG
was not high and the solution of 0.5 mol AgNO3 l−1 was used. The
total amount of Ag in LSFC was same as about 18 wt.% to LSCF. The
AgNO3 solution may penetrate into the GDC layer.

The melting point of Ag0.8Pd0.2 alloy (1100 ◦C) is higher than
that of Ag (960 ◦C). So, we have tried to infiltrate Ag0.8Pd0.2 into
the LSCF matrix. The mixed solution of AgNO3 and Pd(NO3)2 in
citric acid and EG was infiltrated into the LSCF matrix and then
was fired at 700 ◦C for 1 h. The XRD patterns showed the forma-
tion of Ag0.8Pd0.2. The SEM image and elements distribution map
image are shown in Fig. 8. The fine silver particles are distributed
over the GDC buffer layer and the porous LSCF electrode. In Fig. 9,
the SOFC performances of the cells with silver infiltrated from the
various silver solutions were summarized at 730 ◦C. The highest
power destiny is observed in the cell with Ag infiltrated from the
AgNO3 solution in citric acid and EG. The high performance could be
explained by the homogenous distribution of the fine Ag particles
over the LSCF matrix. The fine Ag0.8Pd0.2 particles were homoge-

Fig. 6. Impedance spectra of Ni–YSZ/YSZ/GDC/LSCF–Ag before operation (A) and
after 150 h operation (B) at 730 ◦C.

Fig. 7. SEM image and element distribution maps of LSCF Ag infiltrated from the AgNO3 solution in glycine and EG (color online).

Fig. 8. SEM image and element distribution maps of the LSCF cathode Ag infiltrated from a AgNO3–Pd(NO3)2 solution in citric acid and EG (color online).
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Fig. 9. Current–voltage curves of SOFC with the LSCF cathode Ag infiltrated
from various Ag solutions at 680 ◦C. (�, �) AgNO3 in citric acid and EG; (�, �)
AgNO3 + Pd(NO3)2; (©, �) AgNO3 in AgNO3 in H2O; (�, �) LSCF without Ag; ( ,

) AgNO3 in glycine and EG.

nously distributed over the LSCF matrix, but the cell performance
with LSCF–Ag0.8Pd0.2 was not improved as that with LSCF–Ag. The
oxygen reduction catalytic activity of Ag0.8Pd0.2 was not so high
compared to Ag.

The doped ceria electrolytes have been used in low temperature
SOFCs. The doped ceria, however, shows high electronic conduc-
tivity at higher temperature under reduces atmosphere [2]. At
lower temperatures (<600 ◦C), loss of the energy conversation effi-
ciency by the contribution of electronic conduction is reduced
[18]. The high performance Ag infiltrated LSFC cathode was exam-

ined in SOFCs with the GDC electrolyte. The LSCF and EG mixture
was screen-printed on the anode support GDC electrolyte (150 �m
thick) and heated 1100 ◦C for 4 h, and then the AgNO3 solution in
citric acid and EG was infiltrated into the porous LSCF matrix. The
SEM image and the element distribution map images are shown
in Fig. 10, where the cathode was heated at 700 ◦C for 2 h. The Ag
fine particles are distributed homogenously over the porous LSCF
matrix. In Fig. 11, the current–voltage curves at various temper-
atures for the Ni–GDC/GDC/LSCF cells with and without Ag fine
particles in LSCF are shown. The maximum power densities of
0.32 W cm−2 at 530 ◦C and 0.51 W cm−2 at 580 ◦C are observed in
the cell with the LSCF cathode. The OCVs at 530 ◦C and 630 ◦C were
0.98 V and 0.91 V, respectively, which are slightly lower than those
calculated. The low OCV is due to the contribution of the electronic
conduction in CGO. Doshi et al. [19] reported the similar results
that the maximum power density of 0.14 W cm−2 in the anode sup-
port cell with the LSCF cathode at 500 ◦C, where the GDC thickness
was 30 �m. By Ag infiltration into the porous LSCF cathode, the
SOFC performance was enhanced; the maximum power density at
530 ◦C is 0.42 W cm−2 and that at 570 ◦C is 0.73 W cm−2. The power

Fig. 10. SEM image and element distribution maps of the LSFC cathode Ag infiltrate
Fig. 11. Current–voltage curves of the Ni–GDC/GDC/LSFC without Ag (A) and with
Ag (B) cells at various temperatures. (©, �) 680 ◦C; (�, �) 630 ◦C; (�, �) 580 ◦C; (�,

�) 530 C.

density could be explained the low cathode polarization resistance
of the LSCF–Ag cathode. The polarization resistance of the LSCF
electrode at 530 ◦C was reduced from 0.63 � cm2 to 0.46 � cm2 by
infiltration of AgNO3. The high performance cathode at lower tem-
peratures is quit attractive for the intermediate temperature SOFC
operating lower than 600 ◦C.

4. Conclusions

The silver fine particles was distributed by the infiltration tech-
nique using the AgNO3 solution in citric acid and EG. The anode
support Ni–YSZ/YSZ/GDC/LSCF and Ni–GDC/GDC/LSCF cell perfor-
mances were found to enhance by about 18% Ag infiltration into the
porous LSFC cathode in a temperature range 530–730 ◦C. The long-
term stability test showed no electrode performance degradation
during 150 h operation. The high power density of 0.42 W cm−2 at
530 ◦C in the Ni–GDC/GDC/LSCF–Ag cell is attractive for the inter-
mediate temperature SOFC.

d from a AgNO3 solution in citric acid and EG on Ni–GDC/GDC (color online).
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