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a b s t r a c t

Porous composite cathodes including (La0.74Bi0.10Sr0.16)MnO3−ı (LBSM) and Bi1.4Er0.6O3 (ESB) were fabri-
cated and characterized using AC impedance spectroscopy. In our earlier work, the growth and aggregation
of ESB particles were found in LBSM–ESB composite cathodes. In this study, therefore, two approaches
were used to restrain the growth and aggregation of ESB particles. First, the sintering temperature of the
vailable online 16 September 2008
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composite cathode was reduced by introducing a sintering function layer, which caused a 22% reduc-
tion in the initial polarization resistance (R), but the cathode polarization resistance decreased at a rate
of 2.15 × 10−4 � cm2 h−1 at 700 ◦C during a period of 100 h. Second, nano-sized Gd-doped ceria powder
(CGO) was added to the composite cathode system. Stability improvement was achieved at 10 vol% CGO,
and the degradation rate at 700 ◦C was 4.01 × 10−5 � cm2 h−1 during a period of 100 h.
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. Introduction

The solid oxide fuel cell (SOFC) is the most efficient device
nvented to date for the conversion of chemical fuels directly into
lectrical power [1,2]. A significant improvement in the recent
evelopment of the SOFC is the reduction of its operating tempera-
ure from above 800 ◦C to a range of 650–800 ◦C [3]. Unfortunately,
he cathode polarization resistance increases rapidly when the
perating temperature is reduced [4,5]. Activation polarization is
ypically more of an issue in cathodes than in anodes, due primar-
ly to the kinetics of the oxygen reduction reaction (attributable to
he high bond strength present in oxygen molecules), which is sev-
ral orders of magnitude slower than the reactions involving fuel
xidation [6–12]. In cathodes, the dissociative adsorption of oxygen
s a thermally activated process [13]—as the operating temperature
s decreased, the rates of chemical reactions are decreased dramat-
cally, and activation polarization at the cathode becomes an even
arger issue. Therefore, the composition of the cathode has a critical
ole in establishing cell operating temperatures.

Bismuth-based composite cathodes, such as Ag-ESB

Bi0.8Er0.2O1.5) [14,15], Ag-YSB (Bi0.75Y0.25O1.5) [16,17], and
i2Ru2O7 (-ESB), exhibit good performance at intermediate
emperatures [18,19]. Conductors based on bismuth oxide have a

uch greater conductivity of oxygen ions, and the conductivity of
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ismuth oxide is approximately two orders of magnitude greater
han that of stabilized zirconia. A further advantage of Bi2O3
s its favorable catalytic effect on oxygen dissociation, which is
lways the first, and often limiting, step in every electrochemical
rocess involving oxygen transfer. For example, the area-specific
esistance of Bi2Ru2O7 and Bi2Ru2O7-ESB cathodes at 700 ◦C was
s low as 0.4 � cm2 and 0.03 � cm2, respectively [18,19]. Cathodes
omposed of (La0.74Bi0.10Sr0.16)MnO3−ı (LBSM) and Bi1.4Er0.6O3
ESB) were studied in our earlier work, and the lowest area-specific
esistance at 700 ◦C was only 0.21 � cm2 [20]. However, long-term
ests of LBSM–ESB cathodes are needed because of the potential
rowth and aggregation of the ESB particles at operating tempera-
ures, and the goal of this study was to improve the stability of this
athode system.

. Experimental

LBSM powder was synthesized by autoignition of citrate–nitrate
el, and ESB powder was synthesized by the conventional solid state
eaction, as described [20].

Firstly, the sintering function layers were prepared by screen
rinting slurries of ESB onto both sides of Sc-stabilized zirconia
ScSZ) electrolyte slices and sintering at 850 ◦C for 6 h in air to give

he structure ESB/ScSZ/ESB. Next, slurries of LBSM–ESB (50 vol%
SB) were screen printed onto each side of the ESB/ScSZ/ESB
lices, and sintered at various temperatures (750 ◦C, 800 ◦C, and
50 ◦C) for 2 h in air to fabricate the symmetric cells for the

mpedance study. Secondly, the LBSM–ESB–CGO (the nano-sized

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:srwang@mail.sic.ac.cn
dx.doi.org/10.1016/j.jpowsour.2008.09.012
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Table 1
Polarization resistance of LBSM–ESB at various temperatures.

Cathode sintering temperature R (� cm2) at different temperatures

750 ◦C 700 ◦C 650 ◦C 600 ◦C 550 ◦C

7 5
8 5
8 8

C
t
a
t
n
a
f
c
f
m
u
u
m

t
i
o
t
m
w
p

3

3

t
e
t
t
b
f
t

F
s

i
a
t
i
f
m
s
E
t
l
t
d
[

E
o
l
a
t
a
i
d
b
c
c
s
t
a
i

50 ◦C 0.100 0.17
00 ◦C 0.086 0.16
50 ◦C 0.126 0.21

GO powder was provided by Rare-Chem Hi-Tech Co., Ltd.) mix-
ures were prepared by mixing LBSM powder (50 vol%) with ESB
nd CGO: 45 vol%, 40 vol%, 35 vol%, 30 vol% for ESB corresponds
o 5 vol%, 10 vol%, 15 vol%, 20 vol% for CGO, and the mixtures are
amed LBSM–ESB–CGO5, LBSM–ESB–CGO10, LBSM–ESB–CGO15,
nd LBSM–ESB–CGO20, respectively. The symmetric cells were
abricated by screen printing using LBSM–ESB–CGO and ScSZ as
athodes and electrolytes, respectively, and sintered at 900 ◦C
or 2 h in air. The area of each electrode was 1 cm2. Silver

esh, attached to the cathode surface with silver paste, was
sed as the current collector. A four-probe configuration was
sed for electrochemical impedance spectroscopy (EIS) measure-
ents.
The electrochemical performance of the cathodes was charac-

erized at various temperatures in air by EIS at open circuit, using AC
mpedance spectroscopy (ZAHNER IM6e) with a 20 mV AC signal,
ver a frequency range of 0.05 Hz to 1 MHz. The microstructure of
he cathode/electrolyte section was studied by scanning electron

icroscopy (SEM). Various phases of the powder were identified
ith a Rigaku X-ray diffraction (XRD) diffractometer at room tem-
erature, using monochromatic Cu K� radiation.

. Results and discussion

.1. Effect of the sintering function layer

As each reaction is affected by the microstructure of the elec-
rode, the sintering temperature has a significant influence on the
lectrode polarization resistance. In our earlier work, we observed

◦
hat sintering at 900 C resulted in the minimum polarization resis-
ance for the LBSM–ESB composite cathode on the ScSZ electrolyte,
ut there was excessive growth of ESB particles [20]. The per-
ormance of an LBSM–ESB cathode can be improved by limiting
he growth and aggregation of ESB particles; so, the ESB sinter-

ig. 1. AC impedance spectra measured at 650 ◦C, 700 ◦C, and 750 ◦C for LBSM–ESB
intered at 800 ◦C for 2 h on the ESB sintering function layer.

8
L
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p
p

0.380 0.969 2.658
0.368 0.942 2.620
0.463 1.148 3.147

ng function layer was introduced between the composite cathode
nd the ScSZ electrolyte (ScSZ/ESB/LBSM–ESB) in order to reduce
he cathode sintering temperatures. Table 1 gives the total polar-
zation resistance of the LBSM–ESB cathode on the ESB sintering
unction layer. It was noted that sintering at 800 ◦C resulted in the

inimum polarization resistance (R). Fig. 1 shows the impedance
pectra of the LBSM–ESB cathode sintered at 800 ◦C for 2 h on the
SB sintering function layer and then measured in air at various
emperatures. The character of the impedance spectra was simi-
ar to that of the LBSM–ESB cathode on the ScSZ electrolyte, where
he polarization resistance was attributed to oxygen adsorption and
esorption on the electrode surface and the diffusion of oxygen ions
20].

Fig. 2 shows the typical microstucture of the ScSZ/ESB/LBSM–
SB half cell. Fig. 3a–f shows the cross-section SEM images of cath-
des sintered at various temperatures on the ESB sintering function
ayers. As shown in Fig. 2, the ESB sintering function layer is dense
nd integrates with the ScSZ electrolyte. At 750 ◦C (the cathode sin-
ering temperature), the contact between the LBSM–ESB cathode
nd the ESB layer is poor, as shown in Fig. 3a. Its high level of polar-
zation resistance may be attributed tentatively to the poor contact
ue to the low sintering temperature. Similar phenomena have
een observed for the LSM–YSZ composite cathode [21]. When the
athode sintering temperature was increased to 800 ◦C or 850 ◦C,
ontact between the LBSM–ESB cathode and the ESB layer became
trong, as shown in Figs. 3c and e. It can be seen in Figs. 3b and d
hat the size of the ESB particles in the composite cathodes sintered
t 750 ◦C and at 800 ◦C is about 1 �m in diameter, although there
s some growth of ESB particles when the sintering temperature is
00 ◦C. The porosity of the composite cathode was acceptable, and
BSM–ESB sintered at 800 ◦C yielded a relatively low polarization

esistance. But at sintering temperatures up to 850 ◦C, as shown in
ig. 3f, the ESB particle size increased to about 2 �m and the ESB
articles were partially aggregated with increased sintering tem-
erature. In this case, the increase of polarization resistance might

Fig. 2. Typical microstructure of the ScSZ/ESB/LBSM–ESB half cell.
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ig. 3. Typical SEM fracture cross-section images of LBSM–ESB cathodes sintered at
ayer.

e due to further growth and agglomeration of the ESB particles,
hich decreased the cathode porosity and reduced the gas diffusion

ate. The triple phase boundaries (TPBs) in the LBSM–ESB cathode
nd on the cathode–electrolyte interface were also decreased. Con-
equently, the performance was weakened and the cathode had a
igher polarization resistance.

.2. Effect of the GDC particles

The second attempt to improve the performance of this compos-
te cathode system involved the use of nano-sized CGO particles.
ano-sized CGO powder was used in this study as it is read-

ly available, has relatively high ionic conductivity and sintering
emperature, and is non-reactive toward LBSM or ESB at the tem-

erature range of interest. Fig. 4 summarizes the total polarization
esistances (R) for each of the LBSM–ESB–CGO cathodes measured
n air. In general, the total polarization resistance (R) decreased
s the CGO content increased to 10 vol%; however, values of R
ncreased for a further addition of CGO up to 15 vol% or 20 vol%.

c
i
o
t
h

(a and b), 800 ◦C (c and d), and 850 ◦C (e and f) for 2 h on the ESB sintering function

his may be because the oxygen ionic conductivity of the CGO sub-
titute is lower than that of ESB, and hence there is a decrease
n ionic transfer rate in the composite cathodes. For instance, the
BSM–ESB–CGO5 cathode yielded R = 0.295 � cm2 at 700 ◦C. The
ptimal composition, LBSM–ESB–CGO10, yielded R = 0.177 � cm2 at
00 ◦C, and the LBSM–ESB–CGO15 cathode yielded R = 0.208 � cm2

t 700 ◦C, whereas LBSM–ESB prepared on the ScSZ electrolyte
ielded R = 0.21 � cm2 at 700 ◦C [20]. The polarization resistance
f LBSM–ESB–CGO10 was a littler lower than that of the LBSM–ESB
athode on the ScSZ electrolyte.

Fig. 5a–d shows typical SEM cross-section images of cathodes
intered on the ScSZ electrolyte at 900 ◦C for 2 h. As shown in
ig. 5a, some ESB particles grew and were partially aggregated in the
BSM–ESB–CGO5 cathode. The particles in the LBSM–ESB–CGO10

athode are relatively homogeneous, as shown in Fig. 5b, and there
s no obvious aggregation phenomenon. The polarization resistance
f this cathode system is lower than that of LBSM–ESB prepared on
he ScSZ electrolyte, which can be explained, at least in part, by the
omogeneous distribution of the particles in this cathode. In this
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ig. 4. Polarization resistance of LBSM–ESB–CGO cathodes with various contents of
SB and CGO.

ase, the uniform distribution of the electronic conducting parti-
les and the ionic conducting particles in the composite cathode
rovided the effective ionic and electronic conducting pathways,
hich effectively extended the TPB and, at the same time, pro-
oted the synergistic process involving the injection of the mobile
harged oxygen species into the ionic carriers. When the CGO con-
ent was 20 vol%, the particles in the LBSM–ESB–CGO20 cathode
ecame more homogeneous, as shown in Fig. 5c, which was of great
enefit for higher levels of cathode stability. However, as shown in
ig. 5d, the combination of the composite cathode and the elec-
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ig. 5. Typical SEM fracture cross-section images of LBSM–ESB–CGO5 (a), LBSM–ESB–CG
cSZ electrolyte.
ig. 6. AC impedance spectra measured at 650 ◦C, 700 ◦C, and 750 ◦C for
BSM–ESB–CGO10 sintered at 900 ◦C for 2 h. The corresponding equivalent circuit
s shown.

rolyte is relatively weak, which increased the interface polarization
esistance and decreased the cathode stability.

Fig. 6 shows the impedance spectra of the LBSM–ESB–CGO10
athode that was sintered at 900 ◦C for 2 h on the ScSZ electrolyte
nd then measured in air at various temperatures. It is notewor-
hy that the impedance spectra include a depressed semicircle

n the low-frequency section and a minor high-frequency arc,
imilar to the LBSM–ESB cathode on the ScSZ electrolyte [20].
he low-frequency semicircle comprises the chief contributing
lement in Fig. 6. It has been suggested that the low-frequency
emicircle can be attributed to oxygen adsorption and desorption

O10 (b), LBSM–ESB–CGO20 (c) and (d) cathodes sintered at 900 ◦C for 2 h on the
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composition as the ionic conducting phase in the electrode, the
polarization resistances might be lower than that of similar elec-
trodes placed on the ScSZ electrolyte. The two systems experienced
an increase value of R during the 100 h stability experiment at
ig. 7. AC impedance spectra obtained from symmetrical LBSM–ESB/ESB/ScSZ/
SB/LBSM–ESB (a) and LBSM–ESB–CGO10/ScSZ/LBSM–ESB–CGO10 (b) at 700 ◦C
ver a period of 100 h.

n the electrode surface, and the diffusion of oxygen ions [22–24].
n the other hand, the high-frequency arc can be attributed

o polarization during charge transfer. In the equivalent circuit,
he inductance L is attributed to high-frequency artifacts arising
rom the measurement apparatus. The first resistance (R0) cor-
esponds to the resistance of the electrolyte and the lead wires.
he second resistance (R1) is interpreted as the charge transfer
esistance, which is contributed by electrochemical reaction at
he cathode–electrolyte interface. Values of R1 at 650 ◦C, 700 ◦C,
nd 750 ◦C for this cathode were 0.086 � cm2, 0.031 � cm2, and
.013 � cm2, respectively. The Warburg impedance (W) is related
o the resistance of oxygen adsorption/decomposition and the
iffusion of oxygen ions in the cathode. Values of W at 650 ◦C,
00 ◦C and 750 ◦C for this cathode were 0.295 � cm2, 0.146 � cm2

nd 0.074 � cm2, respectively. The percentage for W in the total
olarization resistance of the composite cathode decreased with

ncreased measurement temperature. The value for capacitance
f the constant phase element (CPE) was about 10−3 F, and varied
eakly with temperature in this composite cathode.
.3. Long-term performance of the composite cathodes

The impedance spectra for the long-term tests of the LBSM–ESB
sintered at 800 ◦C on the ESB sintering function layer) and the

F
m

ig. 8. Cathode polarization resistances (R) vs. time for LBSM–ESB and LBSM–ESB–
GO10 at 700 ◦C.

BSM–ESB–CGO10 (sintered at 900 ◦C on the ScSZ electrolyte) sys-
ems at 700 ◦C are shown in Fig. 7. It is clear from this figure that
he electrode polarization for each system increased with time.
lectrode polarization resistance (R) is plotted against time for
he two systems at 700 ◦C in Fig. 8. The LBSM–ESB electrode on
he ESB sintering function layer exhibited lower resistance than
he LBSM–ESB–CGO10 cathode at the initial time, which could
e due to the higher ionic conductivity of the ESB phase than
GO. In addition, since the LBSM–ESB electrode study was per-

ormed on the ESB sintering function layer, which had the same
ig. 9. The XRD spectra of LBSM–ESB powder mixtures and LBSM–ESB–CGO powder
ixtures before and after co-firing at 700 ◦C for 100 h.
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ig. 10. EPMA cross-section images of the LBSM–ESB cathode on the ESB sintering
unction layer (a) and the LBSM–ESB–CGO10 cathode on the ScSZ electrolyte (b)
fter testing at 700 ◦C for 100 h.

pen circuit, the polarization resistance (R) degraded at a rate
f 2.15 × 10−4 � cm2 h−1 and 4.01 × 10−5 � cm2 h−1 for LBSM–ESB
nd LBSM–ESB–CGO10, respectively. The R values increased by 13%
from 0.165 � cm2 to 0.1865 � cm2) and 2.3% (from 0.177 � cm2 to
.181 � cm2) for LBSM–ESB and LBSM–ESB–CGO10, respectively.
he value of R for the LBSM–ESB electrode increased at a faster rate
han that of the LBSM–ESB–CGO10 system. The X-ray diffraction
atterns of the mixed LBSM and ESB powders (and mixed LBSM,
SB and CGO powders) before and after heat treatment at 700 ◦C
or 100 h are shown in Fig. 9. The patterns reveal no evidence of
nter-phase reactivity after heat treatment, so it can be inferred
hat each phase in the LBSM–ESB (or LBSM–ESB–CGO10) compos-
te cathode is compatible and stable. Besides, Fig. 10 shows the
esults of EPMA testing on different samples, and it is concluded
hat no inter-diffusion has occurred between the different compo-
ents. Thus, it is suspected that the growth and aggregation of the
SB phase is the major source of the observed increase in electrode
olarization resistance, and the CGO particles can limit aggregation
f the ESB phase.

The trends in electrode R shown in Fig. 8 can be rational-

zed in terms of the microstructure of the two different electrode
ystems after testing at 700 ◦C for 100 h (shown in Fig. 11). The
BSM–ESB system exhibits a relatively obvious growth and coales-
ence of the ESB phase after testing at 700 ◦C for 100 h, as seen
y comparing Fig. 11a with Fig. 3d, which will further reduce the

t
f
c
t
c

ig. 11. Typical SEM fracture cross-section images of an LBSM–ESB cathode (a) and
n LBSM–ESB–CGO10 cathode (b) after testing at 700 ◦C for 100 h.

orosity and TPB length, and hence a smaller reaction zone for
xygen reduction. Further, increased density can lead to concen-
ration polarization effects, where the reactive species (oxygen
dmolecules) are supplied to the reaction sites more slowly than
hey are consumed. However, as shown in Fig. 11b, there are
ew coalescent particles. It can be observed that there is hardly
ny change in the microstructure of LBSM–ESB–CGO10 after test-
ng at 700 ◦C for 100 h by comparing Fig. 5b with Fig. 11b. So,
t can be deduced that there is less growth and coalescence of
he ESB phase in the LBSM–ESB–CGO10 electrode compared with
he LBSM–ESB system, as the CGO phase helps to restrict the

igration and ultimate aggregation of the ESB phase, and pro-
ides an electrode with a greater surface area. This is reflected
n the one order slower rate of R increase for this composite sys-
em.

It may be possible to improve the performance of the cath-
de systems. For example, performance could be improved by
ptimizing the grain size in the composite cathodes. We could
hange the method of introducing ESB or CGO, such as by an ion-
mpregnating process instead of direct mixing. Xu et al. reported

he ion-impregnating process to be very beneficial for cathode per-
ormance [25]. Besides, the operating temperature of the composite
athodes can be lowered, in which case the growth and aggrega-
ion of the ESB phase would be reduced and the stability of the
omposite cathodes further improved.
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. Conclusion

Reducing the cathode sintering temperature or the addition
f 10 vol% nano-size CGO powders can lower the initial polariza-
ion resistance of the composite cathodes. We first attempted to
ntroduce an ESB sintering function layer to reduce the sintering
emperature of the LBSM–ESB cathode. However, this cathode has
nadequate microstructure stability for long-term application at
00 oC, and the polarization resistance (R) degraded at a rate of
.15 × 10−4 � cm2 h−1. The CGO powder in the LBSM–ESB–CGO10
athode effectively improved the stability of the microstructure,
nd its R value was reduced at a rate of 4.01 × 10−5 � cm2 h−1.
owever, the stability of this cathode still needs improvement. It is

ikely that the growth and aggregation of the ESB phase will be sup-
ressed further by reducing the ESB particle size and the operating
emperature.
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