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Porous composite cathodes including (Lag74Bip10Sr016)MnO3_s (LBSM) and Biy 4Erg 03 (ESB) were fabri-
cated and characterized using ACimpedance 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
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 x 1074 Q2 cm? h~! 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 x 10~  cm? h~! during a period of 100 h.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The solid oxide fuel cell (SOFC) is the most efficient device
invented to date for the conversion of chemical fuels directly into
electrical power [1,2]. A significant improvement in the recent
development of the SOFC is the reduction of its operating tempera-
ture from above 800 °C to a range of 650-800 °C [3]. Unfortunately,
the cathode polarization resistance increases rapidly when the
operating temperature is reduced [4,5]. Activation polarization is
typically more of an issue in cathodes than in anodes, due primar-
ily to the kinetics of the oxygen reduction reaction (attributable to
the high bond strength present in oxygen molecules), which is sev-
eral orders of magnitude slower than the reactions involving fuel
oxidation [6-12]. In cathodes, the dissociative adsorption of oxygen
is a thermally activated process [13]—as the operating temperature
is decreased, the rates of chemical reactions are decreased dramat-
ically, and activation polarization at the cathode becomes an even
larger issue. Therefore, the composition of the cathode has a critical
role in establishing cell operating temperatures.

Bismuth-based composite cathodes, such as Ag-ESB
(BipgEro2015) [14,15], Ag-YSB (Bio75Y025015) [16,17], and
Bi;Ru,0; (-ESB), exhibit good performance at intermediate
temperatures [18,19]. Conductors based on bismuth oxide have a
much greater conductivity of oxygen ions, and the conductivity of
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bismuth oxide is approximately two orders of magnitude greater
than that of stabilized zirconia. A further advantage of Bi,Os3
is its favorable catalytic effect on oxygen dissociation, which is
always the first, and often limiting, step in every electrochemical
process involving oxygen transfer. For example, the area-specific
resistance of Bi;Ru,07 and Bi,Ru;07-ESB cathodes at 700°C was
as low as 0.4 2 cm? and 0.03 2 cm?, respectively [18,19]. Cathodes
composed of (Lao.74Bi0_1051‘0_16)MHO3_3 (LBSM) and Bi1.4El‘0'603
(ESB) were studied in our earlier work, and the lowest area-specific
resistance at 700 °C was only 0.21 2 cm? [20]. However, long-term
tests of LBSM-ESB cathodes are needed because of the potential
growth and aggregation of the ESB particles at operating tempera-
tures, and the goal of this study was to improve the stability of this
cathode system.

2. Experimental

LBSM powder was synthesized by autoignition of citrate-nitrate
gel, and ESB powder was synthesized by the conventional solid state
reaction, as described [20].

Firstly, the sintering function layers were prepared by screen
printing slurries of ESB onto both sides of Sc-stabilized zirconia
(5cSZ) electrolyte slices and sintering at 850 °C for 6 h in air to give
the structure ESB/ScSZ/ESB. Next, slurries of LBSM-ESB (50vol%
ESB) were screen printed onto each side of the ESB/ScSZ/ESB
slices, and sintered at various temperatures (750°C, 800°C, and
850°C) for 2h in air to fabricate the symmetric cells for the
impedance study. Secondly, the LBSM-ESB-CGO (the nano-sized
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Table 1
Polarization resistance of LBSM-ESB at various temperatures.

Cathode sintering temperature

R (€2 cm?) at different temperatures

750°C 700°C 650°C 600°C 550°C
750°C 0.100 0.175 0.380 0.969 2.658
800°C 0.086 0.165 0.368 0.942 2.620
850°C 0.126 0.218 0.463 1.148 3.147

CGO powder was provided by Rare-Chem Hi-Tech Co., Ltd.) mix-
tures were prepared by mixing LBSM powder (50 vol%) with ESB
and CGO: 45vol%, 40vol%, 35vol%, 30vol% for ESB corresponds
to 5vol%, 10vol%, 15 vol%, 20vol% for CGO, and the mixtures are
named LBSM-ESB-CGO5, LBSM-ESB-CGO10, LBSM-ESB-CGO15,
and LBSM-ESB-CGO20, respectively. The symmetric cells were
fabricated by screen printing using LBSM-ESB-CGO and ScSZ as
cathodes and electrolytes, respectively, and sintered at 900°C
for 2h in air. The area of each electrode was 1cm?. Silver
mesh, attached to the cathode surface with silver paste, was
used as the current collector. A four-probe configuration was
used for electrochemical impedance spectroscopy (EIS) measure-
ments.

The electrochemical performance of the cathodes was charac-
terized at various temperatures in air by EIS at open circuit, using AC
impedance spectroscopy (ZAHNER IM6e) with a 20 mV AC signal,
over a frequency range of 0.05Hz to 1 MHz. The microstructure of
the cathode/electrolyte section was studied by scanning electron
microscopy (SEM). Various phases of the powder were identified
with a Rigaku X-ray diffraction (XRD) diffractometer at room tem-
perature, using monochromatic Cu Ko radiation.

3. Results and discussion
3.1. Effect of the sintering function layer

As each reaction is affected by the microstructure of the elec-
trode, the sintering temperature has a significant influence on the
electrode polarization resistance. In our earlier work, we observed
that sintering at 900 °C resulted in the minimum polarization resis-
tance for the LBSM-ESB composite cathode on the ScSZ electrolyte,
but there was excessive growth of ESB particles [20]. The per-
formance of an LBSM-ESB cathode can be improved by limiting
the growth and aggregation of ESB particles; so, the ESB sinter-
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Fig. 1. AC impedance spectra measured at 650°C, 700°C, and 750 °C for LBSM-ESB
sintered at 800 °C for 2 h on the ESB sintering function layer.

ing function layer was introduced between the composite cathode
and the ScSZ electrolyte (ScSZ/ESB/LBSM-ESB) in order to reduce
the cathode sintering temperatures. Table 1 gives the total polar-
ization resistance of the LBSM-ESB cathode on the ESB sintering
function layer. It was noted that sintering at 800 °C resulted in the
minimum polarization resistance (R). Fig. 1 shows the impedance
spectra of the LBSM-ESB cathode sintered at 800°C for 2 h on the
ESB sintering function layer and then measured in air at various
temperatures. The character of the impedance spectra was simi-
lar to that of the LBSM-ESB cathode on the ScSZ electrolyte, where
the polarization resistance was attributed to oxygen adsorption and
desorption on the electrode surface and the diffusion of oxygen ions
[20].

Fig. 2 shows the typical microstucture of the ScSZ/ESB/LBSM-
ESB half cell. Fig. 3a-f shows the cross-section SEM images of cath-
odes sintered at various temperatures on the ESB sintering function
layers. As shown in Fig. 2, the ESB sintering function layer is dense
and integrates with the ScSZ electrolyte. At 750 °C (the cathode sin-
tering temperature), the contact between the LBSM-ESB cathode
and the ESB layer is poor, as shown in Fig. 3a. Its high level of polar-
ization resistance may be attributed tentatively to the poor contact
due to the low sintering temperature. Similar phenomena have
been observed for the LSM-YSZ composite cathode [21]. When the
cathode sintering temperature was increased to 800°C or 850°C,
contact between the LBSM-ESB cathode and the ESB layer became
strong, as shown in Figs. 3¢ and e. It can be seen in Figs. 3b and d
that the size of the ESB particles in the composite cathodes sintered
at 750°C and at 800°C is about 1 wm in diameter, although there
is some growth of ESB particles when the sintering temperature is
800°C. The porosity of the composite cathode was acceptable, and
LBSM-ESB sintered at 800°C yielded a relatively low polarization
resistance. But at sintering temperatures up to 850 °C, as shown in
Fig. 3f, the ESB particle size increased to about 2 wum and the ESB
particles were partially aggregated with increased sintering tem-
perature. 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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Fig. 3. Typical SEM fracture cross-section images of LBSM-ESB cathodes sintered at 750 °C (a and b), 800 °C (c and d), and 850°C (e and f) for 2 h on the ESB sintering function

layer.

be due to further growth and agglomeration of the ESB particles,
which decreased the cathode porosity and reduced the gas diffusion
rate. The triple phase boundaries (TPBs) in the LBSM-ESB cathode
and on the cathode-electrolyte interface were also decreased. Con-
sequently, the performance was weakened and the cathode had a
higher polarization resistance.

3.2. Effect of the GDC particles

The second attempt to improve the performance of this compos-
ite cathode system involved the use of nano-sized CGO particles.
Nano-sized CGO powder was used in this study as it is read-
ily available, has relatively high ionic conductivity and sintering
temperature, and is non-reactive toward LBSM or ESB at the tem-
perature range of interest. Fig. 4 summarizes the total polarization
resistances (R) for each of the LBSM-ESB-CGO cathodes measured
in air. In general, the total polarization resistance (R) decreased
as the CGO content increased to 10vol%; however, values of R
increased for a further addition of CGO up to 15vol% or 20 vol%.

This may be because the oxygen ionic conductivity of the CGO sub-
stitute is lower than that of ESB, and hence there is a decrease
in ionic transfer rate in the composite cathodes. For instance, the
LBSM-ESB-CGO5 cathode yielded R=0.295 Q2 cm? at 700°C. The
optimal composition, LBSM-ESB-CGO010, yielded R=0.177 €2 cm? at
700°C, and the LBSM-ESB-CGO15 cathode yielded R =0.208 £ cm?
at 700°C, whereas LBSM-ESB prepared on the ScSZ electrolyte
yielded R=0.21 Q2 cm?2 at 700°C [20]. The polarization resistance
of LBSM-ESB-CGO10 was a littler lower than that of the LBSM-ESB
cathode on the ScSZ electrolyte.

Fig. 5a-d shows typical SEM cross-section images of cathodes
sintered on the ScSZ electrolyte at 900°C for 2h. As shown in
Fig.5a, some ESB particles grew and were partially aggregated in the
LBSM-ESB-CGO5 cathode. The particles in the LBSM-ESB-CGO10
cathode are relatively homogeneous, as shown in Fig. 5b, and there
isno obvious aggregation phenomenon. The polarization resistance
of this cathode system is lower than that of LBSM-ESB prepared on
the ScSZ electrolyte, which can be explained, at least in part, by the
homogeneous distribution of the particles in this cathode. In this
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Fig. 4. Polarization resistance of LBSM-ESB-CGO cathodes with various contents of
ESB and CGO.

case, the uniform distribution of the electronic conducting parti-
cles and the ionic conducting particles in the composite cathode
provided the effective ionic and electronic conducting pathways,
which effectively extended the TPB and, at the same time, pro-
moted the synergistic process involving the injection of the mobile
charged oxygen species into the ionic carriers. When the CGO con-
tent was 20vol%, the particles in the LBSM-ESB-CGO20 cathode
became more homogeneous, as shown in Fig. 5¢c, which was of great
benefit for higher levels of cathode stability. However, as shown in
Fig. 5d, the combination of the composite cathode and the elec-
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Fig. 6. AC impedance spectra measured at 650°C, 700°C, and 750°C for
LBSM-ESB-CGO10 sintered at 900°C for 2 h. The corresponding equivalent circuit
is shown.

trolyte is relatively weak, which increased the interface polarization
resistance and decreased the cathode stability.

Fig. 6 shows the impedance spectra of the LBSM-ESB-CGO10
cathode that was sintered at 900 °C for 2 h on the ScSZ electrolyte
and then measured in air at various temperatures. It is notewor-
thy that the impedance spectra include a depressed semicircle
in the low-frequency section and a minor high-frequency arc,
similar to the LBSM-ESB cathode on the ScSZ electrolyte [20].
The low-frequency semicircle comprises the chief contributing
element in Fig. 6. It has been suggested that the low-frequency
semicircle can be attributed to oxygen adsorption and desorption

Fig. 5. Typical SEM fracture cross-section images of LBSM-ESB-CGO5 (a), LBSM-ESB-CGO10 (b), LBSM-ESB-CG020 (c) and (d) cathodes sintered at 900°C for 2 h on the

ScSZ electrolyte.
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Fig. 7. AC impedance spectra obtained from symmetrical LBSM-ESB/ESB/ScSZ/
ESB/LBSM-ESB (a) and LBSM-ESB-CGO10/ScSZ/LBSM-ESB-CGO10 (b) at 700°C
over a period of 100 h.

on the electrode surface, and the diffusion of oxygen ions [22-24].
On the other hand, the high-frequency arc can be attributed
to polarization during charge transfer. In the equivalent circuit,
the inductance L is attributed to high-frequency artifacts arising
from the measurement apparatus. The first resistance (Rg) cor-
responds to the resistance of the electrolyte and the lead wires.
The second resistance (R;) is interpreted as the charge transfer
resistance, which is contributed by electrochemical reaction at
the cathode-electrolyte interface. Values of R; at 650°C, 700°C,
and 750°C for this cathode were 0.086 2 cm?, 0.031 Qcm?, and
0.013 © cm?, respectively. The Warburg impedance (W) is related
to the resistance of oxygen adsorption/decomposition and the
diffusion of oxygen ions in the cathode. Values of W at 650°C,
700°C and 750°C for this cathode were 0.295 2 cm?, 0.146  cm?
and 0.074 Q cm?, respectively. The percentage for W in the total
polarization resistance of the composite cathode decreased with
increased measurement temperature. The value for capacitance
of the constant phase element (CPE) was about 103 F, and varied
weakly with temperature in this composite cathode.

3.3. 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
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Fig. 8. Cathode polarization resistances (R) vs. time for LBSM-ESB and LBSM-ESB-
CGO10 at 700°C.

LBSM-ESB-CGO10 (sintered at 900 °C on the ScSZ electrolyte) sys-
tems at 700°C are shown in Fig. 7. It is clear from this figure that
the electrode polarization for each system increased with time.
Electrode polarization resistance (R) is plotted against time for
the two systems at 700°C in Fig. 8. The LBSM-ESB electrode on
the ESB sintering function layer exhibited lower resistance than
the LBSM-ESB-CGO10 cathode at the initial time, which could
be due to the higher ionic conductivity of the ESB phase than
CGO. In addition, since the LBSM-ESB electrode study was per-
formed on the ESB sintering function layer, which had the same
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
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Fig.9. The XRD spectra of LBSM-ESB powder mixtures and LBSM-ESB-CGO powder
mixtures before and after co-firing at 700°C for 100 h.
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Fig. 10. EPMA cross-section images of the LBSM-ESB cathode on the ESB sintering
function layer (a) and the LBSM-ESB-CGO10 cathode on the ScSZ electrolyte (b)
after testing at 700°C for 100 h.

open circuit, the polarization resistance (R) degraded at a rate
of 215 x 1074 Qcm? h~! and 4.01 x 10-> Q cm? h~! for LBSM-ESB
and LBSM-ESB-CGO10, respectively. The R values increased by 13%
(from 0.165  cm? to 0.1865 2 cm?) and 2.3% (from 0.177  cm? to
0.181 Q2 cm?2) for LBSM-ESB and LBSM-ESB-CGO10, respectively.
The value of R for the LBSM-ESB electrode increased at a faster rate
than that of the LBSM-ESB-CGO10 system. The X-ray diffraction
patterns of the mixed LBSM and ESB powders (and mixed LBSM,
ESB and CGO powders) before and after heat treatment at 700°C
for 100 h are shown in Fig. 9. The patterns reveal no evidence of
inter-phase reactivity after heat treatment, so it can be inferred
that each phase in the LBSM-ESB (or LBSM-ESB-CGO10) compos-
ite cathode is compatible and stable. Besides, Fig. 10 shows the
results of EPMA testing on different samples, and it is concluded
that no inter-diffusion has occurred between the different compo-
nents. Thus, it is suspected that the growth and aggregation of the
ESB phase is the major source of the observed increase in electrode
polarization resistance, and the CGO particles can limit aggregation
of the ESB phase.

The trends in electrode R shown in Fig. 8 can be rational-
ized in terms of the microstructure of the two different electrode
systems after testing at 700°C for 100h (shown in Fig. 11). The
LBSM-ESB system exhibits a relatively obvious growth and coales-
cence of the ESB phase after testing at 700°C for 100 h, as seen
by comparing Fig. 11a with Fig. 3d, which will further reduce the

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

porosity and TPB length, and hence a smaller reaction zone for
oxygen reduction. Further, increased density can lead to concen-
tration polarization effects, where the reactive species (oxygen
admolecules) are supplied to the reaction sites more slowly than
they are consumed. However, as shown in Fig. 11b, there are
few coalescent particles. It can be observed that there is hardly
any change in the microstructure of LBSM-ESB-CGO10 after test-
ing at 700°C for 100h by comparing Fig. 5b with Fig. 11b. So,
it can be deduced that there is less growth and coalescence of
the ESB phase in the LBSM-ESB-CGO10 electrode compared with
the LBSM-ESB system, as the CGO phase helps to restrict the
migration and ultimate aggregation of the ESB phase, and pro-
vides an electrode with a greater surface area. This is reflected
in the one order slower rate of R increase for this composite sys-
tem.

It may be possible to improve the performance of the cath-
ode systems. For example, performance could be improved by
optimizing the grain size in the composite cathodes. We could
change the method of introducing ESB or CGO, such as by an ion-
impregnating process instead of direct mixing. Xu et al. reported
the ion-impregnating process to be very beneficial for cathode per-
formance [25]. Besides, the operating temperature of the composite
cathodes can be lowered, in which case the growth and aggrega-
tion of the ESB phase would be reduced and the stability of the
composite cathodes further improved.
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4. Conclusion

Reducing the cathode sintering temperature or the addition
of 10 vol% nano-size CGO powders can lower the initial polariza-
tion resistance of the composite cathodes. We first attempted to
introduce an ESB sintering function layer to reduce the sintering
temperature of the LBSM-ESB cathode. However, this cathode has
inadequate microstructure stability for long-term application at
700°C, and the polarization resistance (R) degraded at a rate of
2.15 x 1074 Qcm?2 h~1. The CGO powder in the LBSM-ESB-CGO10
cathode effectively improved the stability of the microstructure,
and its R value was reduced at a rate of 4.01 x 107> Qcm?h-1.
However, the stability of this cathode still needs improvement. It is
likely that the growth and aggregation of the ESB phase will be sup-
pressed further by reducing the ESB particle size and the operating
temperature.
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