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ABSTRACT

Porous composite cathodes were fabricated by impregnating (Lag74Bip10S10.16)MnO5_gs (LBSM) electronic
conducting structure with the ionic conducting CesGdo20,_s (GDC) phase. The ion impregnation of
the GDC phase significantly enhanced the electrocatalytic activity of the LBSM electrodes for the O,
reduction reactions, and the ion-impregnated LBSM-GDC composite cathodes showed excellent per-
formance. At 700°C, the value of the cathode polarization resistance (Rc) was only 0.097  cm? for an
ion-impregnated LBSM-GDC cathode, and the performance was gradually improved by increasing the
loading of the impregnated GDC. For the performance testing of single cells, the maximum power den-
sity was 1036 mW cm~2 at 700°C for a cell with the LBSM-GDC cathode. The results demonstrated the
unique combination of the LBSM electronic conducting structure with high ionic conducting GDC phase
was a valid method to improve the electrode performance, and the ion-impregnated LBSM-GDC was a
promising composite cathode material for the intermediate-temperature solid oxide fuel cells.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The solid oxide fuel cell (SOFC) has emerged as one of the most
important power generation device because of its high-energy con-
version efficiency, low noise and low pollution [1-3]. For solid oxide
fuel cells, their performance is closely linked with their electrode
materials. La;_,SryMnO3_g (LSM) perovskite is one of the cathode
materials for solid oxide fuel cells. However, due to its low ionic con-
ductivity and high activation energy for oxygen disassociation, pure
LSM is limited in the application of cathodes for SOFC operating
at intermediate-temperatures (600-800 °C). La;_,SrxCo;_yFe,03_s
(LSCF) perovskite has been shown to display two to four orders of
magnitude higher oxygen permeation fluxes than the LSM cath-
ode at identical operating temperatures [4]. However, LSCF has an
incompatible thermal expansion coefficient (TEC) and high reactiv-
ity with yttrium-stabilized zirconia (YSZ) [5], which is the standard
electrolyte material currently in use. So, it is necessary to improve
the performance of the LSM cathode. It is reported that the compos-
ite cathodes can availably improve its electrochemical performance
[6]. It was shown that by adding 50 wt.% YSZ to the LSM cathode,
the polarization resistance could be reduced to 25% of its original
value. Subsequent studies showed improvements using a variety of
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cathode arrangements and fabrication methods [7-11]. Gadolinia-
doped ceria (GDC) is a better material for this application because
its ionic conductivity is higher than that of YSZ [12-14]. The com-
posite structure has been shown to be very promising in improving
electrode performance. For instance, the interfacial polarization
resistances (area-specific resistance) were 2.49 and 0.75 2 cm? for
a LSM-YSZ cathode and a LSM-GDC cathode, respectively [10,15].

Now, a more effective ion-impregnating method has been pro-
posed to fabricate the composite cathodes [16-19]. It is an effective
way to deposit electrocatalytic oxide phase into the porous LSM
structure without diminishing the advantages of stability and com-
patibility of LSM materials with YSZ electrolyte.

In our previous study, we have developed the LBSM cathode
and shown its better performance than the LSM cathode [20]. And
in this study, LBSM-GDC composite cathodes for intermediate-
temperature SOFCs based on the SSZ electrolyte were fabricated
with a two-step fabricating process including screen-printing
and ion-impregnating, and the electrochemical behavior at the
cathode/electrolyte was investigated by AC-impedance analyses.
Besides, the performance of anode-supported single cells using
LBSM-GDC as cathode material was evaluated.

2. Experimental

The LBSM powder was synthesized by autoignition of citrate-
nitrate gel, as described before [20]. The LBSM and SSZ
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((Zr0O3)0.89(Sc203)91(Ce03)g.01, Tosoh, Japan) powders were
pressed uniaxially into cylinders 5 mm in diameter and 20 mm in
length. The LBSM and SSZ cylinders were sintered in air for 10 h at
1200 and 1500 °C, respectively, and then were used to measure the
thermal expansion coefficient (TEC). The density was greater than
93% of the theoretical value for the two materials.

To prepare the cathode, LBSM was mixed with an appropri-
ate amount of graphite (30 wt.%) and ball-milled for 24 h to form
a uniform electrode powder. Using the screen-printing method,
the LBSM electrode precursor was printed to the SSZ substrates
and then sintered at 900°C for 2h in air. The area of the printed
LBSM was 1.0 cm?2. GDC was subsequently deposited into the LBSM
framework with an ion-impregnating technique. 0.5M impreg-
nation solution of Gdg,Ceg(NO3)3 (20 mol% Gd(NOs3); + 80 mol%
Ce(NO3)3) was prepared from Aldrich chemicals of GA(NOs3)3-6H,0
(99.9%) and Ce(NO3)3-6H;0 (99.9%). lon-impregnation was carried
out by placing a drop of the solution on top of the coating which
infiltrated the cathode layer by capillary effect. The sample was
then sintered at 850°C in air for 1 h before the testing. At 850°C the
nitrate salt was decomposed, forming CeygGdg20,_5 (GDC) oxide
phase [21]. The mass of the electrode before and after the impregna-
tion treatment was measured to determine the impregnated oxide
loadings. The procedure was repeated to increase the GDC loadings.
The impregnated GDC loadings in LBSM-GDC composite cathodes
were 30, 40, 50 and 55 wt.% (named LBSM-GDC30, LBSM-GDC40,
LBSM-GDC50 and LBSM-GDC55, respectively).

The polarization resistance was measured by two-electrode
impedance method using symmetric cells, using AC impedance
spectroscopy (ZAHNER IM6e) with a 20 mV AC signal, over a fre-
quency range of 0.05Hz to 1 MHz. Various phases of the powder
were identified with a Rigaku X-ray diffraction (XRD) diffractome-
ter at room temperature, using monochromatic Cu Ka radiation.
The microstructure of the cathode section was studied by scanning
electron microscopy (SEM). Three single cells were prepared with
the LBSM cathode, the LBSM-GDC30 composite cathode and the
LBSM-GDC50 composite cathode on the anode-supported SSZ film.
The performance of single cells was measured from 600 to 750°C
with humidified hydrogen (a water content of around 3 vol.%) as fuel
and air as oxidant. The area of each cathode was 1cm?. Platinum
mesh, attached to the cathode surface with platinum paste, was
used as the current collector. A four-probe configuration was used
for electrochemical impedance spectroscopy (EIS) measurements.

3. Results and discussion
3.1. Characterization of LBSM

Fig. 1 shows the thermal expansion curves of LBSM and SSZ in
air. The shape of their curves is nearly the same. Further calcu-
lation shows the average thermal expansion coefficient (TEC) of
LBSM between 20 and 750°C is 11.5 x 1076 K-, and that of SSZ
is 10.4 x 10~ K1, The small mismatch in TEC between LBSM and
SSZ is beneficial for the SOFC system in maintaining long-term
stability and enduring thermal cycle. Besides, LBSM has shown a
better performance than LSM [20,22], and the cathode polariza-
tion resistance (Rc) of the LBSM cathode is lower than that of the
LSM cathode under the same conditions. For example, the LBSM
cathode yielded Rc=2.3, 5.3, 13.94 and 46.46 Q2 cm? at 750, 700,
650 and 600 °C, respectively [20]. While the LSM cathode yielded
Rc=3.5, 7.82, 20.58 and 51.03 2 cm? at 750, 700, 650 and 600°C,
respectively [16].

3.2. Effect of GDC loading

Fig. 2 shows the X-ray diffraction (XRD) patterns of the mixed
LBSM and GDC (50wt.%) powders after heat treatment at 850°C
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Fig. 1. Thermal expansion curves of LBSM and SSZ in air.

for 100 h. The patterns reveal no evidence of inter-phase reac-
tivity after heat treatment. It is concluded, therefore, that the
LBSM-GDC composite cathodes are stable under the experimental
conditions.

Fig. 3 shows the effect of the impregnated GDC loadings on the
cathode polarization resistance (Rc). In general, the cathode polar-
ization resistance of the ion-impregnated LBSM cathodes decreased
as the GDC loadings increased to 50 wt.%. The value of Rc increased,
however, for a further increase of the GDC loadings to 55 wt.%. This
may be due to a decrease in porosity of the LBSM-GDC55 cath-
ode, which leads to a decrease in transfer access of gas phase and
an increase in concentration polarization. The low value of polar-
ization resistances can be obtained only when the gas, ionic and
electronic transportation phases present at an appropriate ratio.
The optimal composition, LBSM-GDC50, yielded Rc=0.051 and
0.097  cm? at 750 and 700°C, respectively. Such values are about
45 times lower than that of the cathode polarization resistance for
pure LBSM. The high performance that resulted from the impreg-
nation of GDC was due to the appropriate distribution of the GDC
particles in the LBSM porous structure, which provided the effec-
tive ionic and electronic conducting pathways and, at the same
time, promoted the synergistic process involving the injection of
the mobile charged oxygen species into the ionic carriers.
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Fig. 2. XRD patterns of the mixed LBSM and GDC (50 wt.%) powders after heat
treatment at 850 °C for 100 h.
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Fig. 3. Polarization resistance of the LBSM-GDC composite cathodes with various
GDC loadings.

The mixed LSM-GDC50 cathode yielded Rc=0.49 and
1.06 2 cm? at 750 and 700°C, respectively [16], and the polariza-
tion resistance of the ion-impregnated LBSM-GDC50 cathode was
about 10 times lower than that of the mixed LSM-GDC50 cathode.
So, the advantage of LBSM over LSM was more obvious in the
composite cathodes.

Fig. 4 shows typical cross-section SEM images of the LBSM elec-
trodes impregnated with different amounts of GDC. As shown in
Fig. 4a, the screen-printed LBSM layer is highly porous, which is of
great benefit for ion-impregnation. After GDC impregnation, there
are very fine particles formed around the LBSM particles. The nano-
sized GDC particles were deposited on the LBSM surface and in the
LBSM porous structure. However, the distribution of the nano-sized
GDC particles appears to be discrete and does not form a continu-
ous network at low GDC loadings (Fig. 4b), which cannot provide
sufficient ion transferring access. When the GDC loading is 50 wt.%,
a continuous and porous structure of the GDC phase is most likely
formed (Fig. 4c). The deposition of very fine oxygen conducting GDC
particles on the LBSM surface and in the LBSM porous structure
formed a mutual surrounding structure of ionic conduction phase
and electronic conduction phase, which is assumed to effectively
extend the triple phase boundary (TPB) for the O, reduction. This
structure consequently leads to enhancement of the electrochem-
ical activity and significant reduction of the cathode polarization
resistance of the LBSM cathodes.

Fig. 5a shows the impedance spectra of the different cathodes
measured at 750°C in air. The values of polarization resis-
tances were 0.091, 0.061, 0.051 and 0.058 2 cm? for LBSM-GDC30,
LBSM-GDC40, LBSM-GDC50 and LBSM-GDC55, respectively.
Fig. 5b shows impedance spectra measured in air at 750, 700, and
650°C for LBSM-GDC50 on the SSZ electrolyte. The equivalent cir-
cuitisalso presented in Fig. 5b, modeled as the arc for LBSM-GDC50.
LBSM-GDC30 and LBSM-GDC55 are also modeled well by this cir-
cuit. It is noteworthy that the impedance spectra include a major
semicircle and a minor semicircle in low-frequency section. In the
equivalent circuit, the inductance L is attributed to high-frequency
artifacts arising from the measurement apparatus. The first resis-
tance (R) corresponds to the resistance of the electrolyte and the
lead wires. The second resistance (Rq ) is the main polarization resis-
tance for the cathode, which may be related to the resistance of
oxygen surface reaction or other mechanisms. Values of Ry at 650,
700, and 750°C for the LBSM-GDC50 cathode were 0.193, 0.085,
and 0.038 2 cm?, respectively. Fig. 6 shows the relationship of R,
versus temperature, from which the activation energy can be calcu-
lated. The activation energy was 128, 125 and 126 k] mol~! for the

ion-impregnated LBSM-GDC30, LBSM-GDC50, and LBSM-GDC55
electrodes, respectively. The activation energy for the LBSM-GDC
system was almost independent of the GDC content. It was reported
that the activation energies for oxide ion diffusion and the oxy-
gen surface exchange reaction are 42+2 and 113 + 11 kJ mol~!,
respectively [23]. The activation energy for the LBSM-GDC system
is similar to that of the oxygen surface exchange reaction, thus,
we suggest that the rate-determining step of the electrode reac-
tion may be attributed to an oxygen surface exchange reaction. The
values of R, for the LBSM-GDC50 cathode were 0.013, 0.012 and
0.013  cm? at 650, 700 and 750 °C, respectively, which varied little
with the increased measurement temperature. R, is therefore very
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Fig. 4. Typical fracture cross-section SEM images of pure LBSM (a), LBSM-GDC30
(b) and LBSM-GDC50 (c) composite cathodes.
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Fig. 5. AC impedance spectra of the different cathodes measured at 750°C in air (a)
and LBSM-GDC50 measured at 650, 700 and 750 °C for in air (b). The corresponding

equivalent circuit is shown.

likely to be related with the diffusion of oxygen through the porous
cathode [24]. The values of capacitances were about 2 x 10~3 F and
3 F for the first constant phase element (CPE1) and the second con-
stant phase element (CPE2), respectively, and varied weakly with

temperature in this composite cathode.
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Fig. 6. Arrhenius plot of the polarization resistance for LBSM-GDC30, LBSM-GDC50

and LBSM-GDC55 cathodes.

3.3. Performance of single cells

The performance evaluation of the cells in this study was carried
out by the anode-supported single cells with SSZ thin film as elec-
trolyte. The thickness of the electrolyte and cathode was around
20 and 30 pm, respectively. Fig. 7 shows the current voltage char-
acteristics and the corresponding power densities for three fuel
cells using the LBSM cathode, the LBSM-GDC30 cathode and the
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Fig. 7. The cell voltage and power density as a function of current density of the
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temperatures.
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LBSM-GDC50 cathode, respectively. They were measured at 600,
650, 700 and 750°C with humidified hydrogen (a water content
of around 3vol.%) as the fuel and air as the oxidant. The max-
imum power densities for the cell with the LBSM cathode were
112, 244, 486, 790 mW cm~2 at 600, 650, 700 and 750°C, respec-
tively, and that of the cell with the ion-impregnated LBSM-GDC30
cathode were 191, 394, 743, 1057 mW cm~2 at 600, 650, 700 and
750°C, respectively. The performance of the cell with the ion-
impregnated LBSM-GDC50 cathode was higher than that of the
above two cells, and the maximum power densities were 244, 528,
1036, 1607 mW cm~2 at 600, 650, 700 and 750°C, respectively.
For the above three cells, the anodic and electrolyte resistances
could be reasonably assumed identical, because the anode and elec-
trolyte were fabricated with the same procedures. So the relatively
higher power densities resulted from the better performance of
the ion-impregnated LBSM-GDC30 and LBSM-GDC50 cathodes. It
demonstrates that the impregnation of the nano-sized GDC parti-
cles in the porous LBSM structure has a significant electrocatalytic
effect on the activities of the LBSM cathode.

It should be noted that the formation of nano-sized GDC par-
ticles inside the porous LBSM framework, the surface areas of the
impregnated ionic conducting phase would be much higher than
that of pure LBSM. In addition, the high surface area and electrocat-
alytic materials filled the pores in the porous electrode (or at the
critically important electrode/electrolyte interface), significantly
boosting the three phase boundaries, which resulted in an excel-
lent performance of the ion-impregnated LBSM-GDC system. So,
the ion-impregnating method is a feasible process to develop com-
posite cathodes. Further study should be conducted to optimize the
size ratio of two different particles in the composite cathodes, and
control the microstructure of the composite cathodes for improving
their performance.

4. Conclusion

The LBSM-GDC composite cathodes were fabricated by ion-
impregnating method, and their characteristics were investigated
by AC impedance spectroscopy. The polarization resistance was
significantly decreased by impregnating the electronic conducting
phase (LBSM) with the ionic conducting phase (GDC). For exam-
ple, the value of the cathode polarization resistance was 2.3 Q cm?
at 750°C for pure LBSM cathode, but 0.091 and 0.051  cm? for
LSM-GDC30 and LBSM-GDC50, respectively. In addition, the per-
formance of the cells was also measured and compared at various

temperatures with humidified hydrogen as the fuel and air as
the oxidant. The maximum power density of the cell with the
LBSM cathode was 790 mW cm~2 at 750°C, and that of the cell
with the impregnated LBSM-GDC50 cathode was 1607 mW cm—2
at the same temperature. The impregnated LBSM-GDC50 cathode
is shown a very promising cathode material for intermediate-
temperature solid oxide fuel cells.
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