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Abstract The study elementarily investigated the effect of
the cathode structure on the electrochemical performance of
anode-supported solid oxide fuel cells. Four single cells
were fabricated with different cathode structures, and the
total cathode thickness was 15, 55, 85, and 85um for cell-
A, cell-B, cell-C, and cell-D, respectively. The cell-A, cell-
B, and cell-D included only one cathode layer, which was
fabricated by (Lag 74Bio.10Sr0.16)MnOs_s (LBSM) electrode
material. The cathode of the cell-C was composed of a
(Lag.74Bio.10Sr0.16)MnO3_s — (Big7Er93015) (LBSM—
ESB) cathode functional layer and a LBSM cathode layer.
Different cathode structures leaded to dissimilar polariza-
tion character for the four cells. At 750°C, the total
polarization resistance (R,) of the cell-A was 1.11, 0.41
and 0.53Q cm? at the current of 0, 400, and 800 mA,
respectively, and that of the cell-B was 1.10, 0.39, and
0.23Q cm? at the current of 0, 400, and 800 mA,
respectively. For cell-C and cell-D, their polarization
character was similar to that of the cell-B and R, also
decreased with the increase of the current. The maximum
power density was 0.81, 1.01, 0.79, and 0.43 W cm ? at
750°C for cell-D, cell-C, cell-B, and cell-A, respectively.
The results demonstrated that cathode structures evidently
influenced the electrochemical performance of anode-
supported solid oxide fuel cells.
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Introduction

The solid oxide fuel cell (SOFC) is a promising power
generation device [1-3] since it provides high electrical
conversion efficiency exceeding 50%. In order to reach a
basis for commercial viability, SOFC must reduce its
operating temperature. A lower operating temperature
involves several advantages such as the use of cheaper
materials for interconnects and manifolds, reduced sealing
and corrosion problems, and increased lifetime and reli-
ability. However, the power output of SOFC systems is
rebated at lower operating temperatures. So, it is necessary
to use other materials for the electrolyte and electrode or
optimize processing and microstructure parameters of
existing SOFCs. It is reported that a significant improve-
ment in the cell performance can be achieved by investi-
gating new cathodes' materials [4—10]. In comparison with
the performance of cathodes based on LSM, LSCF
cathodes are very excellent. For example, LSCF cathodes
gave a power output of 1.0-1.2 W ¢cm 2 at 800°C and 0.7 V
with hydrogen as fuel gas: Compared with conventional
cathodes based on LSM, the high power densities allow a
reduction in operating temperatures of about 100°C by
maintaining the same performance [4]. Besides, the
addition of small amounts of noble metals, e.g., Pd, Ag,
or Pt, to the cathode can also improve the electrochemical
performance of electrodes [11-18]. In the other hand,
studies have already been initiated in order to develop
different cathode microstructures and fabrication methods
[19-23]. Sasaki et al. found that the best thickness of a
LSM cathode was 20pum and suggested that the perfor-
mance of cathodes was closely related to the length of the
triple phase boundary [24]. To improve the electrochemical
performance of LSM-based anode-supported single cells,
the geometrical parameters of the cathode functional layer
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and cathode current collector layer were investigated in
detail, as described [25].

The study was designed to examine the effect of the
LBSM cathode structure on the electrochemical perfor-
mance of anode-supported solid oxide fuel cells. The
analysis focused on the characterization of the cell
performance according to different cathode designs.

Experimental

Anode-supported electrolyte film was fabricated by tape
casting procedure, as reported [26]. Commercial NiO (Inco,
Canada) was used with 8 mol% yttria-stabilized ZrO,
(YSZ, TOSOH, Japan) powder for preparing the substrate
and with scandia-stabilized zirconia, Zrq goScy 1Cep.0102—y
(SSZ, Daiichi Kigenso Kagaku Kogyo, Japan), for the
anode functional layer. The ratio of the mixtures (NiO-—
YSZ, NiO-ScSZ) was 50 wt.% of NiO and 50 wt.% of
stabilized zirconia. The SSZ powder was also used to
prepare the electrolyte film. The powders of these func-
tional layers were ball-milled with organic additives to form
slurries, which were assembled together with the multilayer
tape casting procedure to get the green tapes. After dryness,
the green tape was co-sintered at 1,400°C for 4 h in air to
get the anode-supported SSZ film.

LBSM ((Lao'74Bi0'1()SI'()'16)M1’103,5) powder was syn-
thesized by autoignition of citrate—nitrate gel, and ESB
(Big.7Er 301 5) powder was synthesized by the convention-
al solid state reaction, as described [27]. LBSM-ESB50
mixtures were prepared by mixing the LBSM powder
with an equal amount of ESB. Pastes for the screen-
printing process to apply the cathode layers (or cathode
functional layers) were prepared by mixing the LBSM
(or LBSM-ESB50) powder with a binder consisting of
ethyl cellulose in terpineol, then they were screen-printed
onto the anode-supported SSZ film and sintered at 900°C
for 2 h to form the cathode. Cell-A, cell-B, and cell-D
were prepared with the LBSM cathode, and cell-C was
fabricated with the LBSM-ESB50 cathode functional
layer and LBSM cathode layer on anode-supported SSZ
film. The cathode area was around 1.33 cm” for
performance test. Platinum mesh, attached to the cathode
surface with platinum paste, was used as the current
collector and platinum wire as lead.

The microstructure of the cell was examined by scanning
electron microscopy (SEM, JXA-8100, JEOL, Japan). The
cell performance and AC impedance spectroscopy were
measured at different temperatures with humidified H, (a
water content of around 3 vol.%) as the fuel and oxygen as
the oxidant. The cell current—voltage (/-V) curves were
tested at a scanning rate of 10 mV S™'. The impedances
were measured in the frequency range of 1 MHz—0.03 Hz
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with excitation potential of 20 mV. A four-probe configu-
ration was adopted in the electrochemical testing.

Results and discussion
Microstructure

Figure 1 shows the cross-section SEM images of cathodes
with different thickness on the anode-supported SSZ film. As
shown in Fig. 1, the electrodes showed typical porous
microstructure and a uniform, continuous, and quite dense
SSZ electrolyte was achieved and with a thickness of around
15um. As shown in Fig. 1a—d, the thickness of the electrode
layers was around 15, 55, 85, and 85um for cell-A, cell-B,
cell-C, and cell-D, respectively. The electrode of the cell-C
consisted of a cathode functional layer with a thickness of
around 30um and a cathode layer with a thickness of around
55um. It could be seen that the size of the LBSM particles in
cathode layers was about 400 nm in diameter in Fig. la—d
and that of the ESB particles in the cathode functional layer
was about 1 pum as shown in Fig. lc.

For solid oxide fuel cells, oxygen is reduced at the
cathode and the interface of the cathode and electrolyte.
Although the triple phase boundary (TPB) at the electrolyte/
cathode is a main location for the reduced reaction of
oxygen, the porous cathode is also very important for the
absorption and decomposition of oxygen. Cell-A, cell-B, and
cell-D were prepared by the identical process, so the size scale
of'the LBSM particles and pores in the cathode were basically
identical, and the length of the TPB at the electrolyte/cathode
was also equal by and large. For cell-A, the thickness of its
cathode was only 15pum. In other words, the effective area for
the absorption and decomposition of oxygen was smaller
than that of the cell-B with a relatively thick cathode
(around 55um). Therefore, the difference in cathode
thickness might explain why cell-B showed higher
electrochemical performance than cell-A since more
surface area was available for the absorption of oxygen
into the cathode structure of cell B, which was beneficial
to the electrochemical reaction of the cathode. Further, the
thickness of electrode layers in cell-C and cell-D was
about 85um, but a cathode functional layer (around 30um)
was introduced into cell-C, which extended the total effective
length of TPB and contributed to a higher cell performance.

Polarization behavior

Figure 2a—d shows impedance diagrams measured with a
variety current at 750°C for cell-A, cell-B, cell-C, and cell-
D, respectively. The variation in the trend of the cell-A
polarization resistance (R,) was different from that of the
cell-B, cell-C, and cell-D as the increase of the current. At
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Fig. 1 Typical fracture
cross-section SEM images of the
cell-A (a), cell-B (b), cell-C (c),
and cell-D (d)

750°C, the cell-A yielded R,=1.11, 0.41, and 0.53() cm? at
the current of 0, 400, and 800 mA; the cell-B yielded R,=
1.10, 0.39, and 0.23Q cm? at the current of 0, 400 and
800 mA; the cell-C yielded R,=0.46, 0.31, and 0.192 cm?

Fig. 2 AC impedance diagrams
measured with a variety current
at 750°C for cell-A (a), cell-B
(b), cell-C (c¢), and cell-D (d)
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identical because the anode and electrolyte were fabricated
with the same procedures. So, the different polarization
behavior resulted from the dissimilar structures of cathodes.
For cell-A and cell-B, R, was approximative when the
current was 0 and 400 mA. However, when the current
increased to 800 mA, R, for cell-A increased to 0.53(2 cm?
while R, for cell-B decreased to 0.23Q cm’. The results
suggested that the effect of the thickness of cathodes on the
polarization resistance was not obvious when the current
density through the cells was lower, and the effect became
evident as a further increase of the current. This effect
might be a result of the difference in the effective area for
the absorption and decomposition of oxygen in cathodes
with various thickness. Based on the formula proposed by
van Heuveln and Bouwmeester [28], the reaction model for
oxygen reduction on the cathode is given as follows.
Model:

Step 1. Oz(g) — 2044

Step 2. Oy +¢ — O,y
Step 3. O,y — Opppy

Step 4. Oppg +¢€ — Opppr
Step 5. Opppr + Vo — Oy

The electrochemical reaction in cathodes needs more
Orpp as an increase of the current, so step 3 is the pivotal
reaction. In other words, more adsorbed oxygen (O,q) is
necessary as an increase of the current. In this way, thick
electrodes are beneficial to the absorption and decomposi-
tion of oxygen and the process of the electrochemical
reaction (steps 1 and 2). So, cell-B had a lower resistance
than cell-A. A cathode functional layer was introduced into

cell-C, which effectively extended the length of the TPB,
and the location for the exchange of oxygen was evidently
increased. So, cell-C had more active area for the
electrochemical reaction, and its R, was obviously lower
than that of the cell-A and cell-B. The cathode thickness of
the cell-D was equal with that of the cell-C, but there was
not a cathode functional layer in cell-D. R, was approxi-
mative under the same conditions for cell-B and cell-D, and
R, for cell-D was higher than cell-C. In other words, it is
not necessary to blindly increase the thickness of the
electrode. It was reported that the cathode layer having a
thickness of 50-60pum was enough for single cells [25].
However, the cathode functional layer in cell-C is beneficial
to the decrease of the polarization resistance.

Cell performance

The performance evaluation of cells in this study was
carried out by anode-supported single cells with SSZ film
as electrolyte. Figure 3 shows the current voltage character-
istics and the corresponding power densities for four fuel
cells. They were measured at different temperatures with
humidified hydrogen (a water content of around 3 vol.%) as
the fuel and oxygen as the oxidant. As shown in Fig. 3a, the
maximum power densities were 0.43,0.79, and 1.01 W cm 2
at the same temperature (750°C) for cell-A, cell-B, and
cell-C, respectively. The maximum power densities in-
creased with the increase of the cathode thickness. For cell-
A, its voltage decreased abruptly when the current density
was over 0.71 A cm™ 2, which could be due to an increase in
the concentration polarization. The cathode of cell-A could
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not absorb enough oxygen for the electrochemical reaction
at a relatively high current density because its thickness is
too thin (around 15um), and the effective area for the
absorption and decomposition of oxygen was not enough.
As shown in Fig. 3b—d, the maximum power densities
(MPD) for cell-B were 0.11, 0.24, and 0.49 W cm 2 at 600,
650, and 700°C; the MPD for cell-C were 0.25, 0.46, and
0.75 W cm 2 at 600, 650, and 700°C; and the MPD for cell-
D were 0.12, 0.26, and 0.50 W cm 2 at 600, 650, and 700°C,
respectively. The performance of the cell-C with a cathode
functional layer was obviously higher than that of the cell-B
and cell-D under the same conditions, and the high power
densities allowed a reduction in operating temperatures of
about 50°C by maintaining the same performance. The
length of the TPB was further extended in the cathode
functional layer, which could effectively enhance the oxygen
reduction reaction and further improve the performance of
the cell-C. For the above four cells, the anodic and
electrolyte resistances could be reasonably assumed identical
because the anode and electrolyte were fabricated with the
same procedures. So, the relatively higher power densities
resulted from the higher performance of cathodes. It
demonstrated that the fabrication and thickness of cathodes
had a significant effect on the absorption and decomposition
of oxygen as well as the cell performance.

It should be noted that the thickness of the cathode layer
can significantly influence the overall electrochemical
performance of solid oxide fuel cells. In addition, the
cathode functional layer is also very useful in improving
the cell performance. So, the design of cathodes is important
for solid oxide fuel cells. Further study should be performed
to optimize the thickness of two different layers, including
the cathode layer and the cathode functional layer, and
control the size ratio of two different particles in the cathode
functional layer for improving the cell performance.

Conclusion

Results from electrochemical measurements showed that
the performance of LBSM-based solid oxide fuel cells can
be improved by optimizing the fabrication and thickness of
cathodes. For example, at 750°C, the total polarization
resistance of the cell-A with a thin cathode (around 15 pm)
was 0.53Q cm? at the current of 800 mA and that of the
cell-B and cell-D with the thick cathodes was 0.23 and
0.21Q cm? at the same current. For cell-C, including a
cathode function layer (around 30 um) and a cathode layer
(around 55pum), its total polarization resistance reduced to
0.19Q cm? at the current of 800 mA. Besides, the
maximum power densities were 0.81, 1.01, 0.79, and
0.43 W c¢m 2 at 750°C for cell-D, cell-C, cell-B, and cell-
A, respectively. The results also demonstrated that the

LBSM-based cathode is a very promising cathode material
for intermediate-temperature solid oxide fuel cells.
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