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a b s t r a c t

We have studied the properties of a cathode fabricated by painting with a brush pen for use with anode-
supported tubular solid oxide fuel cells (SOFCs). The porous cathode connects well with the electrolyte.
A preliminary examination of a single tubular cell, consisting of a Ni–YSZ anode support tube, a Ni–ScSZ
anode functional layer, a ScSZ electrolyte film, and a LSM–ScSZ cathode fabricated by painting with a
eywords:
olid oxide fuel cell
ubular
node-supported
ip-coating

brush pen, has been carried out, and an improved performance is obtained. The ohmic resistance of the
cathode side clearly decreases, falling to a value only 37% of that of the comparable cathode made by
dip-coating at 850 ◦C. The single cell with the painted cathode generates a maximum power density of
405 mW cm−2 at 850 ◦C, when operating with humidified hydrogen.

© 2009 Elsevier B.V. All rights reserved.

omposite cathode
ainting

. Introduction

The solid oxide fuel cell (SOFC) is a completely solid device
hat converts the chemical energy of fuels to electricity by electro-
hemical oxidation. It has emerged as one of the most important
ower generation devices because of its high energy conversion
fficiency, low noise and low pollution [1–3], and its ability to be
sed with many different fuels [4]. There are two main designs of
OFC: planar and tubular. Tubular SOFCs have many advantages
5–8] such as the ease of sealing, and their ability to endure the
hermal stress caused by rapid heating up to the operating temper-
ture, as reported by Kendall and Palin [6] and Yashiro et al. [7] for
icro-tubular SOFCs. Tubular SOFCs can therefore be expected to be

sed for co-generation and transportation applications. The ohmic
esistance of the cathode/electrolyte interface dominates the total
hmic resistance of the anode-supported tubular SOFCs [9]. Accord-

ngly, the cathode needs to be optimized first in order for the SOFC
o have the potential for commercial application at intermediate
emperatures.

Sr-doped lanthanum manganate La1−xSrxMnO3 (LSM) is the
lassic cathode material for high-temperature solid oxide fuel cells

SOFCs) because of its good properties, such as electrical conduc-
ivity, catalytic activity for oxygen reduction, thermal and chemical
tability at high temperature, and compatibility with electrolytes
uch as yttria-stabilized zirconia (YSZ) and doped ceria (DCO) [10].

∗ Corresponding author. Tel.: +86 21 52411520; fax: +86 21 52411520.
E-mail address: srwang@mail.sic.ac.cn (S. Wang).
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However, LSM exhibits negligible ionic conductivity and high acti-
vation energy for oxygen dissociation, so there is some limitation in
the use of pure LSM in cathodes for SOFCs operating at intermedi-
ate temperatures (600–800 ◦C). The LSM-based composite cathode
is one where an ionic conductor is added to the LSM, leading to
a significant decrease in the polarization resistance. For instance,
Murray and Barnett [11] reported that at 700 ◦C, the polarization
resistance is 7.28 � cm2 for a pure LSM cathode but 2.49 � cm2 for
a LSM–YSZ composite cathode.

Cathode fabrication is a major focus for improving performance
and reducing cost. Many methods for fabricating cathodes for
anode-supported tubular SOFCs have been reported in recent years
including dip-coating [9,8,12–15], atmospheric plasma-spraying
[16,17], and the doctor-blade method [18]. However, they have
a number of shortcomings. For example, with the dip-coating
method it is difficult to control the thickness or weight of the cath-
ode and the atmospheric plasma-spraying method requires high
investment in large equipment and has complicated fabrication
processes.

In this study, we describe painting of the cathode by a brush
pen, a new method for fabricating the cathode of anode-supported
tubular SOFCs. It has many advantages over conventional processes
such as dip-coating, plasma-spraying and the doctor-blade method.
First of all, it needs no large equipment or significant control of

ambience conditions so the fabrication cost is very low. Secondly,
it is a simple fabrication process and easy to carry out. Thirdly, it
is easy to control the thickness or weight of the cathode. Finally, it
can be applied to both laboratory and industry scale by reason of
the advantages listed above.

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.2009.06.099
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Fig. 1. The typical curves for potential and power density versus the current density
for the tubular SOFC with a painted cathode at different temperatures while running
on humidified hydrogen.
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Fig. 3. AC impedance spectra for the cell with a painted cathode under open circuit
at different temperatures using humidified H2 as fuel and O2 as oxidant.

Tubular SOFC tests were carried out in a single-cell test setup,
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ig. 2. The comparison of the I–V and I–P curves for tubular cells using cathodes
repared by the two methods at 850 ◦C while running on humidified hydrogen.

. Experimental

.1. Fabrication of tubular SOFCs

The anode-supported thin electrolyte tube, consisted of a
iO–YSZ anode support tube, a NiO–Zr0.89Sc0.1Ce0.01O2−x (ScSZ,

candia-stabilized zirconia, Daiichi Kigenso Kagaku Kogyo, Japan)
NiO–ScSZ) anode functional layer, and a ScSZ electrolyte film, was
rst obtained using dip-coating and co-sintering techniques [9].

he length of the tube was approx. 10.8 cm and the outside diameter
f the tube was approx. 1.0 cm.

Next, the anode tube with electrolyte was painted with
athode ink by a brush pen. The cathode ink consisted

able 1
aximum power densities (MPD), ohmic resistances (R�) and electrode polarization resis
painted cathode compared to those with a dip-coated cathode.

MPD (mW cm−2) R� of cell (� cm2) R

ip-coated cathode 325 0.72 0
ainted cathode 405 0.32 1
Fig. 4. AC impedance spectra for the single cell, the anode side and the cathode side
under open circuit at 850 ◦C using humidified H2 as fuel and O2 as oxidant.

of (La0.8Sr0.2)0.98MnO3 (LSM, lanthanum strontium manganite,
Inframet Advanced Materials, CT, USA) and ScSZ powder, and terpi-
neol, ethyl-cellulose and other organic ingredients. After painting
the cathode ink, the tube was dried in air and sintered at 1200 ◦C
for 2 h in air to complete a cell. The area of the cathode was approx-
imately 10.0 cm2.

2.2. Cell performance test
whose details are reported elsewhere [9]. Humidified hydrogen was
used as fuel and oxygen was used as the oxidant. The fuel and oxi-
dant flow rates were controlled at 180 mL min−1 and 120 mL min−1,
respectively. The current–voltage (I–V) curves and electrochemical

tances (RE) of cell and cathode of the anode-supported tubular SOFC at 850 ◦C using

E of cell (� cm2) R� of cathode (� cm2) RE of cathode (� cm2)

.80 0.62 0.68

.86 0.23 1.46
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Fig. 5. The comparison of AC impedance spectra under open circuit at 850 ◦C for
(a) the single cells, and (b) the cathode sides, with cathodes prepared by the two
methods.

Fig. 6. The voltage change of the cell with a painted cathode during a long duration
discharge at a current density of 200 mA cm−2 at 800 ◦C compared to that of a cell
with a dip-coated cathode.

Fig. 7. AC impedance spectra for (a) the single cell, (b) the anode side and (c) the

cathode side under open circuit at 800 ◦C after different discharge times.

impedance spectra (EIS) were obtained to evaluate the perfor-
mance of the cell. The I–V curves were obtained by the volt–ampere
method. The EIS were obtained using an Electrochemical Worksta-
tion IM6ex (Zahner, GmbH, Germany). The impedance spectra of
the electrochemical cell were recorded under open circuit, with

an amplitude of 20 mV, in the frequency range 0.03 Hz to 100 kHz.
At the same time, the EIS of the anode to reference cathode and
the cathode to reference cathode were measured under open cir-
cuit. The measurements were carried out at 700–850 ◦C, in steps
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Fig. 8. SEM micrographs of (a) the dip-coated cathode after cell testing, (c) the

f 50 ◦C. The ohmic resistances (R�) were estimated from the high
requency intercepts with the real axis and the overall electrode
olarization resistances (RE) were directly measured from the dif-

erences between the low and high frequency intercepts with the
eal axis.

The long-time stability testing for the tubular SOFC was carried
ut at a current density of 200 mA cm−2 at 800 ◦C. The electro-

hemical impedance spectra under open circuit of the cell, the
node side and the cathode side, were recorded after different
imes.

In order to study the microstructure of the cathode, scanning
lectron microscope (SEM) images of a cross section of the cathode
d cathode before cell testing, and (b, d, e) the painted cathode after cell testing.

were observed with an electron probe microanalyzer (EPMA, JXA-
8100, JEOL) before and after the cell operation.

3. Results and discussion

3.1. Electrochemical performance of anode-supported tubular

SOFC

Fig. 1 shows typical curves for potential and power den-
sity versus the current density for the anode-supported tubular
SOFC with a painted cathode at different temperatures while
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unning on humidified hydrogen. It can be seen that the anode-
upported tubular cell with an effective area of approximately
0 cm2 produced a good performance, with maximum power
ensities of 405, 337, 252 and 171 mW cm−2 at 850, 800, 750
nd 700 ◦C, respectively. This performance was clearly improved
ith respect to that of a previous cell using a dip-coated cath-

de [9]. A comparison of the I–V and I–P curves for tubular
ells using cathodes prepared by the two methods, while run-
ing on humidified hydrogen at 850 ◦C, is shown in Fig. 2. A
omparison other performance data for the two cells is given in
able 1.

The AC impedance spectra for the cell at different temperatures
sing humidified hydrogen and oxygen as the working gases under
pen circuit are shown in Fig. 3. The ohmic resistances and the
olarization resistances increased as the temperature decreased.
he ohmic resistances were 0.32, 0.38, 0.42, and 0.48 � cm2 at 850,
00, 750 and 700 ◦C, while the electrode polarization resistances
ere 1.86, 2.30, 3.44, and 5.79 � cm2, respectively. Fig. 4 shows the
C impedance spectra for the single cell, the anode side and the
athode side under open circuit at 850 ◦C. The ohmic resistances
nd polarization resistances of the single cell, the anode side and
he cathode side were, respectively, 0.32 and 1.86 � cm2, 0.08 and
.42 � cm2, and 0.23 and 1.46 � cm2. The ohmic resistance of the
athode side had clearly decreased but the polarization resistance
nder open circuit had significantly increased compared with that
f dip-coated cathode, as can be seen from Table 1 and Fig. 5. This

ndicates that the maximum power density greatly depends on the
hmic resistance of the cell. The relatively large polarization resis-
ance may decrease sharply during discharge, owing to the current
ffect of the LSM-based cathode [9]. From Fig. 5 it also can be seen
hat the high frequency arcs of the two cells with different cath-
des were almost the same, but their low-frequency arcs, which
orrespond to mass transport processes, were very different. The
ifferent micro-structure of the cathodes, which can be seen from
ig. 8, may be the reason.

.2. Long term stability testing of the tubular SOFC

Fig. 6 shows the voltage change of the cell with a painted
athode during a long duration discharge at a current density of
00 mA cm−2 at 800 ◦C compared to that of a cell with a dip-coated
athode. It can be seen that the voltage of the cell with the painted
athode was much more stable than that of a cell with a dip-coated
athode. It increased slightly in the first 50 h, and then remained
lmost constant over the following 150 h. However, the voltage
ecreased slowly after 200 h. The reason can be seen by inspection
f Fig. 7.

Fig. 7 shows the AC impedance spectra for (a) the single cell, (b)
he anode side, and (c) the cathode side under open circuit at 800 ◦C
fter different discharge times. In Fig. 7, we can see that the ohmic
esistance of the cell increased continuously over the test period,
nd its polarization resistance, especially the low-frequency arc cor-
esponding to the mass transport process, increased slowly to 100 h,
nd then tended to remain constant, decreasing slightly after 200 h.
he change of ohmic resistance and polarization resistance of the
athode in the test time were similar to those of the complete cell.
owever, the resistance at the anode side did not change. This indi-
ates that the degradation of cell was mainly due to the aging of
athode. This was probably due to the unsealed setup used for test-
ng, which leads to burning of the unused H2 and O2 at the mouth
f the tubular cell. The unburned H2 and the by-product H2O, may
iffuse to the cathode and destroy its structure.
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3.3. Microstructural characteristics of the cathode

Fig. 8 shows SEM micrographs of (a) the dip-coated cathode after
cell testing, (c) the painted cathode before cell testing and (b, d, e)
the painted cathode after testing. From Fig. 8(a) and (b), we found
that both cathodes had a porous structure, and their thicknesses
were both approximately 70 �m. However, the painted cathode
combined better with the electrolyte and had more uniform grains
than the dip-coated cathode. On the other hand, the dip-coated
cathode had a higher porosity, which was advantageous for the
transportation of oxygen, so resulted in a smaller low-frequency arc
in the AC impedance spectra. The different micro-structures of the
two cathodes were probably caused by the different solvents. The
ink for the painted cathode with terpineol solvent was more vis-
cous than the slurry used for dip-coating with ethanol solvent, so
the cathode ink was more uniform and made the cathode combine
better with the electrolyte, which resulted in a smaller omhic resis-
tance at the interface between the cathode and electrolyte. From
Fig. 8(c) and (d), it can be seen that the grains in the painted cathode
were distributed over two dimension scales. The larger grains, with
an average size of approximately 2–3 �m, were ScSZ grains, which
can conduct oxygen ions. The smaller grains, with average size
approximately 0.5–1 �m were LSM grains, which were electronic
conductors. The micro-pores, ScSZ grains and the LSM grains consti-
tute a three-phase boundary, in which the oxygen was dissociated.

4. Conclusions

A cathode for an anode-supported tubular SOFC has been suc-
cessfully fabricated by a method consisting of painting with a
brush pen. The cell was tested at intermediate temperatures (below
850 ◦C). The single tubular cell, with cathode area approximately
10.0 cm2, generated 405, 337, 252 and 171 mW cm−2 at 850, 800,
750, and 700 ◦C, respectively, with humidified hydrogen and oxy-
gen as the working gases. The AC impedance spectra for the cell
indicated that the ohmic resistance of the cathode side had clearly
decreased compared to that of the dip-coated cathode. Further
work is currently being undertaken in order to achieve a better
performance of the anode-supported tubular SOFC.
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