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a b s t r a c t

Operation of cone-shaped anode-supported segmented-in-series solid oxide fuel cell (SIS-SOFC) stack
directly on methane is studied. A cone-shaped solid oxide fuel cell stack is assembled by connecting 11
cone-shaped anode-supported single cells in series. The 11-cell-stack provides a maximum power output
of about 8 W (421.4 mW cm−2 calculated using active cathode area) at 800 ◦C and 6 W (310.8 mW cm−2)
at 700 ◦C, when operated with humidified methane fuel. The maximum volumetric power density of
vailable online 13 January 2010
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the stack is 0.9 W cm−3 at 800 ◦C. Good stability is observed during 10 periods of thermal cycling test.
SEM-EDX measurements are taken for analyzing the microstructures and the coking degrees.

© 2010 Elsevier B.V. All rights reserved.
ethane

. Introduction

Segmented-in-series solid oxide fuel cells (SIS-SOFCs) have been
ttracting more and more attentions [1–4]. The advantages of SIS-
OFCs over tubular SOFCs include simplification of the external
onnecting, decrease of the current path and increase of the volu-
etric energy density. Being light and compact, it is very promising

or portable application.
There are two main configurations of SIS-SOFCs: banded tubular

IS-SOFCs and cone-shaped anode-supported SIS-SOFCs. Banded
ubular SIS-SOFCs, comprising porous insulating substrate and
node/electrolyte/cathode tri-layers, have excellent redox stabil-
ty and extended range of coke-free operation conditions due to
he thinness of anode membrane and the porous substrate barrier
ayer [5–7]. Fig. 1 shows the schematic illustration of banded tubu-
ar SIS-SOFCs. However, banded tubular SIS-SOFCs, with the width
f each single cell unit more than 10 mm, have low power density
ue to large sheet resistance from the relatively thin electrodes.

arnett’s research group prepared banded tubular SIS-SOFCs on
artially stabilized zirconia (PSZ) flattened-tube supports. They got
satisfying maximum power density of 0.9 W cm−2 at 800 ◦C by

ecreasing the width of each cell unit to 1.4 mm and increasing

∗ Corresponding author. Tel.: +86 020 22236168; fax: +86 020 22236168.
E-mail address: jiangliu@scut.edu.cn (J. Liu).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.110
the cathode thickness to 91 �m [8]. However, the decrease of the
cell width complexes the fabricating process and restricts the total
output power. Moreover, the insulating substrate may increase the
concentration polarization at high current density.

Cone-shaped anode-supported SIS-SOFCs stack is a novel design
proposed by Liu [9]. Fig. 2 shows the schematic diagram. As can be
seen, the SIS-SOFCs stack is composed of several cone-shaped sin-
gle SOFCs connected in electrical and gas flowing series. The cell
with one end closed is noted as Cell 1. The cell next to Cell 1 is
Cell 2, then Cell 3, etc. Compared with the banded tubular SIS-
SOFCs, cone-shaped SIS-SOFCs prepared on the anode substrates
decrease the concentration polarization at high current density
by eliminating the insulating substrate. Moreover, cone-shaped
anode-supported SIS-SOFCs stack has smaller sheet resistance and
the fabricating process is simpler. Ding and Liu [10] have fabricated
a two-cell-stack based on the cone-shaped anode-supported SOFC
and demonstrated its feasibility with hydrogen as fuel.

Direct-methane SOFCs are of interest because natural gas is a
widely available fuel and has higher energy density than that of
hydrogen [11–15]. Single SOFC operated with methane has been
well investigated. However, to our best knowledge, there is a

lack of investigation on cone-shaped anode-supported SOFC stack
operated with methane. In this paper, we investigated the perfor-
mance of an 11-cell-stack operated on methane. Its electrochemical
performance, thermal cycling stability, microstructure, and coking
are presented and analyzed in detail.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jiangliu@scut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.12.110
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Fig. 1. The schematic of the banded tubular SIS-SOFCs stack.
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Fig. 2. The schematic of the cone-s

. Experimental

.1. SIS-SOFC stack preparation

The cone-shaped anode-supported SIS-SOFC stack fabricating
ethod comprises three major processes: dip coating, brush paint-

ng, and stack assembling. The anode substrate was fabricated by
ip coating technique with well-mixed NiO powder (INCO Canada)

◦
nd 8 mol% YSZ powder (Tosoh, Japan). After sintered at 1200 C for
h, the anode substrate was dipped in YSZ slurry and co-fired at
400 ◦C for 4 h. Next, the cathode of LSM/YSZ and LSM was brush
ainted on the electrolyte. Then 11 cone-shaped anode-supported
OFCs were assembled in electrical and gas flow series according

Fig. 3. The photo of the cone-shaped anode-supported SOFCs.
anode-supported SIS-SOFCs stack.

to the configuration of Fig. 2. The detailed fabrication process was
described in our previous report [16]. Fig. 3 shows the photo of the
cone-shaped anode-supported SOFCs. Fig. 4 shows the photo of the
11-cell-stack. The total length of the stack is 9.5 cm and the diam-
eter of the cone-shaped SOFC is 1.1 cm. The total effective cathode
area of the 11-cell-stack is 18.7 cm2.

2.2. SIS-SOFCs stack testing
The 11-cell-stack was reduced at 600 ◦C for 1 h when 3 vol.%
water humidified hydrogen (150 ml min−1) was supplied at the
anode side. Then the hydrogen was switched to humidified
methane (100 ml min−1). The 11-cell-stack was tested in the

Fig. 4. The photo of the 11-cell-stack.
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emperature range of 600–800 ◦C, with the cathode side exposed
o ambient air. After that, thermal cycling tests were performed
sing moist hydrogen (150 ml min−1) as fuel. Each period of ther-
al cycling test was carried out by raising the temperature from

00 to 800 ◦C, measuring the OCV of the stack, and then lowering
he temperature to 300 ◦C.

The electrochemical performance of the stack was tested by
four-probe method using IviumStat electrochemical analyzer

Ivium Technologies B.V., Netherlands). After these tests, the
icrostructures of the cells were characterized by a scanning

lectron microscope (SEM, Philips XL-30FEG, Holland). SEM-EDX
easurements were taken at the anode surfaces of Cell 1, Cell 3

nd Cell 5.

. Results and discussion

.1. Electrochemical performance of the 11-cell-stack

Fig. 5 shows the I–V–P characteristics comparison of the stack
◦ −1
perated at 600 C using moist hydrogen (150 ml min ) and

ethane (100 ml min−1) as fuel. As can be seen, the open circuit
oltage (OCV) of the 11-cell-stack is about 10.5 V. The stack pro-
ides a maximum power density as high as 84.1 and 55.1 mW cm−2

t 600 ◦C using moist hydrogen and methane as fuel, respectively.

ig. 5. The I–V–P characteristics comparison of the stack operated at 600 ◦C using
oist hydrogen (150 ml min−1) and methane (100 ml min−1) as fuel and ambient air

s oxidant.

ig. 6. The open circuit voltage of the 11-cell-stack at different operating tempera-
ures.
Fig. 7. The I–V–P characteristics of the 11-cell-stack at different operating temper-
atures.

The maximum power density of the stack using moist hydrogen as
fuel is about 34.4%, higher than that using methane. The result 34.4%
is higher than the 20% in the previous reports [13] due to the flow
rate of the hydrogen gas was higher than that of the methane gas.

Fig. 6 shows the OCVs of the stack using methane (100 ml min−1)
as fuel at different temperatures. As can be seen, the OCV increases
with temperature, of which result accords with the calculation
from Nernst equation. In the testing temperature range, the OCVs

of the 11-cell-stack are higher than 10.1 V and the average OCV
of each cell is about 0.93 V, which is close to the theoretical OCV
value. It demonstrates that the electrolyte layer is dense and the
sealing technique is acceptable for the stack assembling. Fig. 7
is the I–V–P characteristics of the 11-cell-stack using methane

Fig. 8. The electrochemical impedance spectra of the 11-cell-stack measured from
600 to 800 ◦C.

Fig. 9. The OCVs of the 11-cell-stack at 800 ◦C for each period of thermal cycling.
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100 ml min−1) as fuel at different testing temperatures. We can
ee that the stack provides a maximum power output of about 8 W
421.4 mW cm−2 calculated using active cathode area) at 800 ◦C
nd 6 W (310.8 mW cm−2) at 700 ◦C. The volumetric of the stack is
bout 0.9 W cm−3 at 800 ◦C. At lower temperature, the voltage ver-
us current is concave up, indicating that activation polarization
ominates the total resistance. At higher temperature, the curve
f voltage versus current becomes more linear, indicating that the
ctivation polarization decreases evidently and the ohmic resis-
ance becomes more influential. The electrochemical impedance
pectra of the 11-cell-stack measured at different temperatures are
hown in Fig. 8. For the whole cell impedance, the intercepts of the
eal axis at high-frequency correspond to the cell ohmic resistance
hile the arcs at low-frequency are the overall electrodes polar-

zation resistance including those from both anode and cathode. It
s obvious that at lower temperatures the polarization resistance is

uch larger than the ohmic resistance. Therefore, further improve-
ent of electrode activity and electrode/electrolyte interface for

one-shaped anode-supported SIS-SOFCs stack is required to get
igher performance at lower temperatures.
.2. Thermal cycling stability of the 11-cell-stack

Fig. 9 shows the stability of the 11-cell-stack through 10 peri-
ds thermal cycling testing using moist hydrogen (150 ml min−1)

Fig. 11. SEM micrographs and EDX spectra taken from anod
Fig. 10. SEM micrograph of cross-section of SOFC after testing.

as fuel and ambient air as oxidant. The stack OCV maintains at about

9.3 V at 800 ◦C after 10 periods of thermal cycling tests, indicating
that good stability can be attained with the cone-shaped anode-
supported SIS-SOFCs design and that the decay of the sealing effect
is negligible. Similar work on a two-cell-stack has been done by

e surfaces after testing (a) Cell 1, (b) Cell 3 (c) Cell 5.
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ome of our coauthors [10]. The stability of the 11-cell-stack shows
hat the fabricating technique for the two-cell-stack also works well
or multi-cell-stack. The capability of enduring thermo-mechanical
tresses through the thermal cycling test is significant for portable
pplication.

The thermal cycling stability of a multi-cell-stack in methane,
long with the operation life, should be significantly influenced by
he operating current, and that investigation involves a lot of work.
he corresponding research is in our next plan.

.3. Microstructures of the as-prepared samples

Fig. 10 is a representative facture cross-sectional SEM image of
he cell, showing a 20 �m-thick YSZ film. As can be seen, the elec-
rode layers are porous while the YSZ electrolyte film is quite dense.
ll the layers are reasonably flat and uniform, with intimate contact
t the interfaces.

Fig. 11 shows SEM-EDX spectra taken from the anode surface
f Cell 1, Cell 3 and Cell 5, respectively, after the stack had been
ested in methane. Fig. 11(a) shows a clear evidence of carbon
eposition: the EDX spectrum shows a strong carbon peak and the

mage shows stopped holes by carbon. Fig. 10(b) shows slighter
arbon on the anode surface and Fig. 10(c) shows the lowest car-
on peak. That is because the products of the cell reaction, CO2
nd H2O, increase along the path from the first cell (Cell 1) to
he last one in the stack. CO2 and H2O on the anode side can
ncrease the partial oxygen pressure which is propitious to restrain
oking.

. Conclusion
An 11-cell-stack of the cone-shaped anode-supported
egmented-in-series SOFC design has been successfully developed.
he maximum power output of 8 W at 800 ◦C and 6 W at 700 ◦C,
nd the volumetric power density of 0.9 W cm−3 at 800 ◦C have
emonstrated the feasibility of the design and the corresponding

[

[
[
[
[
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techniques for fabricating the stack. 10 periods of thermal cycling
test shows that the cone-shaped anode-supported SIS-SOFC stack
has good thermo-mechanical properties and that the cone-shaped
anode-supported SIS-SOFCs stack is highly promising for portable
applications.

Moreover, the SEM-EDX spectra show that the coking degrees
are different with the different positions in the stack. So we plan to
append different kinds and amounts of catalyst on the cells accord-
ing to different positions in the stack to restrict the coking in future
study.
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