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a b s t r a c t

A cathode-supported tubular solid oxide fuel cell (CTSOFC) with the length of 6.0 cm and outside
diameter of 1.0 cm has been successfully fabricated via dip-coating and co-sintering techniques. A crack-
free electrolyte film with a thickness of ∼14 �m was obtained by co-firing of cathode/cathode active
layer/electrolyte/anode at 1250 ◦C. The relative low densifying temperature for electrolyte was attributed
to the large shrinkage of the green tubular which assisted the densification of electrolyte. The assembled
cell was electrochemically characterized with humidified H2 as fuel and O2 as oxidant. The open circuit
voltages (OCV) were 1.1, 1.08 and 1.06 V at 750, 800 and 850 ◦C, respectively, with the maximum power
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densities of 157, 272 and 358 mW cm−2 at corresponding temperatures.
© 2009 Elsevier B.V. All rights reserved.
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. Introduction

SOFC has increasing attracted interest for its high energy con-
ersion efficiency and low impact to environment as a mean
f generating electricity [1,2]. Lanthanum strontium manganites
LSM), yttria- or scandia-stabilized zirconia (YSZ or SSZ), and
i–YSZ (SSZ) composites are the most conventional cathode, elec-

rolyte, and anode materials, respectively [3,4]. Nowadays, planar
nd tubular geometric configurations are the two main SOFC
esigns. Compared with the planar design, the biggest advantage
f tubular cells is that they are easier to seal to isolate oxi-
ant from the fuel. Depending on the support, tubular SOFCs are
ivided into three categories, such as the anode-, cathode- and
lectrolyte-supported SOFCs. Electrode-supported tubular SOFCs
ossess additional advantages over electrolyte-supported cells due
o the thinner electrolyte layer which can decrease the ohmic
otential losses in the electrolyte. Furthermore, cathode-supported
ubular solid oxide fuel cells (CTSOFCs) are particularly attractive
ver anode-supported ones due to their feasibility of using nickel

aterial for current collecting for stacks. Additionally, the difficul-

ies associated with volume contraction and expansion resulting
rom anode redox cycles may be avoided, since now the anode can
e very thin and do not dominate the mechanical integrity of the
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membrane [5]. Siemens Westinghouse Power Corporation (SWPC)
has successfully conducted long-term operation over 30,000 h
using CTSOFCs [6].

One of the major stumbling blocks for CTSOFC commercializa-
tion is high manufacturing costs. Though LSM-supported tubular
SOFC has been successfully demonstrated by SWPC, the fabrica-
tion process of thin YSZ membrane on cathode supports usually
needs expensive and mass production-limited techniques (such as
PVD, EVD–CVD) [5,7]. The replacement of expensive and compli-
cated processing steps for CTSOFC components (electrolyte and
electrode) by cheaper and simpler techniques has to be consid-
ered. Co-sintering is an effective way to lower the costs, but the
fabrication of a dense electrolyte on a porous cathode is very
difficult due to the poor chemical compatibility of cathode and elec-
trolyte at high temperature. The reaction between LSM cathode and
zirconia-based electrolyte occurs above 1200 ◦C [8]. But the densi-
fying temperatures for commercial zirconia-based electrolytes are
over 1300 ◦C [9]. The reactivity mechanism proposed by Taimatsu
et al. suggests that the reaction proceeds by the unidirectional dif-
fusion of Mn into zirconia-based oxide, and as a result, LSM at the
interface becomes deficient in Mn and excess in La, leading to the
formation of La2Zr2O7 [10]. Though choosing of A-site deficient LSM
can increase the co-sintering temperature, the reaction still occurs

at higher temperature [8]. Liu et al. have reported the fabrication
of cathode-supported SOFCs (20 mm diameter, 0.8 mm thick pel-
lets) by using a co-sintering process; an additional Sm0.2Ce0.8O1.95
layer was used between cathode and YSZ electrolyte [7]. For the
cathode-supported cells, the supporting cathode dominates the
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ensification of the supported electrolyte film due to the much
hicker cathode layer than the electrolyte and anode layers [3]. The
cquirement of a green tubular with a large shrinkage which can
ssist the densification of the electrolyte film during co-sintering
s significantly important to ensure the fabrication of dense elec-
rolyte at relative low temperatures.

As a cost-effective and facile fabrication process, dip-coating
ollowed by co-sintering has been used for the preparation of
node-supported tubular SOFCs [11]. But the fabrication of CTSOFC
y this technique has not been reported. In this study, this method
as developed for the fabrication of CTSOFC. The results showed

hat the green tubular fabricated by dip-coating has a large shrink-
ge and a dense electrolyte can be formed by co-sintering of
athode/cathode active layer/electrolyte/anode at 1250 ◦C without
hemical reaction between them.

. Experimental procedure

.1. Synthesis of cathode powder

In order to improve the chemical compatibility between cathode
nd electrolyte, A-site deficient (La0.8Sr0.2)0.95MnO3 (LSM95) was
hosen as the cathode [8]. LSM95 powder was synthesized using the
onventional solid state reaction method. Analytical grade La2O3,
rCO3, and MnCO3 were used as starting materials. A mixture of
hese raw materials was milled at room temperature for 2 h in a
lanetary mill using zirconia balls as milling medium with a small
mount of ethanol as the solvent. This mixture was then calcined
t 1050 ◦C and pure perovskite phase LSM95 was obtained.

.2. Fabrication of a CTSOFC

Self-made LSM95 was used for preparing the cathode sub-
trate, LSM95 and commercial Zr0.89Sc0.1Ce0.01O2−x (SSZ, Daiichi
igenso Kagaku Kogyo, Japan) with a weight ratio of 1:1 for cath-
de active layer (CAL), SSZ for electrolyte layer, nickel oxide (NiO,
nco Canada) powder and SSZ with a weight ratio of 1:1 for anode
ayer. The slurries for dip-coating process were prepared by a ball

illing process that included two steps. In the first step, all the
bove-mentioned ceramic powders were milled in a planetary mill
or 1 h using zirconia balls as milling medium with ethanol and
utanone as the solvents, methyl ethyl ketone (MEK) as the dis-
erse agent. To form sufficient porosity in the cathode substrate
nd CAL, 30 wt% (relative to cathode or CAL powder) graphite pow-
er was added as pore former to the cathode and CAL slurries.
econdly, other organic additives, such as polyvinyl butyral and
olyethylene glycol used as binder and plasticizer, respectively,
ere added, and then milled for another 2 h. Before dip-coating,

he slurries were vacuum pumped for about 2 min to remove
ir.

The dip-coating process was carried out on a one-end-closed
lass tube with an outside diameter of 12 mm. First, the LSM
athode supporting layer was dipped 5 times to reach a thick-
ess of about 1 mm and then the CAL and electrolyte layer were
ipped in turn. After drying, the green tube was rolled out from
he glass tube and co-fired at 1150 ◦C for 4 h. Then the anode was
ipped on the surface of electrolyte, waiting for co-sintering. The
o-sintering temperature should be chosen to guarantee the den-
ification of the electrolyte film, and meanwhile that no obvious
eaction occurred at the interface. After checking the XRD pat-

erns of a LSM95 and SSZ powder mixture, with the weight ratio
eing 1:1, and sintered at 1250 ◦C (such condition was more crit-

cal than the LSM95/SSZ interface of the cell, in respect of their
eaction), the green tubular was heated in air to 1250 ◦C by a
ate of 120 ◦C h−1 and co-sintered at that temperature for 4 h.
Fig. 1. The overall view of the cathode-supported tubular SOFC co-sintered at
1250 ◦C.

The cathode-supported tubular cell (length approximately 6.0 cm,
outside diameter approximately 1.0 cm, thickness approximately
0.8–0.9 mm) was then obtained, as shown in Fig. 1. According to
the anode area, the effective working area of the dipped CTSOFC
was 10.1 cm2.

2.3. Measurements

The phase composition was determined by X-ray diffraction
(XRD) with Cu K� radiation (X’pert Pro, Philips, Netherlands). The
microstructure of the ceramic samples was analyzed by using
a Hitachi X-600 scanning electron microscope (SEM). The cell
performance and electrochemical impedance spectroscopy were
measured from 750 to 850 ◦C with humidified H2 (by bubbling
at room temperature) as fuel and O2 as oxidant. The flow rate of
each gas was 40 ml min−1. Pt paste was applied as current collector
and Pt wire as lead. I–V curves were obtained by the volt–ampere
method. The impedances were obtained using an Electrochemi-
cal Workstation IM6e (Zahner, GmbH, Germany) in the frequent
range of 0.02 Hz to 20 kHz with excitation potential 20 mV. A
four-probe configuration was adopted in the electrochemical test-
ing.

3. Result and discussion

3.1. XRD analysis

The XRD pattern of the LSM95 and SSZ powder mixture is
shown in Fig. 2. Clearly, the composite consists of two phases,
rhombohedral perovskite-structured oxide (JCPDS: 89-4461) and
tetragonal fluorite-structured oxide (JCPDS: 82-1243). No impurity
phases, such as La2Zr2O7 or SrZrO3, appeared. Using XRD, Jiang et
al. observed the formation of La2Zr2O7 at the interface between
La0.8Sr0.2MnO3 and YSZ at 1150 ◦C [12]. It is reasonable to deduce
that interface reaction between La0.8Sr0.2MnO3 and SSZ at elevated
temperature of 1250 ◦C can also be observed. However, with A-
site deficient LSM95, the results of Fig. 2 suggest that its reaction
with SSZ can be inhibited effectively to the extent of XRD limita-
tion.

3.2. Microstructure
The typical scanning electron microscopy image of the single
cell after cell testing is shown in Fig. 3. The SSZ electrolyte mem-
brane is 14 �m in thickness and dense enough without obvious
pores. The electrolyte adheres well to the CAL and anode, without
any cracking or delamination after testing. It is noteworthy that the
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Fig. 2. XRD patterns of LSM95 and SSZ composite co-sintered at 1250 ◦C.

ensifying temperature for electrolyte is much lower than that has
een reported [9]. The relative low densifying temperature can be
ttributed to the large shrinkage of the green tubular which assists
he densification of electrolyte [3]. The linear shrinkage of the tubu-
ar from room temperature to 1250 ◦C is 26%. The electrodes show
ypical porous microstructure. Porosity of the cathode substrate is
bout 34% determined by Archimedes method in water. Due to the
imilar microstructure of the cathode and CAL, it is hard to dis-
inguish them directly. When it is analyzed by energy dispersive
-ray spectroscopy (not shown here), the thickness of CAL is about
5 �m.

.3. Electrochemical performance

Fig. 4 shows the current–voltage (I–V) and current–power den-
ity (I–P) curves of the CTSOFC tested at different temperatures.
he open circuit voltage (OCV) values are 1.10, 1.08 and 1.06 V at
50, 800 and 850 ◦C, respectively, which is in good agreement with

he theoretical value calculated from the Nernst equation for each
emperature [13]. The high OCV indicates that the current leakage
nd the gas permeation through the electrolyte layer are negligible
nd further confirms the prepared electrolyte is dense without any

Fig. 3. SEM image of the cross-section of the CTSOFC after testing.
Fig. 4. I–V and I–P curves of the single cell measured at 750, 800, and 850 ◦C, respec-
tively, with humidified H2 as fuel and O2 as oxidant. The flow rate of each gas was
40 ml min−1.

cracks or defects. As seen from the I–P curves, peak power densities
are 157, 272 and 358 mW cm−2 at corresponding temperatures. A
maximum power density of 90 mW cm−2 higher than that recently
reported with similar configuration measured at 800 ◦C [14]. The
high performance of the present cell can be owed to the relative
lower co-sintering temperature between cathode and electrolyte
without the formation of high-resistance phase La2Zr2O7. The other
reasons may be the excellent microstructure and thin electrolyte
film.

Fig. 5 shows the impedance spectroscopy measured under open
circuit condition at different temperatures. The low frequency
intercept corresponds to the total resistance of the cell. The high
frequency intercept represents the ohmic resistance (Ro), involving
ionic resistance of the electrolyte, electronic resistance of the elec-
trodes, and some contact resistance associated with interfaces [15].
The Ro values are 0.91, 0.68, and 0.59 � cm2 at 750, 800, and 850 ◦C,
respectively. The difference between the high frequency and low
frequency intercepts represents the electrode polarization resis-
tance (Rp). The Rp values are 1.84, 0.68, and 0.43 � cm2 at 750,
800, and 850 ◦C, respectively. The contribution of Rp to the total

cell resistance, Rp/(Ro + Rp), achieves 67% at 750 ◦C. It is well known
that LSM is a typical choice as cathode material at high tempera-
ture (800–100 ◦C), the overpotential increases significantly below
800 ◦C due to the relative low reaction rate of oxygen reduction [16].

Fig. 5. Impedance spectra of the single cell measured under the open circuit state
from 750 to 850 ◦C.
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or high electrochemical performance at low temperature (below
00 ◦C), alterative cathode materials must be considered.

. Conclusion

Dip-coating and co-firing processes were successfully applied
o fabricate a large-size CTSOFC with the length of 6.0 cm and out-
ide diameter of 1.0 cm. The interface reaction between cathode and
lectrolyte was inhibited by using A-site deficient LSM as cathode.
dense enough SSZ thin film with a thickness of ∼14 �m has been

btained at 1250 ◦C. The maximum power densities were 157, 272
nd 358 mW cm−2 at 750, 800 and 850 ◦C, respectively. To sum up,
ip-coating and co-firing can be considered as a promising CTSOFC

abrication technique for future SOFC commercialization.
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