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a b s t r a c t
Anode supported intermediate temperature micro-tubular solid oxide fuel cells (MT-SOFCs) with the cell
conﬁguration of Ni-Sc2O3 stabilized ZrO2 (ScSZ)/ScSZ/(La0.75Sr0.25)0.95MnO3 (LSM)-Sm0.2Ce0.8O1.9 (SDC)-ScSZ
have been fabricated by a combination of phase-inversion, dip-coating, co-sintering and impregnation method.
Cross-sectional SEM images of the fabricated MT-SOFC reveal that the dense ScSZ electrolyte and porous ScSZ
backbone in the anode and cathode formed together, and the stability test demonstrates that the fabricated
MT-SOFCs have robust resistance to thermal cycling. Maximum power densities of 0.29, 0.40 and 0.52 W cm−2
have been achieved at 550, 600 and 650 °C, respectively. The results indicate that the fabricated MT-SOFC has
potential applications for portable power needs.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Solid oxide fuel cells (SOFCs) are promising energy conversion
devices that can convert the chemical energy in the fuel directly to
electricity with high energy conversion efﬁciency and fuel ﬂexibility
[1,2]. Currently, the most widely used conﬁgurations for SOFCs are
planar and tubular, both of them employing a structure in which a
dense solid electrolyte is sandwiched between two porous electrodes.
However, due to the brittleness and thermal expansion coefﬁcient
(TEC) mismatch among the cell components, fast degradation caused
by rapid heating from room temperature to high operating temperature
(800–900 °C) is a signiﬁcant challenge [3,4], and a slow heating up and/
or cooling down are therefore required. Moreover, the high operating
temperature signiﬁcantly limits the choice of the cell materials, which
must possess sufﬁcient chemical and thermal stability under the operating conditions [5–7]. In order to develop SOFCs for a broad spectrum
of power generation applications such as auxiliary power units for
transportations and portable power devices for consumer electronics,
it is desirable to reduce the operating temperature and improve the
thermal cycling robustness of the SOFCs [8]. Recently, intermediate
temperature micro-tubular SOFC (MT-SOFC) has attracted considerable
interests due to its high resistance to thermal stress caused by quick
startup and/or shut down operations, and characteristic high volumetric
power density compared with the conventional tubular or planar SOFCs
[9,10].
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In general, anode support for MT-SOFCs has been fabricated by
extrusion [11], isostatic pressing [12] and casting method [13]. Recently,
phase-inversion method, a relatively simple process involving no
expensive equipment has been utilized to fabricate ceramic hollow
ﬁber membranes for applications in MT-SOFCs [10,14]. Although significant progress has been made on MT-SOFCs, there have been very few
reports in optimizing electrochemical performance and mechanical
durability simultaneously. In this work, we have made further improvements to fabricate MT-SOFCs, lowering their operating temperature
down to 550–650 °C and enhancing their thermal stability. Phaseinversion, dip coating and co-sintering have been applied to fabricate
Ni-scandia stabilized zirconia (ScSZ)(porous)/ScSZ(dense)/ScSZ(porous)
tri-layer ceramic structure. The co-sintering process results in dense ScSZ
electrolyte and porous ScSZ backbone in the anode and cathode together,
establishing a bridge between the electrodes and the electrolyte, which
will not only provide an optimum interface for oxygen ion conduction,
but also greatly improve the cell resistance to thermal cycling. Nanosized (La0.75Sr0.25)0.95MnO3 (LSM) and Sm0.2Ce0.8O1.9 (SDC) catalysts
have subsequently been loaded into the porous ScSZ matrix through an
impregnation method, to enlarge the length of catalyst/ScSZ/gas and
SDC/catalyst/gas three phase boundary (TPB) in the cathode for cell performance improvement.
2. Experimental
The anode NiO-ScSZ hollow ﬁber was produced by a phase-inversion
method. NiO and ScSZ powders were mixed with ethanol by ball milling
for 24 h and then dried. Polyethersulfone (PESf) was dissolved into
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N-methyl-2-pyrrolidone (NMP) to form a spinning solution. NiO-ScSZ
powders were added into PESf-NMP spinning solution (weight ratio of
NiO-ScSZ to PESf-NMP equals 1:1) and ball-milled to obtain viscous
slurry. A custom designed spinneret with an oriﬁce dimension/inner
diameter of 3.0/2.0 mm was used to obtain a NiO-ScSZ ﬁber tube precursor. The NiO-ScSZ ﬁber tube precursor was immersed immediately
into water bath to produce the porous NiO-ScSZ ﬁber tube precursor.
The asymmetric porous ﬁber tube precursor was ﬁred at 1200 °C for
2 h to remove organic binder. A thin ScSZ membrane electrolyte was
then coated onto the pre-ﬁred NiO-ScSZ ﬁber by a dip coating method.
ScSZ-graphite ink (weight ration of ScSZ to graphite is 1:2) was then
printed onto the ScSZ membrane electrolyte surface. After sintering at
1500 °C for 4 h, a porous layer of ScSZ matrix and a dense ScSZ
membrane electrolyte architecture were obtained on porous NiO-ScSZ
ﬁber. Subsequently, aqueous solution of La(NO3)3·6H2O (1 mol L−1),
Sr(NO3)2 (1 mol L−1), and Mn(NO3)2·4H2O (1 mol L−1) (with a mole
ratio of La:Sr:Mn equals 0.7125:0.2375:1) to yield a composition of
(La0.75Sr0.25)0.95MnO3 was impregnated into porous ScSZ matrix,
followed by decomposition of the nitrate at 800 °C for 0.5 h. After
impregnation-heating cycles, ~30 wt.% LSM loading was achieved in
the LSM-ScSZ electrode [15]. The LSM-ScSZ cathode was then impregnated by a 3 mol L−1 Sm0.2Ce0.8(NO3)x solution, followed by ﬁring at
800 °C for 0.5 h. After 4 cycles of impregnation, ~10 wt.% SDC loading
was achieved in LSM-ScSZ-SDC layers. The prepared anode-supported
MT-SOFC was 21 mm long with a cathode layer length of 9 mm and
outside/inside diameter of ~1.5 mm/1.0 mm.
The MT-SOFC was connected and sealed to two alumina tubes at
both ends, and placed on an alumina support in the furnace. The current

density–voltage curves as well as the impedance spectra were
measured with a four probe method using a multi-channel VersaSTAT
(Princeton Applied Research) from 550 °C to 650 °C. After the fuel cell
test, the microstructure of the MT-SOFC was characterized using a scanning electron microscope (SEM, FEI Quanta 200).
3. Results and discussion
3.1. Micro-structure of the MT-SOFCs
Fig. 1(a, b, c) shows the cross-sectional SEM images of the intermediate temperature Ni-ScSZ/ScSZ/LSM-SDC-ScSZ MT-SOFC. The thickness
of the Ni-ScSZ anode is ~250 μm, dense ScSZ electrolyte ﬁlm is ~20 μm
and porous LSM-SDC-ScSZ is ~50 μm. The anode layer can be divided
into two asymmetric layers, a layer with small ﬁnger-like pores close
to the electrolyte serving as the anode function layer where electrochemical reaction takes place, while a layer with large ﬁnger-like
pores serving as fuel delivery layer. The asymmetric porous hydrogen
electrode microstructure in this work is very different from the previous
report of intermediate temperature MT-SOFCs produced from the
phase-inversion method [10]. In that report, the large ﬁnger-like pores
are in the middle of the fuel electrode while the small ﬁnger-like
pores are near the surface of the fuel electrode adjacent to the fuel
ﬂow region. Such microstructure is not effective for fuel delivery from
the fuel ﬂow region to the electrolyte/electrode reaction region and
will consequently limit the cell performance. Since the fuel diffusion
rate is proportional to the square of the porous anode geometrical tortuosity [16], it is expected that this unique microstructure will beneﬁt the

Fig. 1. a, b) Cross-sectional fracture surface micrograph of the anode-supported MT-SOFC, c) microstructure of the anode functional layer and anode fuel delivery layer,
d) micro-structure of LSM-SDC inﬁltrated ScSZ cathode after fuel cell test.
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fuel diffusion. Furthermore, it should be noticed that the small ﬁngerlike pores adjacent to the electrolyte layer allow the ScSZ slurry to penetrate into the Ni-ScSZ function layer during the dip-coating process for
ScSZ electrolyte thin ﬁlm preparation. Upon printing the ScSZ-graphite
ink on the ScSZ electrolyte and co-sintering at high temperature, the
dense ScSZ electrolyte and porous ScSZ backbone in the anode and
cathode formed together (Fig. 1b). This microstructure is expected not
only to provide optimized interface to facilitate oxygen ion conducting
path, but also to alleviate the TEC mismatch among the cell components
and improve the cell resistance to thermal cycling. Fig. 1(d) reveals the
SEM image of LSM-SDC-ScSZ oxygen electrode. It can be seen that nano
to sub-micro-sized LSM-SDC particles are homogenously coated on the
ScSZ backbone from the inﬁltration process to form well-connected
network.

in Fig. 2. Maximum power densities of 0.29, 0.40 and 0.52 W cm−2
have been obtained at 550, 600 and 650 °C, respectively. These maximum power densities are much higher than those of the anodesupported MT-SOFCs with ScSZ electrolyte, i.e., 0.38 W cm−2 at
650 °C reported by Sun et al. [10], 0.17 W cm−2 at 700 °C reported
by Liu et al. [9], and that of the cathode-supported MT-SOFC,
0.15 W cm−2 at 650 °C reported by Yamaguchi et al. [8]. The fuel
utilization can be calculated from the fuel ﬂow rates and the current
applied to the fuel cell. At the maximum cell power density, the fuel
utilization of the MT-SOFCs is calculated to be 6.3%, 8.5% and 11.0%
at 550, 600 and 650 °C, respectively.

3.2. Electrochemical performance of the MT-SOFCs

Finally, thermal and current load cycles have been performed from
200 to 650 °C in order to study the MT-SOFC stability, as shown in
Fig. 3. The MT-SOFC was heated up to 650 °C and cooled down to
200 °C at a speed of 20 °C/min and the OCV and the maximum cell
power density were monitored as a function of thermal cycles. The
experimental value for OCV is about 1.1 V at 650 °C, very close to
that predicted by the Nernst equation with 97% H2–3% H2O as fuel
and ambient air as the oxidant, indicating that the ScSZ electrolyte
ﬁlms are crack-free. The maximum power densities of the MT-SOFC
were around 0.5 W cm−2 at 650 °C, and the thermal cycles appear to
have no adverse effect on the long-term performance of the MTSOFCs, indicating that the unique microstructures of the MT-SOFCs
studied in this work have excellent resistance to thermal cycling.
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Ni-ScSZ/ScSZ/LSM-SDC-ScSZ intermediate temperature MT-SOFCs
have been successfully fabricated and electrochemically studied in
the temperature range from 550 to 650 °C. Cross-sectional SEM
images of the fabricated MT-SOFC reveal that dense ScSZ electrolyte
and porous ScSZ backbone in the anode and cathode formed together,
and the MT-SOFCs have demonstrated robust resistance to thermal
shock. The MT-SOFCs have achieved maximum power densities of
0.29, 0.40 and 0.52 W cm−2 at 550, 600 and 650 °C, respectively.
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The polarization process of the fabricated Ni-ScSZ/ScSZ/LSM-SDCScSZ MT-SOFC has been investigated using electrochemical impedance
spectra (EIS), as indicated in Fig. 2. H2 ﬂow rate was set at 30 standard
cubic centimeters per minute (sccm). In the impedance spectra, the
intercept on the real impedance axis at high frequency is related to
the cell ohmic resistance (Ro), the intercept on the real impedance
axis at low frequency is related to the total resistance (Rt), and the intercept on the real impedance axis between the high and low frequency is
related to the cell polarization resistance (Rp). As the operating temperature increased from 550 to 650 °C, the Rt decreased from 1.2 to
0.59 Ω cm2 while the Ro decreased from 0.6 to 0.33 Ω cm2. The cell
resistance obtained in this work is much lower than those reported
for intermediate temperature MT-SOFCs with Ni-ScSZ/ScSZ/LSM-ScSZ
conﬁguration, where Rt is 3.49 Ω cm2 with Ro of 1.14 Ω cm2 at 700 °C
[9] and Rt is 2.2 Ω cm2 with Ro of 0.45 Ω cm2 at 750 °C [17], and similar
to the MT-SOFCs with the cell conﬁguration of Ni-YSZ/Ni-ScSZ/ScSZ/
LSM-ScSZ/LSM, where Rt is 0.8 Ω cm2 with Ro of 0.177 Ω cm2 at 650 °C
[10]. However, the cell polarization resistance, Rp is about 0.26 Ω cm2
at 650 °C in this study, which is much lower than that of the reported
intermediate temperature MT-SOFCs with similar cell conﬁgurations
fabricated by the phase-inversion method, where Rp is 0.623 Ω cm2 at
650 °C [10]. Furthermore, the deposition of nano to sub-micro-sized
LSM-SDC particles on the porous ScSZ surface would effectively increase
the number of the cathode TPB sites for oxygen reduction compared with
that obtained from a physically mixed process reported by Liu et al. [9]
and Sun et al. [10]. Consequently, the cell polarization resistance is minimized, and the cell performance is substantially enhanced.
The voltage and power density curves as a function of current density at different temperatures for the MT-SOFC are shown in the inset

3.3. Thermal cycling of MT-SOFCs
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Fig. 2. Impedance spectra of Ni-ScSZ/ScSZ/LSM-SDC-ScSZ MT-SOFC measured under
open circuit voltage (OCV) at 550, 600 and 650 °C. Inset shows the current density–
voltage and power density curves for MT-SOFC tested from 550 °C to 650 °C.
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Fig. 3. Cell OCV and power output as a function of time in the thermal cycling experiments
from 200 to 650 °C.
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