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a b s t r a c t

Cathode-supported solid oxide fuel cells (SOFCs), comprising porous (La0.75Sr0.25)0.95MnO3−�

(LSM) + Sm0.2Ce0.8O1.9 (SDC) composite cathode substrate and 11 mol%Sc2O3-doped ZrO2 (ScSZ) elec-
trolyte membranes layer, were successfully fabricated via dual dry pressing method. NiO-SDC anode
was prepared by slurry coating method. Phase characterizations and microstructures of electrolyte and
eywords:
olid oxide fuel cell
athode-supported
ry pressing
cSZ

cathode were studied by X-ray diffraction (XRD) and scanning electronic microscopy (SEM). No inter-
face reaction took place between LSM/SDC cathode substrate and ScSZ electrolyte layer after sintered at
1300 ◦C. The cell performances were measured at 800 and 750 ◦C, respectively, by changing the external
load. The peak power densities were 0.228 and 0.133 W cm−2, and the corresponding open-circuit volt-
ages of the cell were 1.092 and 1.027 V at 800 and 750 ◦C, respectively. Impedance analysis indicated that
the performances of the SOFCs were determined essentially by the composition and microstructure of
the electrode.
. Introduction

Solid oxide fuel cell (SOFC) is a device that converts chemical
nergy into electric power through electrochemical reactions at
levated temperatures, which has been attracted more and more
ttention due to its high energy conversion efficiency, low emission
nd flexibility of fuels [1]. SOFC operating directly on hydrocarbon
uels without external reforming are expected to be an impor-
ant technology for energy generation in the near future [2,3].
he state-of-the-art SOFC anode material, Ni/YSZ, has a number
f disadvantages including Ni coarsening, sulfur poisoning, carbon
eposition and redox instability [4]. In order to overcome these
isadvantages, several alternative materials were investigated as
otential anodes in recent years. Gorte et al. [5–8] avoided the prob-

em of carbon deposition by using Cu–CeO2 anode. Several authors
ave manifested that anodes based on a perovskite structure are

romising candidates for future fuel cell anodes [9–12]. In theory,

t may be hypothesised that the anode layer near the three phase
oundary, close to the electrolyte membrane where the oxygen
upply is more effective, is properly stabilized by the transported
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oxygen ions. Thus, the anode layer should be sufficiently thin as in
the present case. It has been previously evidenced that a reduction
of the ohmic drop limitations appears necessary for increasing of
the performance. A thin film electrolyte configuration would be a
possible solution. This requires that a cathode-supported configu-
ration is adopted. In any case, a cathode-supported SOFC with thin
oxide-based anode layer would also, in principle, provide benefits
in terms of tolerance to redox cycles for SOFC devices.

The low cost of LSM cathode supporting material is a big
advantage of cathode-supported SOFC for the commercialization
of SOFC [13]. But the formation of zirconate phases (La2Zr2O7
and SrZrO3) at the LSM and zirconia-based electrolyte interface is
one of the most important degradation mechanisms [14]. In this
study, in order to avoid the reaction between LSM cathode and
zirconia-based electrolyte occurred above 1300 ◦C, A-site deficient
(La0.75Sr0.25)0.95MnO3−� material, which has shown to be less reac-
tive with zirconia based electrolyte than the stoichiometric one
[1,15], was used.

To significantly reduce the cost of fabrication, dry pressing for
fabrication of dense ceramic membranes on porous substrates was

investigated. Compared with other methods such as physical or
chemical vapor deposition for film preparation [16], dry pressing is
simple, reproducible, and very cost-effective. In the present study,
a thin ScSZ electrolyte film was prepared on a LSM–SDC cathode
substrate and co-sintered to form a assembly.

dx.doi.org/10.1016/j.jallcom.2010.10.218
http://www.sciencedirect.com/science/journal/09258388
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. Experimental

.1. Fabrication of unit-cells

A samarium-doped cerium oxide (SDC, Sm0.2Ce0.8O1.9) powder was prepared
y the sol–gel technique reported elsewhere [17]. Self-made SDC, LSM (CAS, China)
nd starch powders in a weight ratio of 3:1:1 were ball-milled in ethanol for 24 h,
wt% (relative to LSM + SDC) of polyvinyl butyral (PVB) was added and dispersed

n ethanol by a magnetic stirring for 2 h and subsequently dried and ground with
ortar and pestle, then passed through a 150 �m mesh sieve. The mixed powder
as pressed under 30 MPa into a substrate in a stainless-steel die. The Scandia sta-

ilized zirconia (ScSZ, Tosoh Corporation, Japan) powder with 5 wt% PVB (relative
o ScSZ) was added onto the substrate and co-pressed at 200 MPa to form a assem-
ly. The assembly was subsequently sintered at 1300 ◦C for 4 h in air, and thus a
ense, well-bonded electrolyte and cathode assembly was obtained. The thickness
f the electrolyte film was controlled with the amount of ScSZ powder. The porosity
f the cathode substrate was measured using a standard Archimedes method. NiO
Soekawa Chemicals, Japan)-SDC(self-made) powders in a weight ratio of 1:1 were
lso ball-milled in ethanol for 24 h, and prepared on electrolyte as anode by slurry
oating method, which was then fired at 1300 ◦C in air for 2 h to form a porous anode.
he effective anode area was 0.78 cm2.

.2. Measurement

The cell performances were measured at 800 and 750 ◦C, respectively, by chang-
ng the external load. The current collector was Pt mesh. The anode was reduced

ith hydrogen for 20 min. The flow rates of H2 and O2 were both 100 ml min−1.
he impedances were measured between 0.1 Hz and 1 MHz with excitation current
f 0.001 A using a frequency response analyzer and a potentiostat (Solartron 1250B
nd 1286, respectively). The microstructure and morphology of the cells after testing
ere observed using scanning electron microscopy (SEM, Hitachi, S-800, Japan). To

heck the interface reaction between ScSZ film and LSM/SDC cathode substrate, the
-ray diffraction (XRD, Shimadazu, Japan) with Cu K� radiation was used. To inves-

igate shrinkage characteristics of the starting materials, the as-prepared powders
ith fixed weight were pressed to discs in 25.5 mm diameter by uniaxial dry press-

ng at 200 MPa. This was followed by sintering at selected temperatures in the range
f 600–1300 ◦C with a heating rate of 3.3 ◦C min−1. The dimensions of the unfired
nd sintered discs were measured to determine the shrinkage. The shrinkage of the
iscs was determined as (d2 − d1)/d1, where d1 and d2 are initial and final diameter,
espectively.

. Results and discussion

Fig. 1 shows the XRD patterns of ScSZ and LSM composite pow-
er sintered at different temperatures. The ScSZ and LSM composite
owders were ball-milled in ethanol for 24 h with a weight ratio of
:1, and then sintered at 1100, 1300 and 1350 ◦C for 2 h, respec-

ively. No La2Zr2O7 or SrZrO3 was formed in any temperatures,
ndicating that the A-site deficient LSM can effectively prevent
he formation of La2Zr2O7 or SrZrO3. From this, it is reasonable
o deduce that there were also no interface reaction taken place

ig. 1. XRD patterns of ScSZ and LSM composite powders sintered at 1100, 1300
nd 1350 ◦C.
Fig. 2. Shrinkage ratio curves of SDC, ScSZ, LSM and cathode composite materials
(LSM, SDC and starch powders in a weight ratio of 3:1:1 after ball-milled for 24 h).

between LSM/SDC cathode substrate and ScSZ electrolyte sintered
at 1300 ◦C.

Fig. 2 shows the shrinkage ratio curves of SDC, ScSZ, LSM and
cathode composite materials (LSM, SDC and starch powders in a
weight ratio of 3:1:1 after ball-milled for 24 h). The shrinkages of
SDC, ScSZ, LSM at 1300 ◦C were 13.3%, 20.5% and 22.2%, respectively.
In order to make the cathode substrate have a similar shrinkage
ratio with ScSZ electrolyte film at 1300 ◦C, and have no crack and
warp in electrolyte and cathode assembly, SDC power and pore
forming agent (starch) with certain ratio were added in LSM and
ball-milled in ethanol for 24 h. As shown in Fig. 2, the supporting
cathode dominated the shrinkage of the assembly at a temperature
of below 1200 ◦C. At a temperature of above 1200 ◦C, the cathode
substrate had similar shrinkage rate and shrinkage ratio with the
ScSZ film. 4-h holding time at 1300 ◦C could assist the densification
of electrolyte film.

Fig. 3 shows the cross-sectional scanning electron micrographs
(SEM) of each cell component. Fig. 3(a) shows the overview of the
sandwich structure of the whole cell. The thicknesses of cathode
substrate, anode and electrolyte were 680, 14 and 32 �m, respec-
tively. Fig. 3(b) shows the high magnification of the ScSZ electrolyte
film. Some isolated defects such as small voids were observed
in electrolyte film. However, no cross-membrane cracks or pin-
holes were observed. The open-circuit voltages (OCVs) of the cell
were 1.092 and 1.027 V at 800 and 750 ◦C, respectively, suggesting
that the ScSZ layer was sufficiently dense to prohibit crossover of
gases through the layer. Fig. 3(c) and (d) were high magnification
of ScSZ layer and Ni-SDC anode and LSM–SDC cathode substrate,
respectively. The electrodes showed typical porous microstructure.
Porosity of the cathode substrate was about 30% determined by
Archimedes method in water. The average grain sizes of the anode
and cathode were approximately 0.5 �m and 1.4 �m, respectively.

Fig. 4 shows typical I–V curves of the fuel cell at different tem-
peratures. The peak power densities were 0.228 and 0.133 W cm−2

at 800 and 750 ◦C, respectively. The corresponding OCVs of the
cell were 1.092 and 1.027 V at 800 and 750 ◦C, respectively, which
were close to the theoretical values predicted by Nernst equa-
tion [18]. This indicated that the ScSZ electrolyte film prepared
by dual dry pressing method could meet the need of SOFC. The
power densities were lower than those of the similarly-structured
cathode-supported cell with Ni-SDC/YSZ–SDC/PNSM-SDC configu-

ration at the same temperature [19]. The main reasons may be that
the as-prepared cell had thicker electrolyte film, and greater grain
size in cathode substrate.
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Fig. 3. Cross-section of the cell, (a) overview of the sandwich structure of the whole cell
electrolyte, and (d) high magnification of the cathode.

Fig. 4. The typical I–V curves of the fuel cell with ScSZ electrolyte at different tem-
perature.
, (b) high magnification of the electrolyte, (c) high magnification of the anode and

Fig. 5 shows impedance spectroscopy measured under open cir-
cuit condition at different temperatures. The ac impedance is made
up of both ohmic and electrode polarization resistances. 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 electrodes, and some contact resistance associated with inter-
faces [20]. The Ro values were 0.77 and 1.05 � cm2 at 800 and
750 ◦C, respectively. The difference between the high frequency
and low frequency intercepts represents the electrode polarization
resistance (Rp). The Rp values were about 1.34 and 2.6 � cm2 at
800 and 750 ◦C, respectively. The ionic conductivity of ScSZ was
estimated to be 0.1 S cm−1 at 800 ◦C and 0.06 S cm−1 at 750 ◦C,
respectively [21]. The corresponding ohmic resistances of ScSZ
electrolyte film were estimated to be 0.032 � cm2 at 800 ◦C and

2 ◦
0.053 � cm at 750 C, based on an ScSZ layer thickness of 32 �m,
an electrode area of 0.78 cm2, which were much smaller than the
experimental results of Ro. The main reasons for high Ro may be
the much greater contact resistances between ScSZ electrolyte and
cathode substrate, which could be greatly affected by the con-
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[18] S. McIntosh, Electrochem. Solid-State Lett. 6 (11) (2003) A240–A243.
ig. 5. Impedance spectra of the single cell measured under the open circuit state
t 800 and 750 ◦C.

ective tightness between electrode and electrolyte. The higher
ontact resistances between ScSZ electrolyte and cathode sub-
trate may be due to a little difference of shrinkage ratio between
SM–SDC cathode composite material and ScSZ electrolyte mate-
ial in the process of co-sintering. As mentioned in some reference
19], the higher Rp resulted in a lower cell performance, especially
t lower temperatures. As reported by Yamaguchi [22], an acti-
ation layer between cathode substrate and electrolyte obviously
educed the electrode polarization, indicating that the composition
nd microstructure of the electrode could be the main influenc-
ng factors of the electrical performance of the SOFC. In future, for
urther improvement of the electrical performance of the cathode-
upported cell, optimization of the composition and microstructure
f the cathode substrate should be a prerequisite way.
. Conclusions

LSM–SDC cathode supported SOFC was successfully fabricated
ia a cost-effective technique dual drying pressing method. A-
ite deficient LSM material successfully avoided the interface

[
[
[

[
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reaction between LSM–SDC cathode and ScSZ electrolyte. The
peak power densities were 0.228 and 0.133 W cm−2 at 800 and
750 ◦C. The corresponding open-circuit voltages of the cell were
1.092 and 1.027 V at 800 and 750 ◦C, respectively. The OCV
indicated that the ScSZ electrolyte film prepared by dual dry
pressing method was dense enough. In summary, for further
improvement of the cell performance, optimization of the com-
position and microstructure of the cathode substrate should be
a prerequisite way. Future work will focus on improvement of
the composition and microstructure of the cathode substrate
in order to reduce the contact resistances and the electrode
polarization.
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