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Abstract

Cobaltite based perovskites, such as Sm0.5Sr0.5CoO3-d (SSC), are attractive as a cathode for solid oxide fuel cell (SOFC) due to their

high electrochemical activity and electrical conductivity. In this study, nano-sized SSC powders were synthesized by a complex method.

To prevent reactions between cathode and an yttria-stabilized zirconia (YSZ) electrolyte, we propose a Gd-doped ceria (GDC) porous

barrier layer and formed barrier layers, screen-printed to 5, 10, and 15 mm thicknesses. The performance of SOFCs without a GDC layer

decrease by 23% from 0.78 Wcm�2 to 0.6 Wcm�2 after 12 h of operation at 780 1C. A SOFC with a screen-printed GDC of 5 mm shows

a performance decrease of only 4% from 0.75 Wcm�2 to 0.72 Wcm�2 after 12 h of operation at 780 1C. Fuel cell performance decreases

with decreasing thickness of the porous GDC layer, which may result from the lowered SSC active area due to its reaction with the YSZ

electrolyte. The increase in ohmic resistance due to a thicker porous GDC layer is mitigated by a decrease in ohmic resistance due to

reduced reaction between the SSC and YSZ. To use SSC in SOFCs, a barrier layer should be applied to obtain grater fuel cell

performance and stability.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are considered as an efficient
and environmental friendly power generation system for
power plants and distributed power. Their high operating
temperature limits the selection of materials and components,
concerning long-term stability, motivating a reduction in
SOFC operation temperature. However, the ohmic and
polarization resistances increase when the operation tempera-
ture decreases, thus decreasing fuel cell performance. The
La1�xSrxMnO3 (LSM)-based cathode is a commonly used
cathode material for high temperature SOFCs, but it performs
poorly because of sluggish oxygen reduction reaction (ORR)
kinetics, causing the cell to have a low current drawing
capacity when the operating temperature of a single SOFC
is below 800 1C. Hence, considerable efforts are being made to
develop a new class of perovskite-based cathode materials for
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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SOFCs that have mixed ionic and electronic conductivity with
high electro-catalytic activity for oxygen reduction at relatively
lower operating temperature (700–800 1C) [1–11]. Amongst
these, cobaltite based perovskites such as La0.5Sr0.5CoO3�d

(LSC), Sm0.5Sr0.5CoO3�d (SSC), La0.5Sr0.5Co0.2Fe0.8O3�d

(LSCF), and Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF), are attractive
due to their high electrochemical activity and electrical
conductivity [12–19]. A BSCF cathode exhibits very low
polarization resistance due to its high oxygen diffusion
coefficient and yields maximum power density at low tem-
perature [20]. However, its large thermal expansion coefficient
and low electrical conductivity result in mismatch with the
electrolyte, thus limiting cell performance [21]. LSC possesses
high electronic and oxygen ion conductivity over a wide
temperature range, but it also has a large thermal expansion
coefficient [22]. Although doping Co-site with Fe3þ (LSCF)
can reduce the thermal expansion coefficient, the Fe3þ doping
decreases LSC ionic conductivity [23]. Sm1�xSrxCoO3�d

compounds show higher ionic conductivity than La1�xSrx
CoO3�d [13,24,25], exhibiting better electronic conductivity
ll rights reserved.
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Fig. 1. Thermogravity curves of crushed SSC powders.
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than that of pure BSCF [26], and are good catalysts for
oxygen reduction [27]. Ishihara et al. [28] and Fukunaga et al.
[24] also reported that the overpotential of dense SSC film is
lower than that of dense LSC film under the same condition
and that the oxygen adsorption–desorption rate is one-order-
magnitude higher than that of LSC. However, the disadvan-
tages of SSC are its large thermal expansion coefficient and
high reactivity with YSZ electrolyte at 900 1C or higher [25].

A dense or porous interlayer such as GDC and SDC has
been used as an interlayer to reduce mismatch and prevent
reactions between the cathode and YSZ electrolyte [29,30].
A thinner interlayer is preferred to prevent ohmic resis-
tance increase, hence complex and expensive processes
such as ADM (aerosol deposition method), physical vapor
deposition, and pulsed laser deposition (PLD) are used to
fabricate the interlayer [31,32]. However, the thickness of
the porous interlayer has rarely been studied. In this study,
we synthesized a cathode material of Sm0.5Sr0.5CoO3�d

(SSC) using a complex method and investigated its thermal,
physical, and chemical properties. SSC was applied as the
cathode in anode-supported SOFCs with and without
barrier layers. We will discuss the performance and stability
of SOFCs with an YSZ electrolyte as related to the thick-
nesses of the porous GDC barrier layer.

2. Experiment

Starting materials used included Sm(NO3)3 � 6H2O (4.440 g,
0.01 mol), Sr(NO3)2 (2.116g, 0.01 mol) and Co(NO3)2 � 6H2O
(5.821 g, 0.02 mol) all in analytical grades. They were dis-
solved in 100 ml of deionized water to prepare a homoge-
neous nitrate solution. Then, ethylenediaminetetraacetic acid
(EDTA, 5.845 g, 0.04 mol) powders and citric acid (7.645 g,
0.02 mol) were added for chelating into a homogeneous
nitrate solution. The solution was heated in a water bath at
70 1C. After obtaining a clear solution, the mixture was
continuously heated to evaporate the water until the magnetic
bar stopped rotating. The remaining mixture was dried at
80 1C in a vacuum oven overnight to remove residual water.
The dried powders were crushed and calcined at 500–900 1C
to form a perovskite phase removing all organic compounds.
Thermogravimetric analysis (TGA) was carried out with
crushed powders from room temperature to 1000 1C in air
at a heating rate of 3 1C min�1 using a Shimadzu TA-50
Thermal Analyzer to investigate the thermal behavior. The
calcined powders were characterized by means of X-ray
diffraction and scanning electron microscopy (SEM) to
observe their phases and morphologies. We investigated the
chemical stability of SSC, YSZ, and GDC by mixing the
powders in 50:50 wt% ratio. The mixed powder was pressed
into pellets of 2 cm diameter and was heated to 600–900 1C.
The stabilities of SSC, YSZ, and GDC, were analyzed and
characterized with X-ray diffraction.

To characterize fuel cell performance, anode-supported
cells (ASC), which consist of 900 mm Ni-YSZ as a support
layer, 20 mm Ni-YSZ as an anode functional layer (AFL),
and 10 mm YSZ as an electrolyte, were fabricated using
tape casting and co-firing at 1370 1C. The anode-supported
cells were cut into circles with diameters of 2.6 cm from a
25 cm � 25 cm plate. To fabricate a GDC barrier layer,
GDC powder was prepared by a complex method with
0.1 mol Gd(NO3)3 � 6H2O, 0.9 mol Ce(NO3)3 � 6H2O, and
1 mol of citric acid. The GDC powder was calcinated at
800 1C for 3 h and then mixed with organic binder solution of
ethyl cellulose, di-ethylene glycol butyl ether, and a-terpinol.
GDC pastes were screen-printed onto a Ni-YSZ/YSZ anode-
supported cell and then sintered at 1100 1C for 3 h. To
enhance the sinterability, 1 mol % of Co3O4 was added to
the GDC paste. The thicknesses of the GDC barrier layer
were 5, 10, and 15 mm, which were controlled by screen-
printing times. SSC pastes were prepared from synthesized
SSC powders with 50 wt% organic binder solution and
screen-printed on a Ni-YSZ/YSZ/GDC anode-supported cell.
The cathodes were sintered at 800 1C for 3 h. The active
cathode area was 0.785 cm2. SOFC without a barrier layer
was also fabricated with SSC, and compared with SOFCs
with a barrier layer. SOFCs without a barrier layer were
sintered at 600 1C after screen-printing of the SSC paste to
prevent reaction between the SSC and YSZ.
The fabricated cells were assembled and sealed with

Ceramabond 571 from AREMCO in a jig to measure current–
voltage characteristic and impedances. Pt paste and mesh were
used for current collection. The SOFCs were heated and
anode reduction was performed with 300 cc min�1 of 97% H2

– 3% H2O for 3 h. Fuel cell performance was measured at
each temperature with 300 cc min�1 of 97% H2 – 3% H2O
and 1000 cc min�1 of air. The impedances were measured
with a WEIS system from Wonnatech. The impedance
spectra were obtained in the frequency range of 100 kHz
to 0.1 Hz with applied AC voltage amplitude of 100 mV
at each temperature and open circuit voltage. After
electrochemical measurements, the SOFC microstructures
were characterized with scanning electron microscopy of
JSM-6480 LV.
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3. Results and discussion

The thermal analysis curves of the crushed powders are
presented in Fig. 1. Significant weight losses were observed at
�175 1C and 350 1C due to water removal and decomposi-
tion of organic compounds such as citric acid and EDTA.
Above 400 1C no significant weight loss was observed, and
the heat flows for phase formation were characterized. From
the XRD analysis, shown in Fig. 2, SSC perovskite peaks
appear at 600 1C, and become sharper and narrower as the
calcination temperature increases. The morphologies of SSC
powder calcined at various temperatures are shown in Fig. 3.
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Fig. 2. XRD spectra of SSC powders calcined at various temperatures.

Fig. 3. SEM images of SSC powders
Fig. 3(a) and (b) show the sheets of small particles, and
agglomeration is easily observed in Fig. 3(d). Fig. 3(b) shows
particle sizes less than 100 nm. The smaller particles have a
large surface area, resulting in higher catalytic performance.
The powder calcined at 700 1C was used to characterize the
fuel cell performances.
In SOFCs, the cathode needs to be chemically stable

with the electrolyte. To measure the stability, pellets of
SSC with YSZ were heat treated at various temperatures.
As shown in Fig. 4(a), the second phase peaks, such as
SrZrO3 and Sm3Zr2O7, appeared in the sample heat
treated at 800 1C, and with increasing temperature the
peaks become sharper and stronger [25]. We observe that
SSC is stable with YSZ under 800 1C. In Tu’s work, they
reported that the reaction started at 900 1C [25]. Smaller
particle size may enhance SSC reactivity with YSZ. A
barrier layer, such as GDC, is therefore needed to prevent
reactions between SSC and YSZ [5–8,18,24,25,29–33]. The
stability of SSC with a GDC layer is shown in the XRD
spectra of Fig. 4(b). SSC with a GDC layer is stable below
900 1C; a high enough temperature for SOFC operation. In
this study, the stability of SSC with a GDC layer is
confirmed and GDC is proposed as a barrier layer for SSC.
To study the effects of SSC reactions with YSZ in terms of

electrical properties, porous pellets of SSC and YSZ were
heat-treated at 600 1C. The SEM images of the pellet are
shown in Fig. 5, which shows that the morphology of a
porous pellet is similar to the morphologies of a cathode
and electrolyte through the pores of a GDC layer. The
electrical properties of the porous pellets with SSC and YSZ
were measured and are shown in Fig. 6. The resistance of
SSC and YSZ pellets decreases with increasing temperature.
calcined at various temperatures.
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However, the resistance of the pellets increases at 750 1C due
to the formation of second phases, which is coincident with
the XRD studies. The second phase peaks appeared in the
sample sintered at over 700 1C. The second phase, such as
SrZrO3 [25], from the reaction SSC with YSZ, increases the
resistance, showing that the second phase is formed by the
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Fig. 5. Morphologies of a p
reaction of SSC with YSZ. After measuring the resistance at
750 1C, the resistances at 700 1C were measured over time.
The resistance at 700 1C, after measuring at 750 1C, is higher
than before measurement at 750 1C. Resistance increases
with time, showing that the reaction is proceeding. The
chemical properties and electrical properties of SSC with
YSZ show that a barrier layer such as a GDC is crucial for
cathode application of SSC in SOFC.
orous SSC–YSZ pellet.
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The performance of SOFC without a GDC barrier
relative to temperature is shown in Fig. 7. Fuel cell per-
formance was measured after reduction of NiO in anode-
supported cells with AFL at 580 1C for 3 h. We measured the
performance of the fuel cells as temperature increased.
SOFCs without a GDC barrier layer show maximum power
densities of 0.78 Wcm�2, 0.58 Wcm�2, and 0.4 Wcm�2 at
780 1C, 730 1C, and 680 1C, respectively. After measuring the
performance of the fuel cells at 780 1C, we measured the
performance over time to study the fuel cells’ stability.
Without a barrier layer, the performance of SOFCs decreases
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Fig. 9. SEM Images
by 23% from 0.78 Wcm�2 to 0.6 Wcm�2 after 12 h, as
shown in Fig. 8 because of the increased resistance from the
reaction of SSC with YSZ.
Images of GDC barrier layers for SOFCs are shown in

Fig. 9. The thicknesses of GDC barriers are confirmed and
the screen-printed barrier layers are porous as shown in
Fig. 9. The fuel cell performance versus thickness of the
screen-printed GDC layers is plotted as shown in Fig. 10.
SOFCs with a barrier layer show higher performance than
those without a GDC layer. SOFCs with a screen-printed
GDC barrier show similar values at 780 1C with SOFCs
without a barrier layer. However, with decreasing tem-
perature, SOFCs with a thicker barrier layer demonstrate
higher values. The performances decrease with decreasing
GDC thickness, resulting from the lowered active areas of
SSC due to its reaction with YSZ. We expected that a
thicker GDC layer would increase ohmic resistance and
decrease fuel cell performance. However, SOFCs with a
thicker GDC layer show higher fuel cell performance than
those with a thinner GDC layer. We expect that there are
factors offsetting the increased ohmic resistance. As shown in
Fig. 6, the reaction of SSC with YSZ increases the resistance,
and when SSC is on a porous GDC layer sintered at 800 1C,
the SSC could react with the YSZ through the porous GDC
layer. The reactivity of SSC with YSZ through a thin GDC
layer is higher. A thicker porous GDC layer increases ohmic
resistance, but it also decreases ohmic resistance because of
lower reactivity between the SSC and YSZ, more than
compensating for the ohmic resistance increase due to a
thicker layer. The impedances show the offset effects of the
GDC layer, as shown in Fig. 11. The ohmic resistances at
780 1C are similar in SOFCs with and without a screen-
printed barrier layer. However, below 730 1C those resis-
tances decrease when the GDC thickness increases, resulting
from the lower SSC/YSZ reactivity, again, offsetting the
effects of the barrier thickness. Furthermore, as shown in
Fig. 11(b), the polarization resistances decrease with increas-
ing barrier thickness because, again, the reactivity is higher
through thinner porous GDC layers. The fuel cell perfor-
mances and impedance spectra show coincident results of the
porous GDC layer.
The performance over time of a SOFC with a 5 mm GDC

layer is plotted in Fig. 12, which shows that performance
decreases by only 3% from 0.75 Wcm�2 to 0.72 Wcm�2

after 12 h of operation at 780 1C. The degradation of SOFCs
with a barrier layer is much lower than that without a barrier
layer. The current–voltage characteristics, impedances, and
of GDC barriers.



Fig. 10. Fuel Cell Performances of SOFCs with GDC barrier layers at (a) 780 1C, (b) 730 1C (c) 680 1C and (d) 630 1C.
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performance over time all indicate that a GDC barrier is
effective for improving fuel cell performance and stability, and
that performance increases with increasing GDC thickness up
to 15 mm. In SOFCs with an SSC cathode, a barrier layer of
GDC is needed to prevent a reaction of SSC with YSZ.

4. Conclusion

We synthesized nano-structured SSCs with a complex
method using citric acid and EDTA. Synthesized SSCs have
a calcination temperature of 600 1C, a relatively low tem-
perature, and their particle size calcined at 700 1C is less than
100 nm. SSC reacts with an YSZ electrolyte above 600 1C,
which leads to the need for a barrier between the SSC and
YSZ. GDC is proposed as a barrier layer. The performance
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of SOFCs with a GDC layer increases with increasing thick-
ness of the porous GDC layer. After operation for 12 h at
780 1C, the performance of SOFCs without a barrier layer
decreases by 23% from 0.78 Wcm�2 to 0.6 Wcm�2 and
SOFCs with a 5 mm porous GDC layer decrease by only 3%
from 0.75 Wcm�2 to 0.72 Wcm�2. When SSC is used as a
cathode in SOFC, a barrier layer should be applied so as to
increase fuel cell performance and stability relative to the
thickness of the porous GDC layer.
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