
S

H
i

H
a

b

a

A
R
R
A
A

K
S
C
L
I

1

c
h
i
W
t
l
t
m
s
w
l
t
c
t
i
a

t
r
t
B
s

0
d

Journal of Power Sources 194 (2009) 815–817

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

igh performance layered SmBa0.5Sr0.5Co2O5+ı cathode for
ntermediate-temperature solid oxide fuel cells

anping Ding a,b, Xingjian Xue b, Xingqin Liu a,∗, Guangyao Meng a

Department of Materials Science and Engineering, University of Science and Technology of China (USTC), Hefei 230026, PR China
Department of Mechanical Engineering, University of South Carolina, Columbia, SC 29208, USA

r t i c l e i n f o

rticle history:
eceived 21 May 2009
eceived in revised form 17 June 2009

a b s t r a c t

The layered SmBa0.5Sr0.5Co2O5+ı (SBSC) perovskite oxide is synthesized by the Pechini method and inves-
tigated as a novel cathode material for intermediate-temperature solid oxide fuel cells (IT-SOFCs). A
laboratory-sized Sm0.2Ce0.8O1.9 (SDC)-based tri-layer cell of NiO–SDC/SDC/SBSC is operated from 500 to
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700 ◦C fed with humidified H2 (∼3% H2O) as a fuel and the static ambient air as oxidant. A maximum
power density of 1147 mW cm−2 is achieved at 700 ◦C. The interfacial polarization resistance is as low
as 1.01, 0.38, 0.16, 0.06 and 0.03 � cm2 at 500, 550, 600, 650 and 700 ◦C, respectively. The experimental
results indicate that SBSC is a very promising cathode material for IT-SOFCs.

© 2009 Elsevier B.V. All rights reserved.
ayered perovskite
nterfacial polarization resistance

. Introduction

A solid oxide fuel cell (SOFC), one of the most efficient energy
onversion devices, enables the conversion of chemical energy of
ydrogen into electrical energy directly [1,2]. The traditional SOFC

s generally operated at temperature conditions of 800–1000 ◦C.
hile high temperature operating condition may result in advan-

ages such as high reaction kinetics and high efficiency, it also
eads to a series of problems, typically including high degrada-
ion rate of SOFC material systems, a limited choice of interconnect

aterials for stack, as well as thermal expansion mismatch and
olid state reactions among cell components, etc. [3–5]. In order to
iden the materials chosen, decrease material degradation, pro-

ong the lifetime and reduce the cost, the reduction of the working
emperature of SOFCs becomes the urgent demand. These diffi-
ulties can be minimized by reducing the operating temperature
o an intermediate temperature range of 500–800 ◦C. Accordingly,
ntermediate-temperature SOFCs (IT-SOFCs) have attracted much
ttention in recent years [6–9].

The development of proper cathode materials for SOFCs in order
o improve materials compatibility and interfacial polarization

esistances remains a challenge [10,11]. Many simple perovskite-
ype mixed ionic–electronic conductors such as doped LaCoO3 [12],
aCoO3 [13] or LaFeO3 [14] have been extensively studied as pos-
ible cathodes, however, more complicated perovskite materials

∗ Corresponding author. Fax: +86 551 3607627.
E-mail address: xqliu@ustc.edu.cn (X. Liu).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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with double or layered structures received little attention. Layered
SmBaCo2O5+ı (SBCO) perovskite with an intermediate lanthanide-
ion radius (rSm3+ = 0.964 Å ) may provide a suitable tradeoff of
material properties between the catalytic activity and the value
of thermal expansion coefficient (TEC) [15]. Zhou and Lin et al.
[16,17] have shown the potential of layered SBCO for cathode appli-
cation and evaluated the performance of this material working as
a cathode in SOFCs. Recently, Irvine and co-workers [18] reported a
novel layered SmBa0.5Sr0.5Co2O5+ı (SBSC) perovskite, which shows
advanced electrochemical properties in doped ceria electrolyte set-
tings, and could be potentially employed as cathode material for
IT-SOFC applications. However, to the best of our knowledge, SBSC
as cathode material in SOFC settings has not been reported yet. In
this work, layered SBSC perovskite was examined as a new cathode
for SOFCs based on oxide ion conductor of Sm0.2Ce0.8O1.9 (SDC).

2. Experimental

Powders of SDC electrolyte were synthesized by glycine–nitrate
process (GNP). Stoichiometric amounts of Ce(NO3)3·6H2O (99.9%)
and Sm(NO3)3·6H2O (99.9%) were dissolved in distilled water and
then glycine was added with the glycine/metal molar ratio of 2:1.
The solution was heated under stirring conditions. After converted
into a viscous gel, the solution was ignited to flame, resulting in

the ash. The resulting ash-like material was afterwards calcined
in air at 800 ◦C for 2 h to form fluorite SDC powders. The anode-
supported SDC bilayer (Ø15 mm) was prepared by a dry-pressing
method. NiO + SDC + starch mixture (60%:40%:20% in weight) was
pre-pressed at 200 MPa as an anode substrate. Then loose SDC

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xqliu@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.06.055
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ig. 1. XRD patterns for (a) the layered SmBa0.5Sr0.5Co2O5+ı (SBSC) perovskite pow-
ers and (b) Ce0.8Sm0.2O1.9 (SDC) powders.

owders synthesized above were uniformly distributed onto the
node substrate, co-pressed at 250 MPa and sintered subsequently
t 1400 ◦C for 5 h to densitify the SDC membrane.

Layered SBSC powder was synthesized by the Pechini process
sing Sm(NO3)3·6H2O (99.9%), Ba(NO3)2·9H2O (99.9%), Sr(NO3)2
99.9%) and Co(NO3)2·6H2O (99.9%) as precursors, followed by
alcinations at 1000 ◦C for 10 h. Fine SBSC powders were mixed
horoughly with a 6 wt% ethylcellulose–terpineol binder to pre-
are the cathode slurry, which was then painted on SDC electrolyte
lms, and sintered at 1000 ◦C for 3 h in air to form single cells of
i–SDC/SDC/SBSC.

The phase identification of the sintered anode–electrolyte
ilayer and prepared cathode powders was carried out with the
owder X-ray diffraction by Cu-K� radiation (D/Max-gA, Japan).
ingle cells were tested from 500 to 700 ◦C in an in-house developed
ell testing system with humidified hydrogen (∼3% H2O) as a fuel
nd the static air as an oxidant. The flow rate of fuel gas was about
0 ml min−1. The cell voltages and output currents of the cells were

easured with a digital multimeter (GDM-8145). AC impedance

pectroscopy (Chi604c, Shanghai Chenhua) was performed on the
ell under open-circuit conditions from 550 to 700 ◦C. A scanning
lectron microscope (SEM) was used to observe the microstructure
f the cells after testing.

Fig. 2. SEM images of cell after testing: (a) the surface of electrolyte and
Fig. 3. Performance of the as-prepared cell with hydrogen at different temperatures.

3. Results and discussion

As shown in Fig. 1(a), the as-prepared SBSC powder exhibits a
layered perovskite phase without peaks attributable to impurities
[18]. Fig. 1(b) presents the XRD spectra of Ce0.8Sm0.2O1.9 (SDC) cal-
cined at 800 ◦C for 2 h. It could be clearly seen that there were only
peaks corresponding to the fluorite phase [19].

Fig. 2(a) is the SEM image of surface morphology of SDC elec-
trolyte on the porous anode support after testing. It can be seen
that the SDC membrane is completely dense. There are no pores
and cracks on the surface. It can also be found that the thickness of
SDC membrane is about 20 �m from the cross-section view of the
SDC electrolyte (Fig. 2(b)).

Fig. 3 presents the I–V and I–P characteristics of the as-prepared
Ni–SDC/SDC/SBSC cell using H2 as the fuel and static ambient air
as the oxidant in the temperature range of 500–700 ◦C. The open-
circuit voltage (OCV) is lower than 1.0 V, and increases with the
decrease of the operation temperature since doped ceria is not a
pure oxide ion conductor [20]. The reduction of Ce4+ to Ce3+ in the

SDC electrolyte film causes an internal current which reduces the
OCV of the cell. Peak power densities were 1147, 971, 467, 265 and
125 mW cm−2 at 700, 650, 600, 550 and 500 ◦C, respectively. The
cell performance is very encouraging and suggests that SBSC is a
very promising cathode material for IT-SOFCs.

(b) the cross-section of cell with a 20 �m-thick SDC membrane.
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Fig. 4. (a) Impedance spectra and (b) the interfacial polarization resistances, elec-
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he as-prepared cell measured under open-circuit conditions at different tempera-
ures. Rp/Rt is also shown in (b).

In order to evaluate the performance of layered SBSC perovskite
orking as a cathode in a single cell setting, the impedance spectra

f the as-prepared cells were obtained under open-circuit condi-
ions at different temperatures (Fig. 4(a)). The total cell resistance
Rt), ohmic resistance (Ro), and interfacial polarization resistance
Rp) determined from the impedance spectra at different temper-
tures are shown in Fig. 4(b). As expected, the increase of the
easurement temperature resulted in a significant reduction of

p, typically from 1.01 � cm2 at 500 ◦C to 0.03 � cm2 at 700 ◦C. It

s worth noting that the Rp value at 500 ◦C for SBSC cathode is even
ower than that of a cell with a BSCF–SDC composite cathode at
he same operating temperature (1.1 � cm2 at 500 ◦C) [21]. The low
olarization resistances indicated that the SBSC cathode is a good
andidate for operation at or below 700 ◦C. Further analysis shows

[
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that Rt is primarily dominated by Rp. The ratio of Rp to Rt increases
with a decrease of the operating temperature, from 18% at 700 ◦C to
62% at 500 ◦C, implying that the cell performance is greatly limited
by interfacial polarization resistance at low temperature condi-
tions. It is dominated by the cathode–electrolyte interface whereas
the resistance of the anode–electrolyte is negligible. At 500 ◦C, the
polarization resistance of the electrodes is 1.01 � cm2 whereas the
resistance of the electrolyte is only 0.73 � cm2. Clearly it is worth to
perform further studies in the future to reduce cathode–electrolyte
interfacial resistance.

4. Conclusions

In order to develop IT-SOFCs with a SBSC cathode, a dense
electrolyte was fabricated on a porous anode support by a sim-
ple dry-pressing/co-firing process. A laboratory-sized tri-layer cell
of NiO–SDC/SDC/SBSC was operated from 500 to 700 ◦C fed with
humidified H2 (∼3% H2O). A high maximum power density of
1147 mW cm−2 was achieved at 700 ◦C. The polarization resistance
of the electrodes was as low as 0.03 � cm2 at 700 ◦C. The results
indicate that the layered SBSC perovskite cathode is a good can-
didate for IT-SOFC cathode, and NiO–SDC/SDC/SBSC is a promising
material system for the next generation SOFCs.
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