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bstract

Powders of Gd0.8Sr0.2CoO3 (GSC) were prepared by a glycine–nitrate process. Symmetrical cathodes of GSC–50Ce0.9Gd0.1O1.95 (GDC) (50:50
y volume) powders were deposited on GDC electrolyte pellets, and the electrochemical properties of the interfaces between the porous cathode
nd the electrolyte were investigated at intermediate temperature (500–750 ◦C) using electrochemical impedance spectroscopy. The addition of

0 vol.% GDC to GSC resulted in an additional factor ≈3 decrease in the area-specific resistance (ASR). The ASR values for the GSC–50GDC
athodes were as low as 0.064 � cm2 at 700 ◦C and 0.16 � cm2 at 600 ◦C, respectively. The maximum power density of a cell using the GSC–50GDC
athode was 356 mW cm−2 at 700 ◦C.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A solid oxide fuel cell (SOFC) is an energy conversion device
hich converts chemical energy directly into electric power with
igh conversion efficiency and negligible pollution. In order to
inimize the stringent requirements placed on the balance-of-

lant at high temperature, the operating temperature of SOFC
hould be lowered to intermediate temperature (IT, 500–800 ◦C)
1,2]. Unfortunately, the cathode resistance increases rapidly
hen the operating temperature is low [3,4].
(La, Sr)CoO3 (LSC) is a promising cathode for ITSOFCs due

o its high catalytic activity for oxygen reduction and apprecia-
le conductivity [5,6]. However, it has a high thermal expansion
oefficient which is mismatched to the common ITSOFC elec-
rolyte material, Ce0.9Gd0.1O1.95 (GDC). (La, Sr)(Co, Fe)O3
LSCF), with a higher catalytic activity than (La, Sr)MnO3

LSM), is considered to be a promising cathode for ITSOFC
7–9]. Its interfacial resistance is approximately 10 times lower
han LSM on (ZrO2)0.92(Y2O3)0.08 electrolytes, and interfacial
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impedance spectroscopy

esistances for LSCF–GDC cathodes are as low as 0.01 � cm2

t 750 ◦C and 0.33 � cm2 at 600 ◦C [10]. Other doped LaCoO3
uch as Sm0.5Sr0.5CoO3, Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) com-
ositions and their composites also exhibit good cathode
erformances at 500–700 ◦C [11–15]. For example, the ASR
f the BSCF cathode was as low as 0.055–0.07 � cm2, and
eak power density of the cell with the BSCF cathode was
pproximately 1010 mW cm−2 at 600 ◦C [13]. Unfortunately,
hese materials do not completely meet all the technological
equirements (thermal expansion, ionic conductivity, mechani-
al stability, cost), which prevent the rapid commercialization
f the ITSOFC system.

Bismuth-based composite cathodes exhibit good cathode
erformances at intermediate temperature, such as Ag-ESB
Bi0.8Er0.2O1.5) [16,17], Ag-YSB (Bi0.75Y0.25O1.5) [18,19], and
i2Ru2O7 (-ESB) [20,21]. Conductors based on bismuth oxide
ave much higher oxygen-ion conductivity, and the conductiv-
ty of bismuth oxide is approximately two orders of magnitude
igher than that of stabilized zirconia. A further and deter-

ining advantage of Bi2O3 is its favorable catalytic effect on

he oxygen dissociation reaction, which is always the first and
ften limiting step in every electrochemical process involving
xygen transfer. For example, the ASRs of the Bi2Ru2O7 and

mailto:huangsg@ustc.edu
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i2Ru2O7-ESB cathodes were as low as 0.4 and 0.03 � cm2

t 700 ◦C, respectively [20,21]. However, longer-term tests of
hese composite cathodes are needed because of the migration
f the silver phase and the stability of bismuth oxide phase at
perating temperature.

(Gd, Sr)CoO3 (GSC) is an excellent mixed electronic conduc-
or and widely used as electrodes and separating membranes for
arious electrochemical devices [22]. GSC cathodes have good
ntermediate and low-temperature performances [23–25]. Dyck
t al. [26] found that GDC additions to the GSC material resulted
n stable composite cathode materials which showed little inter-
ction amongst their constituent phases, and high electrical
onductivity was maintained for compositions with excellent
hermal expansion matching the GDC electrolyte. Meanwhile
he presence of Gd as one of the main constituents in the cath-
de also reduces the probability of unfavorable reactions with
DC, which itself contains a promising new cathode material for
se with GDC. However, details concerning the electrochemi-
al properties of the GSC–GDC composite cathode were not
eported in the literature.

The aim of the present study was to obtain more detailed
nformation about the GSC–GDC composite cathode. GDC
lectrolytes were used in order to determine the feasibility of
sing these cathodes with this standard electrolyte material. The
lectrochemical properties of these cathodes were investigated
nd correlated with the compositions and microstructures.

. Experimental

Gd0.8Sr0.2CoO3 (GSC) powders were prepared by a
lycine–nitrate process (GNP). The stoichiometric amount of
d, Sr and Co high-purity nitrates were dissolved in distilled
ater, forming a solution with the concentration of 0.2 M. The
olution was heated on a hotplate, with constant stirring, con-
erted to a viscous gel due to evaporation, and ignited to flame,
esulting in fine GSC “ash” of a pale-black color. The “ash” was
alcined at the temperature from 600 to 900 ◦C for 4 h to remove

w
s
a
w

Fig. 2. SEM images of GSC–50GDC cathodes sinter
Fig. 1. X-ray diffraction patterns of GSC powders.

ny remaining carbon residues and to form a well-crystalline
tructure. Ce0.9Gd0.1O1.95 (GDC) powders were synthesized
sing an oxalate co-precipitation method (OCM) [27] and GNP,
espectively. The powders were fired at 750 ◦C for 4 h.

In addition to slurry containing 50 vol.% GDC (by GNP),
ure GSC slurry was made. These slurries were ball-milled
or 24 h, and then screen-printed onto each side of GDC sub-
trates. Both slurries contained the desired amount of GSC
nd GDC, along with 3 wt.% polyvinyl buteral-76 binder, and
5 wt.% sodium-free corn oil. Methyl ethyl ketone was used
s the solvent. The slurries were printed on each side of GDC
by OCM) pellets (15 mm diameter, 0.6 mm thickness, sinter-
ng at 1400 ◦C). The symmetrical cell was sintered at 950 ◦C
or 2 h in air, to form two nominally identical electrodes for
lectrochemical testing.

Single planar anode-supported thin-film electrolyte fuel cells
ere fabricated using a dual dry-pressing method for the mea-
urement of cathode property [28]. The anode, formed from
60:40 wt.% mixture of NiO and GDC (by OCM) powders
as dry-pressed into a pellet, and then GDC powders were dis-

ed at 950 ◦C: (a) cross-section and (b) surface.
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ributed on the anode surface and co-pressed with the anode.
he resultant bilayer was calcined at 1350 ◦C for 5 h. The fab-

ication of the LSCF–50GDC (50:50 by volume) cathode was
imilar to the GSC–50GDC (50:50 by volume). GSC–50GDC
nd LSCF–50GDC slurries, respectively, were screen-printed
n the electrolyte (GDC) surface. The cell with GSC–50GDC
as sintered at 950 ◦C for 2 h, and with LSCF–50GDC was sin-

ered at 950 ◦C for 2 h. Before measurement of the power density,
iO was reduced to Ni in a H2 stream at 1000 ◦C for 1 h. Air and
ydrogen humidified with 3 vol.% H2O were fed to the cathode
nd the anode sides, respectively.
Impedance spectroscopy measurements were carried out
sing a CHI604A analyzer. The frequency range was from 0.01
o 105 Hz with a signal amplitude of 10 mV. Measurements were
aken over a temperature range of 500–750 ◦C in air.

a
a
p
a

Fig. 3. Impedance spectra of GSC–50GDC c
Sources 176 (2008) 102–106

A scanning electron microscope (SEM, Hitch 650) was used
o detect the microstructure of the sintered pellets. The phase
dentification of GSC powders was made with the powder X-ray
iffraction using Cu K� radiation (D/max-�A, Japan).

. Results and discussion

Fig. 1 shows the XRD patterns of the as-synthesized ash
nd calcined GSC powders at varying temperatures. The XRD
attern of the ash sample exhibits all major peaks of a per-
vskite structure, although the peaks are rather broad. However,

ll peaks in the XRD pattern of the powder samples calcined
t temperatures above 600 ◦C are relatively sharp. The almost
ure perovskite phase can be obtained only after calcinations
t 900 ◦C, which is approximately 300 ◦C lower than the cal-

athodes measured from 500 to 750 ◦C.
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composites of LSCF–GDC cathodes and GDC electrolytes from
500 to 750 ◦C. The addition of 50 vol.% GDC to LSFC resulted
in a factor of ≈10 decreases in the polarization resistance [10].
S. Huang et al. / Journal of P

ined temperature of the powders synthesized by the traditional
olid state reaction. Meanwhile, the XRD pattern of the sintering
SC/GDC sample 1000 ◦C for 10 h shows the presence of only

wo crystalline phases, the GDC and the cubic (Gd, Sr)CoO3
erovskite, and there are no traces of any other phase.

Fig. 2a shows typical cross-SEM images of a GSC–50GDC
athode on a GDC electrolyte, sintered at 950 ◦C for 2 h. Due
o the similar thermal expansion between the two materials, the
SC and GDC particles appear to have sintered well with each
ther, and show good bonding and continuous contact with the
ense electrolyte pellet. The thickness of the cathode layer was
ound to be 40–50 �m. High porous electrodes were apparent.

Fig. 2b shows the GSC–50GDC interface at higher mag-
ification (4000×) which clearly indicates that the electrode
icrostructure appeared uniform with reasonable porosity and
ell-necked particles. The grain size of the GSC–50GDC is of

he order of 1.5 �m. The pore sizes appeared to be 1–3 �m.
The evolution of AC impedance spectra for GSC–50GDC

athodes measured at different temperatures in air is shown in
ig. 3. As expected, the increase of the measurement temperature
esulted in a significant reduction of the ASR, typically from
.16 � cm2 at 600 ◦C to 0.064 � cm2 at 700 ◦C.

At low temperatures two arcs can be observed at 500 ◦C. As
ndicated in Fig. 3, the first arc observed at higher frequency
an be associated with the grain (bulk) boundary response of
he GDC electrolyte; the second arc at lower frequency comes
rom the GSC–50GDC cathode. Above 600 ◦C the grain bound-
ry and bulk processes could not be measured as they became
ndistinguishable.

For the GSC–50GDC cathode above 600 ◦C, two arcs were
bserved between the high- and low-frequency arcs, giving the
ppearance of a single depressed arc. Attempts were made to
t the impedance arcs for GSC–50GDC. However, overlap-
ing of the arcs made it difficult to deconvolute the impedance
pectra with reasonable accuracy. The low-frequency arc is
ue to concentration polarization caused by the diffusion and
xchange of oxygen species to the electrode/electrolyte inter-
ace. In general, the low-frequency arc became more dominant
ith decreasing temperature, which typically indicates that the
rimary rate-limiting mechanism is diffusion related [29]. This
rocess dominates increases as a function of temperature.

The performance of a mixed conducting cathode is governed
y the electronic conductivity of the electrocatalyst, catalytic
ctivities at the triple phase boundary and electrode surfaces,
he ionic conductivity of the electrolyte, and rates of transport
f gases through the porous electrode. Comparison of ASRs
etween GSC and GSC–50GDC cathodes was shown in Fig. 4.
SRs of GSC electrodes on GDC electrolytes are relatively
igh at intermediate temperatures. For example, it is 0.26 � cm2

t 700 ◦C. This value is much higher than that expected for
he cathode ASR, which is lower than 0.15 � cm2 at operat-
ng temperature. It was noted that the addition of GDC could
ramatically improve the electrochemical performance of GSC,

amely decrease the area-specific resistance. The addition of
0 vol.% of GDC to GSC resulted in ASR reduction from 0.26
o 0.064 � cm2 at 700 ◦C. The addition of 50 vol.% GDC to
SC resulted in an additional factor ≈3 decrease in ASRs. It is

F
G

Fig. 4. Comparison of ASRs between GSC and GSC–50GDC cathodes.

ossible that the polarization resistance of the optimized com-
osite electrode was decreased by extending the triple phase
oundary, which resulted in much lower over potentials toward
xygen reduction, and by increasing the oxygen diffusion upon
he addition of an ionic conducting phase (GDC). The results
re consistent with those reported by Murray et al. who studied
he electrochemical properties of the interfaces between porous
ig. 5. Cell voltage and power density as functions of current density with (a)
SC–50GDC cathode and (b) LSCF–50GDC cathode.
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Fig. 5 shows the power densities as a function of cur-
ent densities for cells with the GSC–50GDC cathode and the
SCF–50GDC cathode, respectively. The cells were tested at
00 ◦C with humidified hydrogen as fuel and air as oxidant.
he maximum power density of the cell with the GSC–50GDC
athode was 356 mW cm−2 at 700 ◦C, while that with the
SCF–50GDC cathode was only 251 mW cm−2. Power den-
ities are functions of internal resistances, which are the sum
f the cathode–anode polarization resistances, and ohmic resis-
ance of the electrolyte. Since the electrolyte and the anode of
he two cells are similar, the anodic and electrolyte resistances
hould be similar. Thus, the relatively higher power densities
nfer better performance of the GSC–50GSDC electrode.

It is noted that optimization of concentration and bet-
er microstructure can further improve the performances of
SC–50GDC cathodes. The results indicated that the GSC–
0GDC cathode is a good candidate for operation at or below
00 ◦C.

. Conclusions

In this study, the addition of 50 vol.% GDC to GSC resulted
n an additional factor ≈3 decrease in the area-specific resis-
ance. The GSC–50GDC cathode exhibits a low over potential
nd high-activity for oxygen diffusion and dissociation. The
SR of the GSC–50GDC cathode was as low as 0.064 � cm2 at
00 ◦C, and the GSC–50GDC cathode is promising for ITSOFC
perating at or below 700 ◦C.
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