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a b s t r a c t

The SrCo0.9Sb0.1O3−ı (SCS) composite oxide with cubic perovskite structure was synthesized by a modified
Pechini method and examined as a novel cathode for protonic ceramic membrane fuel cells (PCMFCs). At
700 ◦C and under open-circuit condition, symmetrical SCS cathode on BaZr0.1Ce0.7Y0.2O3−ı (BZCY7) elec-
trolyte showed low polarization resistances (Rp) of 0.22 �cm2 in air. A laboratory-sized tri-layer cell
of NiO–BZCY7/BZCY7/SCS was operated from 500 to 700 ◦C with humidified hydrogen (∼3% H2O) as
fuel and the static air as oxidant. A high open-circuit potential of 1.004 V, a maximum power density
of 259 mW cm−2, and a low polarization resistance of the electrodes of 0.14 �cm2 was achieved at 700 ◦C.
Protonic ceramic membrane fuel cells
SrCo0.9Sb0.1O3−ı
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ubic perovskite
aZr0.1Ce0.7Y0.2O3−ı

. Introduction

The development of solid oxide fuel cells (SOFCs) has reached
ts new stage characterized with thin electrolytes on porous
lectrode support, in which the most important fabrication
echniques developed are almost all concerned with inorganic

embranes, and so can be named as ceramic membrane fuel
ells (CMFCs) [1]. Protonic ceramic membrane fuel cells (PCM-
Cs) based on proton-conducting electrolytes may exhibit more
dvantages than CMFCs based on oxygen-ion electrolytes in many
espects, such as low activation energy [2] and high energy
fficiency [3].

There is now considerable interest in proton-conducting oxide
lectrolytes for PCMFCs. Many perovskite-type oxides show high
roton conductivity in a reducing atmosphere. One of the major
hallenges for this type of proton conductor is a proper compromise
etween conductivity and chemical stability. Zuo et al. [4] reported

new composition, BaZr0.1Ce0.7Y0.2O3−ı (BZCY7) that exhibited

oth adequate proton conductivity as well as sufficient chemical
nd thermal stability over a wide range of conditions relevant to
uel cell operation. BZCY7, at temperatures below 550 ◦C, displayed
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he highest ionic conductivity of all known electrolyte materials for
OFC applications.

The development of proper cathode materials for PCMFCs in
rder to improve materials compatibility and reduce costs remains
challenge. Many simple perovskite-type mixed ionic–electronic

onductors such as doped LaCoO3 [5], BaCoO3 [6] or LaFeO3 [7]
ave been extensively studied as possible cathodes, however not
uch attention has been paid to the perovskite structures such as

oped SrCoO3. Recently, Aguadero et al. [8] have prepared a novel
rCo0.9Sb0.1O3−ı perovskite, and shown its potential use as a MIEC
n SOFCs. We have evaluated the performance of this material work-
ng as a cathode in SOFCs based on oxide ion conductors (SDC) [9].
n this work, the SrCo0.9Sb0.1O3−ı cubic perovskite synthesized by

modified Pechini method was examined as a new cathode for
CMFCs based on proton BZCY7 electrolyte.

. Experimental

The SrCo0.9Sb0.1O3−ı (SCS) powder was synthesized by Pechini
ethod. Stoichiometric amounts of commercial Sb2O3, SrNO3,
o(NO3)2·6H2O were dissolved in a citric acid aqueous solution
ontaining some drops of HNO3. The solution was slowly evap-
rated, leading to an organic gel, which was dried at 120 ◦C and
lowly decomposed at temperatures of up to 600 ◦C. A black phase-
ure SCS powder was obtained after calcinating the precursor

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xqliu@ustc.edu.cn
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Fig. 1. X-ray diffraction patterns of (a) the SrCo0.9Sb0.1O3−ı (SCS) powder, the bi-layer
of (b) BZCY7 membrane and (c) NiO–BZCY7 anode substrate (*: NiO).

Fig. 2. Comparison of the impedance spectra for (a) the La0.8Sr0.2MnO3−ı (LSM)
cathode and (b) the SrCo0.9Sb0.1O3−ı (SCS) cathode in air.
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Fig. 3. SEM micrographs of as-prepared cells after testing: (a) the surface of BZCY7 e
urces 185 (2008) 937–940

t 1000 ◦C for 10 h. The BaZr0.1Ce0.7Y0.2O3−ı (BZCY7) powders
ere synthesized by a modified Pechini method with citrate and

thylenediamine tetraacetic acid (EDTA) as parallel complexing
gents. Y2O3 was dissolved in nitric acid first, and calculated
mounts of Ba(NO3)2·9H2O, Ce(NO3)3·6H2O, Zr(NO3)4·4H2O were
issolved in EDTA–NH3 aqueous solution. After agitation for a cer-
ain time, a proper amount of citric acid was introduced, with
he molar ratio of EDTA:citric acid:total of metal cations con-
rolled at around 1:1.5:1. The solution was heated under stirring,
onverted to a viscous gel and ignited to flame, resulting in the
sh. The resulting ash-like material was afterwards calcined in air
t 1100 ◦C for 5 h. Fine SCS powder was mixed thoroughly with
6 wt% ethylcellulose–terpineol binder to prepare the cathode

lurry, which was then painted on both sides of dense BZCY7 pel-
ets, forming SCS/BZCY7/SCS symmetric cells. The cathodes were
alcined at 1000 ◦C for 3 h in air. For comparison, a conventional
a0.8Sr0.2MnO3−ı (LSM) cathode was also fabricated (calcined at
150 ◦C for 3 h) and characterized.

The anode-supported BZCY7 bi-layer (∅15 mm) was prepared
y a dry-pressing method. NiO + BZCY7 + corn starch mixture
60%:40%:20% in weight) was pre-pressed at 200 MPa as sub-
trate about 0.95 mm. Then the anode functional layer (mixture of
iO + BZCY7, NiO:BZCY7 = 50%:50%) was pressed onto the substrate.
inally loose BZCY7 powder, calcined at 1100 ◦C for 5 h to form a
ure perovskite oxide, was uniformly distributed onto anode sub-
trate, co-pressed at 250 MPa and sintered subsequently at 1400 ◦C
or 5 h to densitify the BZCY7 membrane. The cathode slurry was
hen painted on BZCY7 electrolyte films, and sintered at 1000 ◦C for
h in air to form cells.

The phase identification of the prepared SCS powders was
tudied with the powder X-ray diffraction by Cu K� radia-
ion (D/Max-gA, Japan). For electrochemical measurements, a
ilver paste was painted on the surfaces of SCS/BZCY7/SCS sym-
etric cells as a current collector. Electrochemical impedance

pectroscopy (EIS) was measured by a frequency response ana-
yzer (Chi604c, Shanghai Chenhua) in the temperature range of
00–800 ◦C in air. Single cells were tested from 550 to 700 ◦C in
home-developed cell testing system with humidified hydrogen

∼3% H O) as fuel and the static air as oxidant, respectively. The flow
2
ate of fuel gas was about 40 ml min−1. The cell voltages and output
urrent of the cells were measured with digital multi-meters (GDM-
145). AC impedance spectroscopy (Chi604c, Shanghai Chenhua)
as performed on the cell under open-current conditions from

lectrolyte and (b) the cross-section of tri-layer cell of NiO–BZCY7/BZCY7/SCS.
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ig. 4. Performance of the tri-layer cell with hydrogen at different temperatures.

50 to 700 ◦C. A scanning electron microscope (SEM) was used to
bserve the microstructure of the cells after testing.

. Results and discussion

As shown in Fig. 1(a), the as-prepared powder of SCS exhibits
subtle tetragonal distortion of a simple perovskite unit cell,
ith a = b ∼ 3.87 Å and c ∼ 3.90 Å [8]. Fig. 1 also presents the XRD

pectra of anode/electrolyte bi-layer sintered at 1400 ◦C for 5 h. It
ould be clearly seen that there were only peaks corresponding to
aZr0.1Ce0.7Y0.2O3−ı (BZCY7) in electrolyte membrane (Fig. 1(b))
nd to NiO and BZCY7 in the anode substrate (Fig. 1(c)), which gave
o evidence for the formation of other substance.

Fig. 2 shows a comparison of typical impedance spectra of LSM
nd pure SCS cathodes under open-circuit conditions in air. The
bserved polarization resistances for the SCS cathode are as low as
.22 �cm2 and 0.54 �cm2 at 700 ◦C and 650 ◦C, respectively. For
he LSM cathode, its corresponding resistances are 4.8 �cm2 and
0.3 �cm2. Obviously, the SCS electrode exhibits a much higher
lectrochemical activity for O2 reduction, and the polarization
esistance of SCS is only 4.6–5.2% of the LSM at the measured

emperatures.

Fig. 3(a) is the SEM image of surface morphology of the as-
repared tri-layer cell of BZCY7 electrolyte on the porous anode
upport after testing. It can be seen that the BZCY7 membrane

ig. 5. Impedance spectra of the as-prepared cells under open-current conditions
t different temperatures.
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ig. 6. The interfacial polarization resistances, electrolyte resistances, and total
esistances determined from the impedance spectra of the tri-layer cell measured
nder open-circuit conditions at different temperatures.

s completely dense. There is no pores and cracks on the surface.
ig. 3(b) shows the cross-sectional view of the as-prepared tri-
ayer cell, Ni–BZCY7/BZCY7/SCS after testing. As can be seen, the
ZCY7 electrolyte is about 20 �m in thickness, quite dense and
dhered very well to anode functional layer and cathode. The anode
unctional layer is used to optimize the interface of anode and elec-
rolyte which is about 70 �m in thickness.

Fig. 4 presents the I–V and I–P characteristics of the as-prepared
ell. The almost linear I–V curve implies little electrode polariza-
ion. And also, we can deduce that the voltage drop of the cell is

ostly from IR fall across the BZCY7 electrolyte because of both
node and cathode materials exhibiting much higher conductivity
han electrolyte materials. The high open-circuit voltages (OCV) of
.004 V at 700 ◦C, 1.024 V at 650 ◦C, 1.037 V at 600 ◦C and 1.045 V at
50 ◦C indicate that the electrolyte membrane is sufficiently dense.
eak power densities were 259, 194, 120 and 71 mW cm−2 at 700,
50, 600 and 550 ◦C, respectively.

In order to evaluate the performance of SCS cubic perovskite
orking as a cathode in a whole protonic ceramic membrane fuel

ell, the impedance spectra of the as-prepared cells under open-
urrent conditions at different temperatures as shown in Fig. 5.
n these spectra, the intercept with the real axis at low frequen-
ies represents the total resistance of the cell and the value of the
ntercept at high frequency is the electrolyte resistance, while the
ifference of the two values corresponds to the sum of the elec-
rode polarization resistances of the cell. As expected, the increase
f the measurement temperature resulted in a significant reduction
f the electrode polarization resistances, typically from 3.31 �cm2

t 550 ◦C to 0.14 �cm2 at 700 ◦C. The results indicated that the
CS cathode is a good candidate for operation at or below 650 ◦C.
urther, Fig. 6 shows that the cell performance is influenced by
he electrode polarization resistances, especially at temperatures
elow 600 ◦C, where the cell performance is essentially determined
y the interfacial resistances. At 550 ◦C, the polarization resistance
f the electrodes is ∼ 3.31 �cm2 whereas the resistance of the elec-
rolyte is only ∼ 1.39 �cm2. So we can deduce that development
f proper cathode materials is a great challenge for developing the
ow-temperature PCMFCs.
. Conclusions

In this study, cubic perovskite-type oxide SCS was successfully
ynthesized by a modified Pechini method and characterized as a
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ovel cathode for the low-temperature PCMFCs. The polarization
esistances of symmetrical SCS cathode in air were as low as 0.22
nd 0.54 �cm2 at 700 and 650 ◦C, respectively. A laboratory-sized
ri-layer cell of NiO–BZCY7/BZCY7/SCS, not yet optimized for
erformance, was operated from 550 to 700 ◦C fed with humid-

fied H2 (∼3% H2O). A high open-circuit potential of 1.004 V and
maximum power density of 259 mW cm−2 was achieved at

00 ◦C. The polarization resistance of the electrodes was as low
s 0.14 �cm2 at 700 ◦C. These results have indicated that the SCS
ubic perovskite cathode is a good candidate for operation at
r below 700 ◦C, and that proton-conducting electrolyte BZCY7
ith SCS cathode is a promising materials system for the next
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