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a  b  s  t  r  a  c  t

Cobalt-free  perovskite  Ba0.95La0.05FeO3−ı (BLF)  was  synthesized.  The  conductivity  of  BLF  was  measured
with  a  DC  four-point  technique.  The  thermal  expansion  coefficient  of  the  BLF  was  measured  using
a  dilatometer.  The  BaZr0.1Ce0.7Y0.2O3−ı (BZCY7)  electrolyte  based  proton  conducting  solid  oxide  fuel
cells  (SOFCs)  were  fabricated.  A  composite  cathode  with  BLF  +  BZCY7  was  used  to  mitigate  the  ther-
vailable online 18 July 2011

eywords:
obalt-free perovskite
athode
roton conductor

mal  expansion  mismatch  with  the  BZCY7  electrolyte.  The  polarization  processes  of  the  button  cell
NiO–BZCY7/BZCY7/BLF  +  BZCY7  were  characterized  using  the  complicated  electrochemical  impedance
spectroscopy  technique.  The  open  circuit  voltage  of 0.982  V, 1.004  V, and  1.027  V  was  obtained  at  700 ◦C,
650 ◦C, and  600 ◦C,  respectively,  while  the  peak  power  density  of 325  mW  cm−2,  240  mW  cm−2, and
152  mW  cm−2, was  achieved  accordingly.
olid oxide fuel cell

. Introduction

Solid oxide fuel cell (SOFC) has attracted great attentions due
o the fact that SOFC is able to convert the chemical energy of
uels to electrical energy in an efficient and clean way. The most
idely studied SOFCs are based on yttria stabilized zirconia (YSZ)

lectrolyte. Since the conductivity of YSZ electrolyte will be signif-
cantly reduced at lower operating temperatures, resulting in poor
ell performance, YSZ electrolyte based SOFC is generally operated
n very high temperatures (800–1000 ◦C). Nevertheless, the high
emperatures lead to various degradation problems [1,2]. To over-
ome these issues, intermediate temperature SOFCs are resorted in
ecent years [3,4].

It is generally recognized that the cathode is the critical com-
onent limiting SOFC performance [5,6]. A good cathode material
hould have high catalytic activity, high conductivity, and good
ompatibility with electrolyte. To increase the catalytic activity,
he element cobalt is usually doped into the cathode materials.
owever, the cobalt is expensive rare material, and the chem-

cal stability of cobalt containing cathode materials is poor at
O2-containing atmosphere [7,8]. Clearly, it will be very signif-

cant to develop cobalt-free cathode materials with sufficient

atalytic activity at low-temperatures for intermediate tempera-
ure SOFCs. Several cobalt-free oxides with perovskite structure
ave been studied as cathode materials, such as La0.3Sr0.7FeO3−ı [9],
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Ba0.5Sr0.5Zn0.2Fe0.8O3−ı [10], PrBaFe2O5−ı [11], and GdBaFe2O5−ı

[12]. It has been reported that the perovskite Ba0.95La0.05FeO3−ı

(BLF) shows very good property for oxygen permeation at high
temperature of 900 ◦C [13,14]. The feasibility of BLF as a cathode
material is not examined yet, particularly for intermediate tem-
perature SOFCs.

In this paper, BLF as a cathode material is investigated for inter-
mediate temperature SOFCs with proton conducting electrolyte
of BaZr0.1Ce0.7Y0.2O3−ı (BZCY7). The conductivity of BLF is mea-
sured. The chemical and thermal compatibilities between BLF and
BZCY7 are examined. The electrochemical performances of the cells
NiO–BZCY7/BZCY7/BZCY7 + BLF are characterized.

2. Experimental

2.1. Sample preparation, cell fabrication, and X-ray diffraction
measurement

The BZCY7 powder was synthesized using citrate–nitrate
sol–gel combustion method. Y2O3 was  dissolved in nitric acid in
a beaker; the calculated amounts of Ba(NO3)2, Ce(NO3)3·6H2O,
Zr(NO3)4·4H2O were dissolved in a distilled water in another
beaker; the solutions were mixed, stirred and heated; then citric
acid was  added. The molar ratio of citric acid to metal ions was

1.5:1. The ammonia was  added into the solution until the pH value
was  about 8. The solution was heated while stirring until it was
converted to a viscous gel. The viscous gel is then ignited to flame,
resulting in the ash. The obtained ash-like powders were calcined at

dx.doi.org/10.1016/j.jpowsour.2011.07.020
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Xue@cec.sc.edu
dx.doi.org/10.1016/j.jpowsour.2011.07.020
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000 ◦C for 5 h to form pure perovskite oxide, and the synthesized
ZCY7 powders were obtained.

The mixture of NiO, BZCY7, and starch (60%:40%:20% in weight)
as prepressed at 200 MPa  to form an anode substrate with

he diameter of 15 mm.  The loose BZCY7 powder was  uniformly
istributed onto anode substrate, co-pressed at 250 MPa, and
ubsequently sintered at 1400 ◦C for 5 h to densify the BZCY7 mem-
rane.

BLF powder was synthesized using Pechini process with
a2O3, Ba(NO3)2, and Fe(NO3)3·9H2O as precursors, followed
y calcinations at 1000 ◦C for 10 h. The powders of BLF and
ZCY7 (70:30 in weight) were mixed thoroughly with 6 wt%
thylecllulose–terpineol binder to prepare cathode slurry. The
lurry was then painted on BZCY7 electrolyte films, which was
intered at 1000 ◦C for 3 h in air to form single cells.

The phase identification of the sintered anode–electrolyte
ilayer and the prepared cathode powders were studied using X-
ay diffraction (XRD) with Cu K radiation (D/Max-gA, Japan).

.2. Measurements of electrical conductivity and thermal
xpansion

The BLF and BLF + BZCY7 powders were pressed into bars and
hen sintered at 1100 ◦C. The electrical conductivity of BLF in air
as measured from 100 to 800 ◦C using a standard DC four-probe

echnique with a H.P. multimeter. The thermal expansions of the
LF and BLF + BZCY7 bars were measured using a dilatometer (SHI-
ADZU50).

.3. Electrochemical characterization

Single cells were tested from 600 to 700 ◦C with humidified
ydrogen (3% H2O) as a fuel and the static air as an oxidant. The
ow rate of the fuel was controlled at 50 ml  min−1 using a precision
ow meter (APEX). The voltage–current curves were recorded by
cribner890 ZV at the scanning rate of 50 mV  s−1. The electrochem-
cal impedance spectra (EIS) were obtained using a Solartron 1260
requency response analyzer in combination with a Solartron 1287
otentiostat over the frequency range from 0.1 Hz to 105 Hz under
he open circuit voltage conditions. A scanning electron microscope
SEM) was used to observe the microstructure of the post-test cells.

. Results and discussion
Fig. 1 shows the XRD patterns of BLF powder and the mixture
f BLF and BZCY7 powders after calcination at 1000 ◦C. As shown
n Fig. 1(a), the as-prepared powder BLF exhibits a well-developed
rystallization and all of the peaks can be well indexed as a cubic

Fig. 2. The temperature dependent of electrical conductivity of the BLF samp
Fig. 1. The powder X-ray diffraction patterns of (a) Ba0.95La0.05FeO3−ı; (b) mixture
of  Ba0.95La0.05FeO3−ı and BaZr0.1Ce0.7Y0.2O3−ı powders calcined at 1000 ◦C for 3 h.

perovskite structure. The lattice constant calculated from XRD is
about 4.03 Å, consistent with the results reported by Kida on the
Ba1−xLaxFeO3−ı systems [15]. From Fig. 1(b), it can be clearly seen
that the peaks are corresponding to BZCY7 and BLF, respectively,
no peaks contributing to other phases, indicating that there are no
large scale crystalline reaction products between BZCY7 and BLF,
and they are chemically compatible at high temperatures.

Fig. 2(a) shows the temperature dependent electrical conduc-
tivities of the BLF sample when exposed to an air atmosphere. The
conductivity increases from 0.3 to 11.6 S cm−1 when the temper-
ature increases from 100 ◦C to 450 ◦C, then decreases from 11.6
to 3.8 S cm−1 when the temperature further increases from 450 ◦C
to 800 ◦C. Shown in Fig. 2(b) is the linear relation between ln(�T)
versus 1000T−1 obtained from electronic conductivity data. The
activation energy Ea of BLF (range from 450 ◦C to 800 ◦C) is about
0.085 eV.

The thermal expansion coefficients (TEC) of BLF and the
BLF + BZCY7 (BLF:BZCY7 = 70:30 in weight) composite samples are
shown in Fig. 3. It has been reported that the TEC of BZCY7 is
about 10.2 × 10−6 K−1 [16], however, the measured TEC value of
BLF is about 28.4 × 10−6 K−1, indicating that there is a significant

thermal expansion mismatch problem between BLF cathode and
BZCY7 electrolyte. When the BLF is composited with BZCY7, the
TEC value of BLF + BZCY7 is about 22.4 × 10−6 K−1 as shown in Fig. 3,
indicating that better thermal matching can be achieved between

le (a) at 100–800 ◦C in air; (b) with ln(�T) versus 1000T−1 (450–800 ◦C).
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Fig. 3. Thermal expansion (dL/L0) curves of Ba0.95La0.05FeO3−ı and
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Fig. 4(a) that the thickness of the electrolyte membrane is about
a0.95La0.05FeO3−ı + BaZr0.1Ce0.7Y0.2O3−ı in the temperature range of 20–1000 ◦C in
ir.

he composite cathode and the electrolyte. Consequently, it will
educe the possibility of occurrence of delaminations or cracks at
he cathode/electrolyte interface.

Fig. 4(a) shows the SEM images of the cross-section of the cell
i + BZCY7/BZCY7/BLF + BZCY7. The thickness of BZCY7 electrolyte

s about 15 �m.  The electrolyte adheres very well to the anode
nd the cathode without any delaminations or cracks, indicating
hat it is feasible to use composite cathode to improve the thermal
ompatibility between the electrolyte and the cathode. Fig. 4(b)
resents the cross-sectional image of the electrolyte. It can be seen
hat the electrolyte is pretty dense without any pores.

The polarization and power density curves of the cell
i + BZCY7/BZCY7/BLF + BZCY7 were measured from 600 ◦C to

00 ◦C as shown in Fig. 5, in which the humidified hydrogen
∼3% H2O) was used as a fuel while the cathode was exposed
o the ambient air. The open circuit voltages of 0.982 V, 1.004 V,

Fig. 4. Cross-sectional SEM micrograph of the cell without surface modifi
Current den sity/mA.cm

Fig. 5. Performance of the as-prepared cell with hydrogen at different temperatures.

and 1.027 V were achieved at temperatures of 700 ◦C, 650 ◦C,
and 600 ◦C, respectively. The corresponding peak power den-
sity reaches 325 mW cm−2 at 700 ◦C, 240 mW cm−2 at 650 ◦C, and
152 mW cm−2 at 600 ◦C, respectively.

The cell Ni + BZCY7/BZCY7/BLF + BZCY7 was  characterized using
electrochemical impedance spectroscopy. Fig. 6 shows the
impedance spectra measured under open circuit voltage conditions
at different temperatures. The low frequency intercept represents
the cell total resistance (Rt). The high frequency intercept is the
cell ohmic resistance (Rohm). Subtracting Rohm from Rt leads to the
cell total polarization resistance, including the contributions from
both the anode and cathode. Results show that the cell total polar-
ization resistance reaches 0.17 � cm2, 0.42 � cm2, and 1.08 � cm2

at 700 ◦C, 650 ◦C, and 600 ◦C, respectively. Accordingly the cell
ohmic resistance is 0.55, 0.64, and 0.75 � cm2. It is observed from
15 �m,  the conductivity of the BZCY membrane is then calcu-
lated as 2.7 × 10−3 S cm−1, 2.34 × 10−3 S cm−1 and 2 × 10−3 S cm−1

at 700 ◦C, 650 ◦C and 600 ◦C, respectively. The conductivity results

cation after fuel cell testing (a) a tri-layer single cell; (b) electrolyte.



L. Yan et al. / Journal of Power Sou

0.4 0.8 1.2 1.6 2.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

600 oC
650 oC
700 oC

-Z
2 (o

hm
 c

m
2 )

Z1 (ohm cm2)

0.1 Hz

20KHZ 1 KHz

Fig. 6. Impedance spectra of a single cell under open-current conditions at different
temperatures.
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ig. 7. The ohmic (Rohm) and polarization (Rp) resistances of the tested single cell
etermined from impedance spectroscopy under open circuit conditions at different
emperatures. Inset: the Rohm/(Rohm + Rp) ratio at different temperatures.
re a little bit higher than those reported by Sun et al. under com-
arable conditions [17]. Two arcs can be clearly identified from
ig. 6, indicating that at least two processes are involved. The low
requency arc could be attributed to the anode while the high fre-

[
[

rces 196 (2011) 9352– 9355 9355

quency could be attributed to the cathode. Both arcs decrease with
increasing operating temperatures from 600 ◦C to 700 ◦C. Fig. 7
shows the variations of resistances with respect to temperature.
Both the ohmic resistance and polarization resistance decrease
with increasing the operating temperatures. However, the ratio of
ohmic resistance with respect to the cell total resistance increase
with increasing the temperatures, indicating that the resistance
contributed from polarizations decreases in the total cell resistance.

4. Conclusions

A cobalt-free perovskite oxide, Ba0.95La0.05FeO3−ı (BLF) was
investigated as a novel cathode material for BZCY7 electrolyte
based proton conducting SOFCs. The electronic conductivity of BLF
is strongly dependent on the operating temperatures. A composite
cathode of BLF + BZCY7 facilitates to mitigate the thermal expansion
mismatch between the cathode and the electrolyte. The maximum
power density of 325 mW cm−2 was  achieved at 700 ◦C for the cell
Ni + BZCY7/BZCY7/BLF + BZCY7.
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