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1. Introduction

Solid oxide fuel cells (SOFCs) have been targeted for both mobile

and stationary power-generation systems. However, one of the
most important handicaps for their commercialization is the high
fabrication and operating costs, which result from their high oper-
ating temperatures (900–1000 ◦C) [1]. Thus, many efforts have
been focused on reducing the SOFC operating temperature with-
out decreasing the cell efficiency. Generally, ohmic resistance from
the electrolyte and polarization from the electrodes make up the
main losses of a SOFC. It is reckoned that polarization at the
anode is negligible compared to that of the cathode, at least in
the case of hydrogen SOFCs [2]. So, a better SOFC performance
at lower temperatures can be realized by improving the perfor-
mance of the cathode. Mixed ionic–electronic conducting oxides
are promising cathode materials since their cathode kinetic reac-
tion is improved by replacing the triple-phase-boundary (TPB) zone
(electrolyte–cathode–air) with a double inter-phase (cathode–air)
at intermediate temperatures. Mixed conductors are already one of
the best choices for reducing the operating temperature of SOFCs
and have attracted a lot of attention [3,4].

Perovskite-type oxides with ABO3 structure, such as
La1−xSrxCoO3 (LSC), are good mixed conductors and have been
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xSrxFeO4+ı (x = 0.5, 0.6, 0.7, 0.8, 1.0), for intermediate-temperature solid
oped ceria (SDC) electrolyte were prepared by the glycine–nitrate route
fraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, scanning
ermogravimetric (TG) analysis, electrochemical impedance spectroscopy
easurement. SEM results showed that the electrode formed a good contact
intering at 1000 ◦C for 2 h. The value of ı in Ba1.0Sr1.0FeO4+ı materials was
he electrochemical impedance spectra revealed that Ba2−xSrxFeO4+ı had a

ance than that of Ln2NiO4 (Ln = La, Pr, Nd, Sm). In the Ba2−xSrxFeO4+ı (x = 0.5,
mposition Ba1.0Sr1.0FeO4+ı exhibited the best electrochemical activity for
ation resistance of Ba1.0Sr1.0FeO4+ı on SDC electrolyte was 1.11 � cm2 at
f that reported for Ln2NiO4 at the same temperature.

© 2008 Elsevier B.V. All rights reserved.

tested as cathodes for SOFCs. However, these LSC cathodes have
thermomechanical stability problems due to their significantly
large thermal expansion coefficients. Previously, many studies
have shown that materials with perovskite-related K2NiF4-type (or
A2BO4) structure, such as Ln2NiO4, are mixed ionic–electronic con-
ductors and exhibit good electronic conductivity (due to the metal

mixed valency), ionic-transport properties (due to the oxygen
overstoichiometry), electrocatalysis (due to oxygen reduction) and
thermal expansion properties [5–8]. Therefore, A2BO4+ı materials
have been mainly used as oxygen separators, oxygen sensors and
low-temperature superconductors, for example [9]. At present,
these oxides are being extensively re-examined concerning their
possible use as cathode materials for intermediate-temperature
SOFCs (IT-SOFCs). Compared to the perovskite-structured cathodes
commonly used for SOFCs, K2NiF4-type materials possess better
thermal stability and smaller thermal expansion coefficients
(10.5–14.2 × 10−6 K−1) [7,10,11] that match better with those of the
commonly used electrolytes YSZ, GDC and SDC. Taking Ln2NiO4+ı

(Ln = Pr, Nd) as examples, their surface oxygen-exchange coeffi-
cients and oxide-ion diffusivities are much higher than those of
La1−xSrxFe1−yCoyO3−ı [12,13].

Among K2NiF4-type A2BO4 compounds for potential use as SOFC
cathodes, Ln2NiO4+ı-based materials, where Ln is usually some
rare-earth element, such as La, Pr, Nd, or Sm, containing excess
oxygen, have attracted the most attention [14–19]. Another group
of compounds that adopts the same structure and also contains
excess oxygen is the phase LaxSr2−xFeO4+ı. Jennings and Skinner
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suggested these materials as possible cathodes for SOFCs through
a study of their thermal stability and conduction properties [20].
To the best of the authors’ knowledge, there are few papers (e.g.
[21]) in which rare-earth elements are completely replaced with
alkaline-earth metals in the A site of the A2BO4+ı materials and
their cathode properties are investigated. It has been reported
that doping with Sr improves the p-type electrical conductivity of
La2−xSrxNiO4 nickelates [22], and different kinds of oxygen defects
can be formed, depending on the Sr doping concentration [23]. It is
generally believed that these oxygen defects offer the possibility of
rapid oxygen transport through the ceramic material. In the present
study, materials in the Ba2−xSrxFeO4+ı series have been synthesized
and characterized. The results of the investigation indicate that bet-
ter cathodic properties can be obtained by completely replacing
rare-earth elements with alkaline-earth metals.

2. Experimental

2.1. Preparation and measurement of materials

Ba2−xSrxFeO4+ı (x = 0.5, 0.6, 0.7, 0.8, 1.0) materials were synthe-
sized via the glycine–nitrate route [24]. Stoichiometric amounts of
analytical-grade Ba(NO3)2, Sr(NO3)2 and Fe(NO3)3·9H2O were dis-
solved and mixed in pure water. Glycine was then added to the
mixture in the molar ratio of 2:1 with respect to the total num-
ber of metal ions. The solution was heated to ignition on a hot
plate to obtain a powder precursor. The precursor was calcined
in air at 1000 ◦C for 8 h. For convenience, the obtained materials
were called BSF1010 for Ba1.0Sr1.0FeO4+ı (or BaSrFeO4+ı), BSF1208
for Ba1.2Sr0.8FeO4+ı, and so on. Sm0.2Ce0.8O1.9 (SDC) powder was
prepared using a citric–nitrate process and calcining at 800 ◦C for
2 h [25]. The powder was then pressed into pellets and sintered at
1400 ◦C for 4 h.

The crystal structure of the powders was examined by X-ray
diffraction (XRD) using a Bede D1 X-ray diffractometer (Bede Sci-
entific Ltd., UK) with Cu K� radiation operating at 40 kV, 45 mA;
� = 0.15418 nm. The diffraction angle was varied from 20◦ to 80◦

with a step of 0.02◦ and a scan rate of 1.2◦ min−1. Fourier-transform
infrared (FTIR) spectroscopy of the Ba2−xSrxFeO4+ı (x = 0.5, 0.6, 0.7,
0.8, 1.0) materials sintered at 1000◦C for 8 h in air was performed
on a PerkinElmer 1730 spectrophotometer in the mid-IR range from
4000 to 400 cm−1 and with a resolution of 4 cm−1 using KBr pel-
lets as standards. The morphology of the synthesized powders and

the microstructure of the sintered electrodes were examined with
a Hitachi S-3000N scanning electron microscope. The oxygen con-
tent (ı) of these materials was determined by TG analysis using an
INC Q600 SDT analyzer.

2.2. Fabrication and measurement of half-cells

A typical three-electrode method was used to perform electro-
chemical characterization of the Ba2−xSrxFeO4+ı cathodes on an
SDC electrolyte in air. Each sample of Ba2−xSrxFeO4+ı powder was
mixed with an organic binder (ethyl cellulose, �-terpineol) in a
weight ratio of 1:1 to form a cathodic ink, which was subsequently
painted on one side of an SDC pellet to form a working electrode
(WE) with an effective area of 0.20 cm2. After the cathode was sin-
tered at 1000 ◦C for 2 h, Ag paste was painted on the other side of the
SDC pellet, symmetrically opposite to the cathode, as the counter
electrode (CE). A silver reference electrode (RE) was attached to the
same side of the WE by painting Ag paste on an uncoated region
at the edge of the substrate. The distance between the edges of the
RE and WE was about 3 mm. An Ag grid was printed on the sur-
face of the cathode to serve as a current collector. Before testing,
Fig. 1. XRD patterns of Ba2−xSrxFeO4+ı (x = 0.5, 0.6, 0.7, 0.8, 1.0) materials sintered at
1000 ◦C for 8 h in air.

the half-cell was heated at 250 ◦C for 2 h to remove organic sol-
vents and binders. Electrochemical impedance spectroscopy (EIS)
and steady-state polarization measurement of the half-cells were
carried out with an AUTOLAB PGStat30 electrochemical analyzer.
For the EIS measurement, the frequency ranged from 0.1 to 100 kHz
and the AC amplitude was 5 mV. For the steady-state polarization
measurement of the half-cells, IR compensation was carried out
with interrupt method to take out the Ohm polarization.

3. Results and discussion

3.1. Characterization of powders

Fig. 1 shows the XRD patterns of prepared Ba2−xSrxFeO4+ı

(x = 0.5, 0.6, 0.7, 0.8, 1.0) powders after calcining in air at 1000 ◦C
for 8 h. There were peaks other than those of the A2BO4+ı struc-
ture for the specimens with x = 0.5, 0.6, whereas the samples with
x = 0.7, 0.8, 1.0 basically crystallized in a single phase with A2BO4+ı

structure, and no impurities were found [26,27]. It is well known
that reaction between the electrode and electrolyte is undesirable

for the long-term stability of a SOFC. The reactivity of BSF1010
with the SDC electrolyte was further studied by mixing BSF1010
and SDC powders with a 1:1 weight ratio, and then sintering at
1000 ◦C for 2 h. Fig. 2 shows the XRD patterns of BSF1010, SDC and
this BSF1010–SDC mixture. Fig. 2(c) clearly shows that the main
peaks of BSF1010 and SDC were present, except for the shifting of
some peaks of BSF1010 at about 40◦, indicating that BSF1010 was
chemical compatibility with the SDC electrolyte at certain extent.

Fig. 3 shows the FTIR spectra of the Ba2−xSrxFeO4+ı (x = 0.5, 0.6,
0.7, 0.8, 1.0) materials sintered at 1000 ◦C for 8 h in air. In the range of
the figure, the absorption peak at about 500 cm−1 is assigned to the
retractile vibration of the A–O(II)–B bond in the A2BO4 compound,
which is a characteristic absorption of A2BO4 materials in the FTIR
spectrum [27,28]. The FTIR results also showed that increasing the
Sr doping content could promote the formation of a single A2BO4-
structural phase for Ba2−xSrxFeO4+ı materials.

3.2. TG and differential scanning calorimetry (DSC) analyses

The crystal structure of these A2BO4+ı materials can be
described as stacked perovskite (ABO3) layers alternating with
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Fig. 2. XRD patterns of (a) BSF1010 final powder after calcining at 1000 ◦C for 8 h;

(b) SDC final powder; (c) BSF1010–SDC mixture after sintering at 1000 ◦C for 2 h.

rock-salt (AO) layers along the c direction. Because of the differ-
ence in A–O and B–O bond lengths, there is stress in the A2BO4+ı

structure. In order to eliminate this stress and maintain the struc-
tural stability, there are always interstitial oxygens between the
ABO3 perovskite layers and the AO rock-salt layers [29]. In the
A2BO4+ı materials, oxygen transport occurs via a complex mech-
anism combining interstitial migration in the rock-salt layers and
vacancy migration in the perovskite planes [30,31]. The contribu-
tion of the interstitial mechanism appears to be more important
than the vacancy migration mechanism, since a higher oxygen con-
tent, which usually has a positive effect on their ionic conductivity,
can be achieved in these materials [13,32]. So, the more oxygen
overstoichiometry (ı) is achieved in these materials, the better their
electrochemical properties can be expected to be.

The TG and DSC curves under N2 flow of BSF1010 from 28 to
1000 ◦C, are shown in Fig. 4. In the heating stage there is a weight
loss in the temperature range 340–400 ◦C. This weight loss was
identified as the release of excess oxygen (ı) [30]. In this manner,

Fig. 3. FTIR spectra of Ba2−xSrxFeO4+ı (x = 0.5, 0.6, 0.7, 0.8, 1.0) materials sintered at
1000 ◦C for 8 h in air.
rces 182 (2008) 482–488

Fig. 4. TG and DSC traces of a BSF1010 sample under N2 flow in the temperature
range 28–1000 ◦C, at a heating rate of 10 ◦C min−1.

the oxygen overstoichiometry (ı) content can be easily obtained
from the TG analysis, according to the following equation:

ω% m

16
= m

M
ı (1)
where ω% is the weight loss of oxygen overstoichiometry (ı), m is
the mass of BSF1010, and M is the molar mass of BSF1010. Based
on the TG analysis and Eq. (1), the value of ı is calculated to be
0.24 in the BSF1010 sample, larger than the values reported for
La2Ni0.6Cu0.4O4+ı (0.16) [33] and La2NiO4+ı (0.148) [34]. Hereafter,
the notation ‘BSF1010’ indicates the composition Ba1.0Sr1.0FeO4.24.

3.3. Sintering effect

In order to investigate the effect of sintering temperature on
the properties of a Ba2−xSrxFeO4+ı cathode, different sintering con-
ditions were studied. Fig. 5 shows the impedance spectroscopy
of a BSF1010 cathode sintered at 900, 1000, 1100, and 1200 ◦C.
The test was carried out at 700 ◦C in air on an SDC elec-
trolyte. The intercepts of the impedance arcs on the real axis
at high frequencies correspond to the resistance of the elec-
trolyte and lead wires (Rs), while the overall size of the arcs
is attributed to cathode polarization resistance (Rp). From the
impedance spectra, it was seen that Rp was relatively large when
the sintering temperature was low (900 ◦C). When the sintering

Fig. 5. Impedance spectra of a BSF1010 cathode sintered at different temperatures
for 2 h and then measured at 700 ◦C in air.
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trode
Fig. 6. SEM images of the surfaces of (a) a BSF1010 elec

temperature was 1000 ◦C, Rp decreased to its lowest value. Rp

increased again when the sintering temperatures were 1100 and
1200 ◦C.

It is well known that the sintering temperature has a dramatic
effect on the electrode microstructure, which in turn influences
the electrode properties. Therefore, the microstructure of the sin-
tered electrode at different temperatures was further studied. Fig. 6

shows SEM images of the surface of BSF1010 electrodes sintered at
1200, 1100, 1000 and 900 ◦C, respectively, for 2 h. It can be seen that
an over-sintering phenomenon appears for the electrode sintered
above 1100 ◦C; in particular, there is almost no porosity for the sam-
ple sintered at 1200 ◦C. Sintering at 1000 ◦C results in a structure
with moderate porosity (Fig. 6(c)). When the electrode is sintered
at 900 ◦C, however, the BSF1010 particles form poor contacts with
each other.

Fig. 7 shows cross-sectional images of the interface of the elec-
trolyte and the electrode co-sintered at different temperatures.
The electrode sintered at 900 ◦C (Fig. 7(d)) shows poorer contact
with the SDC electrolyte in comparison with electrodes sintered at
higher temperatures. Although Fig. 7(a) and (b) show better con-
tact between the BSF1010 cathode and the SDC electrolyte, the
higher sintering temperature brings about the over-sintering phe-
nomenon. In general, a high sintering temperature increases the
grain size of the electrode and thus decreases the electrode poros-
ity and TPB length, resulting in a high polarization resistance [35].
It can be concluded from the above discussion that 1000 ◦C for 2 h
is the best sintering condition for the as-made BSF1010 cathode on
an SDC electrolyte.
sintered at 1200 ◦C; (b) 1100 ◦C; (c) 1000 ◦C; (d) 900 ◦C.

3.4. Electrochemical performance

Electrochemical impedance spectroscopy under open-circuit-
potential conditions was performed for a Ba2−xSrxFeO4+ı cathode
on an SDC electrolyte at 700 ◦C and the results are shown in
Fig. 8. From the impedance spectra, it can be seen that the
Rp of the Ba2−xSrxFeO4+ı cathode changes from 1.11 � cm2 for

BSF1010 to 1.93 � cm2 for BSF1505 at 700 ◦C in air. The Rp of
BSF1010 is only 1.11 � cm2, which is less than half the values
reported for SmSrCoO4 (2.30 � cm2), Sm1.0Sr1.0NiO4 (3.06 � cm2),
and La1.6Sr0.4NiO4 (2.93 � cm2) electrode materials at the same
temperature [11,19,36]. This may be attributed to the increasing
number of interstitial oxygen atoms caused by replacing the smaller
radius Ln3+ (Ln = La, Pr, Nd, Sm) with a bigger-radius Ba2+ in the A
site. As we know, the oxygen overstoichiometry (ı) in these materi-
als plays an important role in improving their electrode properties.

In order to clearly clarify the electrochemical process, the equiv-
alent circuits and fitting results of these cathodes are presented in
Fig. 9 and Table 1, respectively. Under open-circuit-potential condi-
tions, the impedance spectrum can be decomposed into a resistance
and two capacitive arcs. Here, Rs represents the intercept value of
the impedance spectrum at the high-frequency side with the real
axis, which corresponds to the resistance of the electrolyte and
lead wires; and (R1, Q1) and (R2, Q2) correspond to the high- and
low-frequency arcs, respectively. The high-frequency arc (R1, Q1) is
interpreted as oxygen ion transfer from the electrode to the oxygen-
ion vacancies of the cathode or to the grain-boundary resistance of
the SDC component. The low-frequency arc (R2, Q2) reflects the oxy-
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Fig. 7. SEM pictures of the cross-sections of a BSF1010 electrode

Table 1
Experimental data and fitting parameters extracted from EIS results at 700 ◦C

Experimental data Fitted values of the different parameters

Rs Rp Rs R1 Q1 R2 Q2 R1 + R2

BSF1010 3.182 1.115 3.137 0.6585 0.0063 0.4992 0.0112 1.157
BSF1208 4.263 1.180 4.050 0.8856 0.0015 0.5179 0.0179 1.403
BSF1307 5.047 1.335 4.602 0.9749 0.0007 0.8109 0.0370 1.785
BSF1406 2.585 1.740 2.551 1.7368 0.0045 0.0966 0.0368 1.833
BSF1505 4.118 1.929 4.075 1.6279 0.0014 0.4003 0.0278 2.028

Fig. 8. Impedance spectra for Ba2−xSrxFeO4+ı (x = 0.5, 0.6, 0.7, 0.8, 1.0) cathodes at
700 ◦C under open-circuit-potential conditions.
sintered at (a) 1200 ◦C; (b) 1100 ◦C; (c) 1000 ◦C; (d) 900 ◦C.

gen adsorption or dissociation process [37]. The total polarization

resistance (Rp) is the sum of R1 and R2. For the Ba2−xSrxFeO4+ı cath-
odes it can be seen from Table 1 that the high-frequency resistance
is larger than that of the low-frequency, implying that O2 reduction
on the porous cathode is limited primarily by the charge-transfer
process, presumably occurring at the TPB [38].

According to the impedance data obtained at different test
temperatures, the temperature dependence of the polarization
resistance for Ba2−xSrxFeO4+ı (x = 0.5, 0.6, 0.7, 0.8, 1.0) materials is
plotted in Fig. 10. The apparent activation energy (Ea) calculated
from the slope of the Ln(T/Rp) versus 1000/T plots is also included
in Fig. 10. The polarization resistance decreased with the increase
of the Sr doping content.

Fig. 11 shows the impedance spectra for a 48-h test of the
BSF1010 cathode. There was only about 7% attenuation of the polar-
ization resistance after the BSF1010 cathode was tested at 700 ◦C
for 48 h, suggesting that the BSF1010 electrode was mechanically
stable.

The cathode overpotential is an important factor representing
the electrode performance [39]. The cathodic polarization curves
for BSF1010 materials are plotted in Fig. 12. The lowest polariza-
tion overpotential of 0.064 V is measured for a BSF1010 cathode at

Fig. 9. Equivalent circuit used to fit the impedance data shown in Fig. 8.
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Fig. 10. Arrhenius plots of the polarization resistance for Ba2−xSrxFeO4+ı (x = 0.5, 0.6,
0.7, 0.8, 1.0) materials under open-circuit-potential conditions.

Fig. 11. Impedance spectra for a 48 h test of a BSF1010 cathode at 700 ◦C.

Fig. 12. Cathodic polarization curves for BSF1010 at different temperatures.
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a current density of 51 mA cm−2 at 700 ◦C. Moreover, at low current
density there appears to be a linear relationship [40], i = i0ZF�/RT,
where i is the current density, i0 is the exchange-current density, �
is the overpotential, F is the Faraday constant and R is the univer-
sal gas constant. From the inverse of the derivative of i against �,
the polarization resistance can be calculated. The value obtained at
700 ◦C is 1.25 � cm2, which is in agreement with the result obtained
from the impedance measurement.

4. Conclusions

Ba2−xSrxFeO4+ı (x = 0.5, 0.6, 0.7, 0.8, 1.0) materials were pre-
pared and their potential as cathode materials for IT-SOFCs
was evaluated. The electrochemical impedance spectra revealed
that Ba2−xSrxFeO4+ı materials had a better electrochemical per-
formance than Ln2NiO4 (Ln = La, Pr, Nd, Sm) materials. In the
Ba2−xSrxFeO4+ı (x = 0.5, 0.6, 0.7, 0.8, 1.0) family, the composi-
tion Ba1.0Sr1.0FeO4+ı showed the best electrochemical activity,
especially for oxygen reduction. The polarization resistance of
Ba1.0Sr1.0FeO4+ı was 1.11 � cm2 at 700 ◦C, nearly half that reported
for Ln2NiO4 materials at the same temperature. TG results showed
that there was more interstitial oxygen in A2BO4+ı materials after
the bigger-radius Ba2+ replaced the smaller-radius Ln3+ (Ln = La,
Pr, Nd, Sm). More oxygen overstoichiometry (ı) resulted in better
electrochemical properties. According to the cathodic polariza-
tion results, the Ba1.0Sr1.0FeO4+ı cathode exhibited a cathodic
overpotential lower than 0.064 V at 700 ◦C at a current density
of 51 mA cm−2. The present experimental results suggest that
Ba1.0Sr1.0FeO4+ı is a potential cathode material for use in IT-SOFC.
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