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a b s t r a c t

Ba1.0Sr1.0FeO4+ı (BSFO) with A2BO4 structure as a cathode material for intermediate temperature solid
oxide fuel cells (IT-SOFCs) is synthesized through an ethylene diamine tetraacetic acid (EDTA)–citrate
process, and characterized by X-ray diffraction. Field emission scanning electron microscopy shows
that BSFO cathode is well attached to the La0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM) electrolyte. The electrical
conductivity measured by DC four-probe method increases as the temperature increases. A lin-
olid oxide fuel cells
athode materials
ixed ionic–electronic conductor

lectrochemical performance

ear relationship between ln(�T) and 1000/T indicates that the conducting behavior obeys the small
polaron conductivity mechanism. Electrochemical performance of BSFO cathode on LSGM electrolyte
is investigated in the temperature range from 500 ◦C to 800 ◦C. The results indicate that oxygen
adsorption/dissociation process dominates cathodic reaction. Furthermore, the polarization resis-
tance of BSFO cathode decreases with increasing temperature, and declines to 1.42 � cm2 at 800 ◦C.
These results show that BSFO can be a promising cathode material used on LSGM electrolyte for

IT-SOFCs.

. Introduction

Solid oxide fuel cells (SOFCs) have been considered as one of
he most promising energy conversion devices due to their fuel
ariety, high efficiency and low environmental pollution [1]. Con-
entional SOFCs have to work at a high temperature (>1000 ◦C),
hich not only increase their cost but also reduce their material
iversification. Therefore, SOFCs working at intermediate or low
emperatures (500–800 ◦C) are of great interest [2]. However, even
ith these, performances of these cells usually deteriorate at inter-
ediate operating temperatures, mainly due to internal resistances

etween electrolytes and cathodes [3]. It is necessary to develop
ew cathode materials with low polarization resistances at inter-
ediate operating temperatures.
Recently, compounds with A2BO4 structure have generated
onsiderable interest as cathode materials for intermediate tem-
erature solid oxide fuel cells (IT-SOFCs). The A2BO4 structure, with
lanthanide at A site and a transition metal cation (Ni, Co, Cu, Fe)

t B site, can be considered as both ABO3 perovskite structure and

∗ Corresponding author at: State Key Laboratory of Advanced Metals and Materi-
ls, University of Science and Technology Beijing, Beijing 100083, People’s Republic
f China. Tel.: +86 10 62334725; fax: +86 10 62333113.

E-mail address: yuezhang@ustb.edu.cn (Y. Zhang).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.03.019
© 2011 Elsevier B.V. All rights reserved.

AO rock-salt layers arranging alternatively in the c-direction. This
structure can produce a lot of interstitial oxygen defects with neg-
ative charges, which is beneficial to the transport of oxygen ions
[4–8]. In order to produce dramatically improved electrochemical
properties, several systems have been either doped or replaced A
site with alkaline-earths. Li et al. investigated Sr doped La2CuO4
as cathode materials for IT-SOFCs with GDC electrolyte, and found
that La1.7Sr0.3CuO4 electrode exhibited optimized performances
[5]. Zhao et al. studied the conductivity of La2−xSrxCo0.8Ni0.2O4+ı

(LSCN, x = 0, 0.4, 0.8, 1.2, 1.6) and Ce0.9Gd0.1O1.95 (GDC) composite
cathodes, and found that La1.2Sr0.8Co0.8Ni0.2O4+ı-based electrode
had the lowest interfacial polarization resistance (1.36 � cm2 at
600 ◦C) [6]. Jin et al. evaluated the performance of Ba2−xSrxFeO4+ı

(x = 0.5, 0.6, 0.7, 0.8, 1.0) on a samarium doped ceria (SDC) elec-
trolyte. The best electrochemical properties during the reduction
process were observed at x = 1.0. The polarization resistance of
Ba1.0Sr1.0FeO4+ı on SDC electrolyte was 1.11 � cm2 at 700 ◦C [9].

Most of these researches evaluated the electrochemical per-
formance of cathode materials with A2BO4 structure on doped
ceria electrolyte, but little attention was paid to the doped

LaGaO3 electrolyte. In addition, substitution of the small La3+

ions by Ba2+ and Sr2+ could produce more oxygen overstoi-
chiometry, which resulted in better electrochemical properties.
In this study, Ba1.0Sr1.0FeO4+ı (BSFO) powders were prepared by
EDTA–citrate method. The electrical conductivity and the electro-

dx.doi.org/10.1016/j.jpowsour.2011.03.019
http://www.sciencedirect.com/science/journal/03787753
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hemical performance of BSFO cathode on LSGM electrolyte were
nvestigated.

. Experimental

.1. Preparation

Ba1.0Sr1.0FeO4+ı (BSFO) powders were synthesized by a mod-
fied citric acid sol–gel method. Stoichiometric amounts of
nalytical-grade Ba(NO3)2, Sr(NO3)2, and Fe(NO3)3·9H2O were dis-
olved in deionized water. The nitrate solution was mixed with 1 M
DTA–NH4OH solution by magnetic stirring and the mixture was
eated to 90 ◦C in a water bath. Then citric acid was added into the
ixture, and the mole of ratio of the total metal ions:EDTA:citric

cid was controlled to approximately 1:1:1.5. To prevent precipi-
ation, NH4OH was added to adjust the pH value to about 6. During
his process the solution turned into viscous liquids. The viscous
iquids were transferred into a beaker which was maintained at
00–250 ◦C until auto-combustion occurred. The as-synthesized
owders were calcined at 800–1100 ◦C for 8 h in air and BSFO pow-
ers were obtained.

.2. Fabrication of symmetrical fuel cells

The synthesis of LSGM powders has been detailed elsewhere
10]. As-prepared LSGM powders were pressed uniaxially into pel-
ets and sintered at 1350 ◦C for 5 h in air. The samples obtained were
bout 12 mm in diameter and 0.5 mm in thickness. Cathode slurry
as prepared by mixing BSFO powders and ethyl cellulose with a
eight ratio of 1:1, and dispersed homogeneously in terpineol in

n ultrasonic bath. The slurry was then sprayed onto both sides
f LSGM electrolyte. In order to obtain a symmetrical fuel cell, the
lectrolyte with cathode slurry was calcined at 600 ◦C for 1 h in air
o eliminate organic binders and subsequently sintered at 1000 ◦C
or 3 h. Pt paste was brushed onto both sides of the symmetrical
uel cell to serve as current collectors. Pt leads were connected to
he Pt paste to measure the electrochemical properties of the cell.

.3. Characterization

X-ray diffraction (XRD) was carried out on a Rigaku Dmax-RB
-ray diffractometer with Cu K� radiation at a scanning rate of
.02◦ per step to identify the phases formed in the cathode. The
orphology of the cathode on LSGM electrolyte after sintering
as observed by a field emission scanning electron microscope

FESEM, SUPPA-55) with a voltage of 10 kV. In order to measure

he electrical conductivity of the cathode, bars were made fol-
owing a normal calcine–grind–press–sinter process. The electrical
onductivity of the sintered bars was measured by DC four-probe
quipment from 300 ◦C to 800 ◦C in air. Electrochemical impedance
pectroscopy (EIS) measurements of the cathode materials on the

Fig. 2. SEM morphology of BSFO cathode on LSGM electrolyte sint
Fig. 1. XRD patterns of BSFO powder calcined at different temperatures.

LSGM electrolyte were carried out from 500 ◦C to 800 ◦C in air with
a Solartron 1260 Impedance/Gain-Phase Analyzer coupled with
Solartron 1287 electrochemical interface. The applied frequency
ranged from 106 Hz to 10−2 Hz with a perturbation amplitude of
10 mV.

3. Results and discussion

3.1. Structure characterization

The XRD spectra of BSFO powders calcined at different temper-
atures for 8 h are shown in Fig. 1. It is found that A2BO4 structure
is not formed when the calcination temperature is below 900 ◦C.
Fig. 2 exhibits the FESEM images of the BSFO cathode on the LSGM
electrolyte sintered at 1000 ◦C for 3 h. Fig. 2(a) demonstrates that
the particles are connected with each other, with an average grain
size of about 1–2 �m. The cathode provides a well-boned porous
network to transport the gas, which facilitates the oxygen reduc-
tion reaction. The porous BSFO cathode is attached to the dense
LSGM electrolyte, and no cracks are observed at the BSFO/LSGM
interface, as illustrated in Fig. 2(b).

3.2. Electrical conductivity

In mixed ion-electronic conductor, both ions and electrons
would contribute to transport properties. However, since electronic
conductivity is usually much higher than ionic conductivity, the
total conductivity measured is mainly determined by the electronic
conductivity. Fig. 3(a) displays the variation of electrical conductiv-

ities with temperatures. As the temperature increases from 300 ◦C
to 800 ◦C, the electrical conductivities reveal an upward shift. The
Arrhenius plot corresponding to Fig. 3(a) is given in Fig. 3(b). The
results show the relationship between ln(�T) and 1000/T is nearly
linear, which indicates that the conducting behavior obeys the

ered at 1000 ◦C (a) surface view and (b) cross-section view.
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ig. 3. (a) Electrical conductivity of BSFO specimen measured in air from 300 ◦C to
00 ◦C and (b) the corresponding Arrhenius plots.

mall polaron conductivity mechanism according to the Arrhenius’
quation:

=
(

A

T

)
exp

(−Ea

kT

)
(1)

here A is a pre-exponential factor, k is the Boltzman’s constant, T
s the absolute temperature and Ea is the activation energy. The Ea

alculated from the linear fit is 0.204 eV.

.3. Electrochemical performance

Electrochemical impedance measurements for BSFO cathode on
SGM electrolyte were performed at different temperatures with-
ut applying a bias voltage in air, as shown in Fig. 4. The equivalent
ircuits are also shown in the inset, where L denotes an induc-

ance, Rs is the ohmic resistance of the cell, Q is a constant phase
lement, R1 and R2 are the polarization resistances at high and
ow frequencies, respectively, and Rp, the sum of R1 and R2, is
he polarization resistance of the cathode/electrolyte interface. The
mpedance spectra can be fitted by a nonlinear least squares fitting

able 1
olarization resistances and capacitances of BSFO cathode on LSGM electrolyte at differen

T (◦C) R1 (� cm2) C1 (F cm−2) R2 (� cm2)

500 20.70 5.3 × 10−8 127.5
550 8.20 6.8 × 10−8 44.5
600 – – –
650 – – –
700 – – –
750 – – –
800 – – –
Fig. 4. AC impedance spectra of BSFO cathode on LSGM electrolyte measured in air
without bias voltage in the temperatures range of (a) 500–550 ◦C and (b) 600–800 ◦C.
The equivalent circuits are shown in the inset.

program (ZSimpWin 3.1), and the results obtained are shown in
Table 1. From Table 1, the value of Rp decreases as the tempera-
ture increases, and declines to 1.42 � cm2 at 800 ◦C. Q, a non-ideal
capacitor, is similar to a true capacitor (C) and can be transformed
into C with the following equation [11]:

Ci = (RiQi)
1/ni /Ri (2)

In Fig. 4(a), there are two arcs in the impedance spectra mea-

sured at 500 ◦C and 550 ◦C, which implies that there are two
different processes occurring in the cathode reaction. The small
arc on the left corresponds to a high frequency process and the
large arc on the right corresponds to a low frequency process.
The capacitances at high frequencies (C1) are around 10−8 F cm−2,

t temperatures.

C2 (F cm−2) Rp (� cm2) C (F cm−2)

8 0.191 148.28 –
7 0.116 52.77 –

– 20.39 0.088
– 7.17 0.065
– 3.42 0.061
– 2.13 0.0608
– 1.42 0.060
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ig. 5. The Arrhenius plot of the polarization resistance of BSFO cathode on LSGM
lectrolyte.

hich can be ascribed to the process in which the oxygen ions
ransfer from surface sites to oxygen vacancies of the cathode or to
he grain boundaries of the LSGM electrolyte. However, the capac-
tances at low frequencies (C2) are found to be around 10−1 F cm−2,

hich is possibly attributable to the process of oxygen adsorp-
ion or dissociation. The arc on the right is bigger than that on
he left, which indicates that oxygen adsorption or dissociation
rocess dominates the cathodic reaction. In Fig. 4(b), only one arc
ppears in the impedance spectra measured from 600 ◦C to 800 ◦C.
s the temperature increases, the left arc gradually disappears. The
orresponding capacitances are in the range of 0.06–0.09 F cm−2.
urthermore, the activation energy calculated from the Arrhenius
lot of the ln(T/Rp) versus the 1000/T in Fig. 5 is 1.151 eV. There-
ore, this process can be attributed to the dissociation of molecular
xygen and the diffusion of atomic oxygen [12,13].
. Conclusions

In summary, BSFO powders were prepared by EDTA–citrate
ethod and their electrical conductivities and electrochemical

[
[
[
[

ces 196 (2011) 6238–6241 6241

performances were investigated. X-ray diffraction spectra show
that the A2BO4 structure is obtained for BSFO powders calcined
at 900 ◦C for 8 h. Electrical conductivity increases with increas-
ing temperature and electronic conduction adopts the small
polaron mechanism. The impedance spectra show the polarization
resistance of the BSFO cathode in air decreases as the tempera-
ture increases and declines to 1.42 � cm2 at 800 ◦C, and oxygen
adsorption/dissociation dominates cathodic reaction. These results
indicate that BSFO holds great potential as a cathode material to be
used on LSGM electrolyte for IT-SOFCs.
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