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a b s t r a c t

Ba1−xSrxCo0.8Fe0.2O3−ı (BSCF)(0 ≤ x ≤ 1) composite oxides were prepared and tested as cathodes for low-
temperature solid oxide fuel cells (SOFCs) both in the absence and presence of CO2. It is found that the
BSCF cathodes in the whole range of strontium doping levels show promising performance at 500–600 ◦C
in the absence of CO2, among which the SrCo0.8Fe0.2O3−ı (SCF) cathode gives the highest power density
while BaCo0.8Fe0.2O3−ı (BCF) cathode shows the lowest performance. The impedance analysis reveals
that both the ohmic resistance and polarization resistance of the fuel cell increases when the strontium
content decreases. It is believed that the microstructure and electrical conductivity simultaneously affect
Ba1−xSrxCo0.8Fe0.2O3−ı

Solid oxide fuel cell
Cathode
C

the process of oxygen reduction. The presence of CO2 deteriorates the BSCF performance by adsorbing on
the cathode surface and thus obstructing the oxygen surface exchange reaction. The CO2 exerts a more
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arbon dioxide intense influence on BSCF

. Introduction

Solid oxide fuel cell (SOFC) has emerged as one of the most
mportant power generation technologies because of its high-
nergy-conversion efficiency and low pollution emission [1–4].
ow-temperature solid oxide fuel cell (LT-SOFC) is receiving grow-
ng interests recently due to its improved stability, reliability and
educed cost [5,6]. However, the challenge for LT-SOFCs is to
evelop high-performance cathode materials at low temperatures.

Mixed ionic and electronic conducting perovskite oxides, such
s La0.6Sr0.4CoO3−ı, La0.6Sr0.4Co0.8Fe0.2O3−ı, Sm0.5Sr0.5CoO3 and
a0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF5582) [7–12], are of great interest as

ntermediate or low-temperature cathodes because they contain
ctive oxygen reduction sites over the entire cathode surface. Cur-
ently, BSCF5582 represents one of the most promising cathode
aterials that has attracted considerable attention for its use in

T-SOFCs [12–18]. Haile group [12] reported that BSCF5582 dis-
layed excellent performance at 400–600 ◦C in both dual and single
hamber configurations. They further demonstrated its potential

pplication as a cathode for a thermally self-sustained micro SOFC
tack with high power density [13]. BSCF has good chemical com-
atibility with GdxCe1−xO2, SmxCe1−xO2 and La1−xSrxGa1−yMgyO3
lectrolytes which exhibit desirable ionic conductivity at low tem-
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eratures [12–17]. Baumann et al. [18] reported that the oxygen
eduction reaction at geometrically well-defined BSCF5582 micro-
lectrodes was limited by the oxygen surface exchange reaction
nd/or by the transfer of oxide ions across the electrode/electrolyte
nterface. Its resistance of electrochemical surface exchange was

ore than a factor of 50 lower than the corresponding value of
a0.6Sr0.4Co0.8Fe0.2O3−ı microelectrodes of the same geometry.

Although promising results were achieved, some drawbacks of
SCF were also reported. Recently, it was demonstrated that BSCF
athode or membrane could be deteriorated by even small amount
f CO2 [19–21] owing to its reaction with alkaline-earth elements
esulting in the formation of Ba and Sr carbonates [20–21]. There-
ore, it is necessary to take into account the stability of BSCF in
tmosphere containing CO2 since the presence of CO2 is character-
stic of the static air.

It is well known that the physical and chemical properties of
he perovskite-type oxides could be modified by tuning the com-
osition of A and B sites [22]. Recently, several groups described the

nfluence of iron doping level in Ba0.5Sr0.5Co1−yFeyO3−ı on its phase
tructure, electrical conductivity and performance [23,24]. On the
ther hand, barium doping levels in A-site also affect the physical
nd chemical properties of BSCF by changing the oxygen vacancy

oncentration and valance of B-site cations in the bulk [25], result-
ng in the variety of the crystal structure, electrical conductivity
nd thermal expansion coefficients [25,27]. Since oxygen vacan-
ies in the perovskite structure can contribute to the formation of
he carbonate [28,29], altering the composition of A-site might also

http://www.sciencedirect.com/science/journal/03787753
mailto:mjcheng@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2008.06.088
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ig. 1. The performance of the fuel cell with Ba1−xSrxCo0.8Fe0.2O3−ı cathode
a0.3Sr0.7Co0.8Fe0.2O3−ı , (c) Ba0.5Sr0.5Co0.8Fe0.2O3−ı , (d) Ba0.7Sr0.3Co0.8Fe0.2O3−ı and (

rovide a useful tool to improve the stability of BSCF to CO2. In the
resent work, a series of BSCF with different proportion of Ba and
r elements in A-site were synthesized and their electrochemical
erformance were examined both in the absence and presence of
% CO2 in order to examine their suitability as LT-SOFC cathode
aterials.

. Experimental
The BSCF powders were prepared by a combined citrate
nd EDTA complexing method [25]. The electrolyte powder of
m0.1Ce0.9O1.95 (SDC) was synthesized according to the combus-
ion method with Sm2O3 and CeO2 as initial materials. The crystal

t
o
m
fi

g pure oxygen as oxidant at various temperatures (a) SrCo0.8Fe0.2O3−ı , (b)
o0.8Fe0.2O3−ı .

tructure of each BSCF composition was characterized by XRD
Rigaku/Miniflex).

The NiO–SDC (60:40 wt.%) anode-supported thin-film elec-
rolyte fuel cells were fabricated using dry-pressing method as
reviously described [19]. The cathode was screen-printed on the
DC film using the slurry of BSCF, and fired at 950 ◦C for 2 h. The
ffective area of the cathode was 0.5 cm2, and the thickness was
bout 20 �m.
The cell performance was evaluated by employing an in-house
est station. The single cell was in situ reduced in the presence
f H2 for several hours and then the performance of the cell was
easured at 500–600 ◦C by changing an external load. Humidi-

ed hydrogen (3% H2O) and oxygen were supplied at a flow rate
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ig. 2. The performance of the fuel cell with Ba1−xSrxCo0.8Fe0.2O3−ı cathode
a0.3Sr0.7Co0.8Fe0.2O3−ı , (c) Ba0.5Sr0.5Co0.8Fe0.2O3−ı , (d) Ba0.7Sr0.3Co0.8Fe0.2O3−ı and (

f 100 ml min−1 to the anode and the cathode side, respectively.
n order to investigate the influence of CO2 on BSCF cathode, 1%
O2 was introduced into the cathode gas line. Meanwhile, the cur-
ent density at a constant voltage value of 0.7 V was recorded along
ith time. The electrochemical impedance spectra (EIS) measure-
ents were carried out under open circuit conditions by using a
olartron 1287 potentiostat and a 1260 frequency response ana-
yzer. The spectra were taken in the frequency range of 0.1 Hz to
kHz with signal amplitude of 10 mV.

Carbon dioxide temperature programmed desorption (TPD) was
easured on the flowing reaction system using a mass spectrom-

3

d
r

1% CO2/O2 as the oxidant at various temperatures (a) SrCo0.8Fe0.2O3−ı , (b)
o0.8Fe0.2O3−ı .

ter (Ominstar Balzers) as the detector, as previously described
29]. The signal of CO2 was recorded after co-adsorption of 1%
O2/He + 5%O2/He gas mixture at 600 ◦C for 2 h.

. Results and discussion
.1. Cell performance both in the absence and presence of CO2

Fig. 1 presents the I–V curves and the corresponding power
ensities of the single cell with BSCF cathodes at temperatures
anging from 500 to 600 ◦C under the condition of using pure
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ig. 3. Current density along with time at temperatures ranging from 500 to
a0.3Sr0.7Co0.8Fe0.2O3−ı , (c) Ba0.5Sr0.5Co0.8Fe0.2O3−ı , (d) Ba0.7Sr0.3Co0.8Fe0.2O3−ı and (

xygen as the oxidant. All the cathodes exhibit high perfor-
ance in the present experimental conditions. For instance, peak

ower densities as high as 1.01, 1.00, 0.88, 0.84 and 0.66 W cm−2
re obtained with SrCo0.8Fe0.2O3−ı (SCF), Ba0.3Sr0.7Co0.8Fe0.2O3−�
BSCF3782), BSCF5582, Ba0.7Sr0.3Co0.8Fe0.2O3−� (BSCF7382) and
aCo0.8Fe0.2O3−� (BCF) cathodes at 600 ◦C, respectively. It can be
een that the SCF cathode shows the highest performance among
he samples, followed by BSCF3782 and BSCF5582 cathodes. BCF

u
p
a
m

with 1% of CO2 in pure oxygen as oxidant, V = 0.7 V (a) SrCo0.8Fe0.2O3−ı , (b)
o0.8Fe0.2O3−ı .

athode exhibits the lowest performance with its peak power den-
ity as 0.66, 0.30 and 0.14 W cm−2, respectively at 600, 550 and
00 ◦C.
Fig. 2 illustrates the cell performance with different cathodes
sing 1% CO2/O2 as the oxidant. All the cells exhibit a decrease in
erformance as compared with that when pure oxygen was utilized
s oxidant. The cell with SCF cathode remains the highest perfor-
ance, and the maximum power densities (MPDs) of the cell are
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ated in 1% CO2/O2 at 600 ◦C. The samples show a coarsened
microstructure as compared with the case of fresh ones. However,
no particles related to carbonates are observed.

Table 1
0 A. Yan et al. / Journal of Po

.99, 0.58 and 0.27 W cm−2 at 600, 550 and 500 ◦C, respectively.
dditionally, relatively high performance is obtained for the cell
ith BSCF3782 and BSCF5582 cathodes since the MPD of these

wo cells at 600 ◦C are 0.85 and 0.63 W cm−2 comparing the val-
es of MPD as 0.39, 0.13 and 0.06 W cm−2 at 600, 550 and 500 ◦C
hen the cathode of the cell is BCF. In previous investigations

19,21], we have found that even small amount of CO2 deteriorated
a0.5Sr0.5Co0.8Fe0.2O3−ı cathode. The results presented in Fig. 2
uggest that CO2 has a poisoning effect on Ba1−xSrxCo0.8Fe0.2O3−ı

athodes in the whole range of strontium doping levels. The influ-
nce of CO2 on the samples we test, however, varies possibly due
o the different compositions and structures of the samples, which
ill be discussed later in this paper.

.2. Stability of current density at a constant voltage

In order to further investigate the poisoning effect of CO2 on
SCF cathodes, O2 was replaced by 1% CO2/O2 as the oxidant, and
he current density at 0.7 V was recorded along with time. The
esults are shown in Fig. 3. It can be seen that the current density
educes rapidly due to the introduction of CO2 in the first 2 min, and
rogressively decreases along with time until it reaches a steady
tate after a period of time. It is worth noting that the influence of
O2 on SCF is less than that on other cathodes. For SCF, the current
ensity at 600, 550 and 500 ◦C is 1.006, 0.558 and 0.236 A cm−2,
espectively under the condition of using 1% of CO2/O2 as oxi-
ant, which corresponds to 0.078, 0.102 and 0.058 A cm−2 loss of
he current density. The deterioration effect is aggravated with
he increasing of barium content in the A-site. When the A-site
s completely substituted by barium, the current density is only
0.002 A cm−2 at 0.7 V at all temperatures.

.3. XRD and SEM characterizations

Fig. 4(a) shows the XRD patterns of BSCF powders with different
trontium doping levels. Strong reflection peaks with the diffrac-
ions at 2� = 23◦, 32◦, 40◦, 46◦, 54◦ and 59◦ identified as typical
erovskite structure [25] are presented on the XRD patterns of BSCF
or x ≤ 0.5. Weak diffraction peaks at 26.9◦ and 41.8◦, which can be
ssigned to BaCoO2.93 phase, are also observed besides the per-
vskite peaks for x = 0.7, indicating that second phase is formed in
his sample. Diffractions at 2� = 36–40◦, 41–43◦, 51–55◦ and 58–60◦,
hich can be attributed to BaO, Fe2O3 and some unknown phases,

ppear on the XRD pattern of BCF sample. It is known that the tol-
rance factor (t) must lie within the range of 0.8–1 in order to form
perovskite crystal structure [22]. For BCF, t is larger than 1 even
hen all the Fe and Co ions are of +3 state. Therefore, it is difficult to

btain BCF with pure perovskite structure. It can also be observed
hat the main peak around 2� = 32◦ of the samples shifts gradually
o higher degrees when x increases from 0 to 1, suggesting that the
attice parameters decrease with increasing the strontium content,

hich is resulted from the substitution of small Sr2+ ions with large
a2+ ions.

Fig. 4(b) depicts the XRD patterns of BSCF powder after being
reated in 1% CO2/O2 at 600 ◦C for 30 min. By comparing with
ig. 4(a), it can be seen that no reflection peaks of newly formed
hemicals occur, which is different from what was observed when
SCF was treated in CO2/He atmosphere [29]. This is because the
resence of O2 could inhibit the reaction between CO2 and BSCF

erovskite, as has been reported previously [29].

The grain size of the starting powder was detected by SEM
nd the results are listed in Table 1. Generally speaking, all the
amples with different compositions comprise of small particles
nd big agglomerates. As the barium content increases, the parti-

G

S

S
A

ig. 4. (a) The XRD patterns of Ba1−xSrxCo0.8Fe0.2O3−ı; (b) the XRD patterns of
a1−xSrxCo0.8Fe0.2O3−ı after treated in 1% CO2/O2 for 30 min.

les become larger. Especially for BCF, the porous agglomerates of
0–20 �m are prevail.

Fig. 5 shows the SEM micrograph of BSCF cathodes calcined at
50 ◦C. For the samples with x ≥ 0.3, the cathodes show a struc-
ure with reasonable porosity and well-necked particles, having
ood adhesion to the electrolyte. SCF cathode contains small parti-
les of ∼2 �m and large agglomerates of ∼10 �m. For the samples
ith x ≤ 0.7, completely fused-together-particles are present and no

oundary of the primary particles can be identified. As far as BCF
s concerned, an over-sintering phenomenon and poor connection

ith the electrolyte are observed. Large particles over 20 �m are
ormed.

Fig. 6 illustrates the SEM pictures of BSCF cathodes after oper-
rain size of Ba1−xSrxCo0.8Fe0.2O3−ı powder

ample SCF 3782 5582 7382 BCF

mall particle (�m) 1–2 ∼2 2–5 ∼5
gglomerates (�m) 5–7 ∼7 ∼8 ∼9, ∼20 10–20
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ig. 5. SEM micrograph of the surface of Ba1−xSrxCo0.8Fe0.2O3−ı cathode sintered a
a0.7Sr0.3Co0.8Fe0.2O3−ı and (e) BaCo0.8Fe0.2O3−ı .

.4. Impedance analysis

In Fig. 7, the impedance spectra of the fuel cell with different
SCF cathodes using O2 or 1% CO2/O2 as oxidant are compared.
he intercept with the real axis at high frequencies represents the

hmic resistance (R�), while the intercept with the real axis at low
requencies corresponds to the total resistance of the cell (RT). The
olarization resistance (Rp) can be derived by the equation pro-
osed by Liu and Hu [30]. The impedance of the cell at 600 ◦C with
2 as oxidant is a pressed arc including two arcs. The high fre-

w
o
a
a
s

◦C (a) SrCo0.8Fe0.2O3−ı , (b) Ba0.3Sr0.7Co0.8Fe0.2O3−ı , (c) Ba0.5Sr0.5Co0.8Fe0.2O3−ı , (d)

uency arc can be attributed to the charge transfer process on the
athode, which is contributed by the surface contact of the cath-
de particles on the electrolyte surface [31–33]. On the other hand,
he low-frequency arc is related to the exchange reaction of oxy-
en on the cathode surface [34]. The impedances of the fuel cells

ere measured by using a two electrode configuration. Thus, the

btained impedance was the combination of the anode, cathode
nd electrolyte. Since the anode and electrolyte were identical for
ll the cells, differences in the impedance spectra could be assigned
olely to differences in the cathode at a given temperature.
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ig. 6. SEM micrograph of the surface of Ba1−xSrxCo0.8Fe0.2O3−ı cathode after opera
a0.5Sr0.5Co0.8Fe0.2O3−ı , (d) Ba0.7Sr0.3Co0.8Fe0.2O3−ı and (e) BaCo0.8Fe0.2O3−ı .

The ohmic resistance, which is from the electrolyte, electrodes
nd connection wires, decreases continually with the increase of
trontium content. For example, the R� of the cells at 600 ◦C is
.171, 0.125, 0.118, 0.092 and 0.088 � cm2 when the value of x is

qual to 0, 0.3, 0.5, 0.7 and 1, respectively. It was reported that
SCF with different compositions in A-site shows quite different
lectrical properties and its electrical conductivity elevated con-
omitant with the decrease of the barium doping level [27]. As
eported by Wei et al. [27], the electrical conductivity of BSCF3782

x
t
a
t

1% CO2/O2 at 600 ◦C for 30 min (a) SrCo0.8Fe0.2O3−ı , (b) Ba0.3Sr0.7Co0.8Fe0.2O3−ı , (c)

nd BSCF7382 at 600 ◦C was ∼20 and ∼60 S cm−1, respectively.
herefore, the variance of R� with different compositions could be
ttributed to their different electrical conductivities and different
ontact resistances between the cell and the silver mesh [35].
The polarization resistance increases slowly with the value of
dropping from 1 to 0.3 and then increases dramatically when

he value of x equals to 0 (BCF). A similar trend was observed at
ll temperatures. It is known that the microstructure of the elec-
rodes has a significant effect on the electrode properties [36–38].
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ig. 7. Comparison of the impedance spectra of the fuel cell in the absence and
resence of CO2 at 500–600 ◦C. (a) 600 ◦C; (b) 550 ◦C; (c) 500 ◦C.

he poor microstructure led to a decrease of the electrode porosity

nd triple phase boundary (TPB) length, which not only prohib-
ted the transport of oxygen but also reduced the reaction zone.
s can be seen from Fig. 5, the SCF cathode shows the small-
st particles which provide the highest specific surface area and

p
p
o
p

ig. 8. CO2-TPD profiles from Ba1−xSrxCo0.8Fe0.2O3−ı after CO2–O2 co-
dsorption at 600 ◦C for 2 h. (A) SrCo0.8Fe0.2O3−ı; (B) Ba0.3Sr0.7Co0.8Fe0.2O3−ı;
C) Ba0.5Sr0.5Co0.8Fe0.2O3−ı; (D) Ba0.7Sr0.3Co0.8Fe0.2O3−ı; (E) BaCo0.8Fe0.2O3−ı .

argest TPB length. In contrast, the BCF cathode exhibits a poor
icrostructure with 20 �m particles. Meanwhile, the process of

xygen reduction is also affected by the electrical conductivity.
eng et al. [39] and Wei et al. [27] reported that, the total conduc-
ivity of BSCF was improved when the strontium content increased.

oreover, the secondary phases are formed in BSCF7382 and BCF
nd high ohmic resistance are subsequently introduced in the sys-
em [40–42]. Therefore, the microstructure, electrical conductivity
nd component of the materials simultaneously affect the process
f oxygen reduction.

When CO2 was introduced into the cathode gas line, the variance
f the ohmic resistance and the high-frequency arc polarization is
ery small. However, the low-frequency arc polarization resistance
ncreases as compared with that under the condition of using O2 as
xidant, especially when the strontium content is lower than 0.5.
similar phenomenon is observed at various temperatures. Com-

ined the impedance spectra with the XRD results, it is conceivable
hat the existence of CO2 mainly influences the exchange reaction
f oxygen and the cathodes with higher barium contents are more
usceptible to CO2.

.5. CO2-TPD

According to the impedance characterization, it is reasonable
o propose that the different effect of CO2 on BSCF results from
ts different adsorption property on these materials. In a previous
PD investigation, it was found that the amount of CO2 adsorbed
n BSCF increased with elevated barium doping level [29]. Since
he cell was operated in an oxygen-rich environment, a CO2-TPD
xperiment after co-adsorption of CO2 and O2 was conducted in
he present investigation and a similar trend is observed. As can be
een in Fig. 8, the desorption of CO2 reaches a peak at 726.0, 733.9,
77.4 and 823.3 ◦C with x = 0.7, 0.5, 0.3 and 0. The TPD profile of SCF
hows two desorption peaks at 721.7 and 789.3 ◦C. Meanwhile, the
esorption area of CO2 increases remarkably as the barium content

ncreases from 0 to 1. The TPD results confirm that CO2 is easier to
e adsorbed on BSCF with higher barium content. When small Sr

ons were substituted by larger Ba ions, the Fe and Co ions were

rone to be oxidized from lower to higher valences to maintain the
erovskite structure, which was concurrent with the creation of
xygen vacancies in order to keep the electrical neutrality [25,43],
roviding adsorption sites for CO2.
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It can be seen that BSCF cathode with high strontium content
x = 1, 0.7, 0.5) shows low ohmic and polarization resistance, high
ower density and high resistant to CO2 attack. However, SCF has
high TEC and is prone to change to brownmillerite-type struc-

ure below 1073 K at PO2 lower than around 0.1 atm [26]. Therefore,
ompositions with 50–70% strontium content are more suitable as
athode materials for LT-SOFCs.

. Conclusions

A series of BSCF with different composition of Ba and Sr in the
-site were synthesized and their electrochemical performance
ere evaluated both in the absence and presence of 1% CO2 in

rder to examine their suitability as LT-SOFC cathode materials. All
he BSCF (0 ≤ x ≤ 1) cathodes displayed promising performance at
00–600 ◦C in the absence of CO2. Increase of the strontium dop-

ng level in BSCF led to moderate decrease in the ohmic resistance
nd polarization resistance of the fuel cell. The presence of CO2 had
negative effect on the performance of the fuel cell. Particularly,
SCF with higher barium content was found to be more susceptible
o CO2. Based on all these results, we propose that BSCF containing
0–70% strontium is potential cathode materials for LT-SOFCs.
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