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a b s t r a c t

SmBaCo2O5+x (SBCO), an oxide with double-perovskite structure, has been developed as a novel cath-
ode material for intermediate-temperature solid-oxide fuel cells (IT-SOFCs). The electrical conductivity
of an SBCO sample reaches 815–434 S cm−1 in the temperature range 500–800 ◦C. XRD results show
that an SBCO cathode is chemically compatible with the intermediate-temperature electrolyte materials
vailable online 31 July 2008

eywords:
olid-oxide fuel cell
athode
mBaCo2O5+x

Sm0.2Ce0.8O1.9 (SDC) and La0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM). The polarization resistances of an SBCO cathode
on SDC and LSGM electrolytes are 0.098 and 0.054 � cm2 at 750 ◦C, respectively. The maximum power
densities of a single cell with an SBCO cathode on SDC and LSGM electrolytes reach 641 and 777 mW cm−2

at 800 ◦C, respectively. The results of this study demonstrate that the double-perovskite structure oxide
SBCO is a very promising cathode material for use in IT-SOFCs.
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. Introduction

Solid-oxide fuel cells (SOFCs) are advanced electrochemical
eactors that convert chemical energy directly into electri-
al energy. Lowering their operating temperature to around
00–800 ◦C is one of the main goals in current SOFC research. A
educed operating temperature can reduce problems with sealing
nd thermal degradation, allow the use of low-cost metal inter-
onnection materials, and suppress reactions between the cell
omponents, thus lowering the cost of SOFCs. However, the elec-
rochemical activity of the cathode dramatically decreases with
ecreasing temperature. The cathode becomes the limiting factor in
etermining the overall cell performance. Therefore, the develop-
ent of new electrodes with high-electrocatalytic activity for the

xygen-reduction reaction is critical for intermediate-temperature
olid-oxide fuel (IT-SOFCs) [1,2]. Much effort has been devoted to
he development of perovskite-type cathode materials, for exam-
le, doped LnCoO3, SrCoO3 and LnFeO3 (Ln represents a lanthanide
lement), for IT-SOFCs [3–8]. This is due to their unique ability to
onduct both oxygen ions and electronic charge carriers, as well

s to their high-electrocatalytic activity for the oxygen-reduction
eaction even at reduced temperatures. Since the discovery of
iant magnetoresistance in the oxygen-deficient double-perovskite
tructure (LnBaCo2O5+x, Ln = rare earth, 0 ≤ x ≤ 1) [9], these materi-
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ls have been attracting much more attention in many research
elds [10–18]. Recent studies on double-perovskite structure
obaltites, such as PrBaCo2O5+x (PBCO) [19,20] and GdBaCo2O5+x

GBCO) [21,22], have found that they have unusually rapid oxygen-
ransport kinetics at low temperatures (300–500 ◦C). For example,
he oxygen bulk diffusion coefficient and the surface-exchange
oefficient of PBCO are ∼10−5 and ∼10−3 cm s−1 [20], and the val-
es for GBCO are 3 × 10−7 and 2 × 10−6 cm s−1 in an oxygen flow
t 350 ◦C, respectively [21]. The rapid surface-exchange kinetics
f these materials give rise to their high-catalytic activity [22].
n view of the rapid oxygen-ion diffusion and surface-exchange
inetics in the double-perovskite structure oxides PBCO and GBCO,
reliminary results on the electrical and thermal-expansion behav-

ors of the mixed ionic–electronic conducting oxides LnBaCo2O5+x

ave recently been reported [23–28]. These oxides have poten-
ial applications as cathodes in IT-SOFCs. Cobalt-based cathodes
enerally exhibit high oxygen-ion conductivity. However, these
aterials have high thermal-expansion coefficients (TECs) that

re not compatible with those of intermediate-temperature elec-
rolytes. Kim and Manthiram [27] reported that the electrical
onductivity of LnBaCo2O5+x (Ln = Nd, Sm, Gd, and Y) oxides
ecreases with a decrease of the Ln3+ ion radii, leading to the
ecreasing power density of a single cell with an LnBaCo2O5+x
athode and high TECs. Therefore, LnBaCo2O5+x cathodes with
n intermediate lanthanide-ion radius, such as Sm3+, may pro-
ide a compromise between the values of the catalytic activity
nd TEC [27]. In this paper, the double-perovskite structure oxide
mBaCo2O5+x (SBCO) was prepared and characterized. The suitabil-

http://www.sciencedirect.com/science/journal/03787753
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3.2. Chemical compatibility and microstructure

Figs. 2 and 3 show XRD patterns of SBCO, SDC and LSGM pow-
ders and SBCO–SDC and SBCO–LSGM mixtures sintered at 1000 ◦C
Q. Zhou et al. / Journal of Po

ty of SBCO as a cathode material based on Sm0.2Ce0.8O1.9 (SDC) and
a0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM) electrolytes was analyzed over the
T-SOFC temperature range. The electrochemical performance of an
BCO cathode on SDC and LSGM electrolytes was also investigated.

. Experimental

.1. Sample preparation

Samples of SBCO were prepared with a conventional solid-state
eaction as reported elsewhere [29]. Briefly, Sm2O3, BaCO3 and
o2O3 were weighed in the stoichiometric proportions of SBCO,
hen mixed, ground and pelletized. The mixture was ground thor-
ughly using an agate pestle and mortar for 1 h, then pressed into
disk and fired repeatedly at 1000, 1050, and 1150 ◦C for 12 h in

ir, respectively. SDC and LSGM were used as electrolyte materials
n this study. SDC, LSGM and NiO powders were synthesized using
he glycine–nitrate combustion method [30].

.2. Characterization

Electrical conductivity of an SBCO sample was measured in air
y the van der Pauw method using a standard DC voltage/current
enerator (Yokogawa Electric, 2553) and a precision digital multi-
eter (Yokogawa Electric, 2501A). In this measurement, Ag paste
as used for the electrodes.

The phase composition of the synthesized powders was char-
cterized using an X-ray diffractometer (XRD) (Rigaku-D-Max �A)
ith an angle step of 0.02◦ and a scanning range of 20–80◦, at room

emperature. For studies of the chemical compatibility of SBCO with
DC and LSGM electrolytes, the synthesized SBCO powders were
rst mixed with SDC and LSGM (in a weight ratio of 1:1) to form a
owder mixture, followed by sintering to 1000 ◦C for 5 h. XRD inves-
igations were then performed to reveal any phase-composition
hange after the heat treatment.

Symmetrical electrochemical cells for the impedance studies
ere prepared by screen printing an SBCO ink sample onto both

ides of the SDC and LSGM electrolytes. After drying, the samples
ere sintered at 950 ◦C for 2 h. Impedance measurements were
erformed in the temperature range 650–800 ◦C for the SDC and
SGM electrolytes with 50 ◦C increments for all the samples. AC
mpedance spectrometry was carried out using an electrochemical
nalyzer (CHI604C) under open-circuit conditions in the frequency
ange 0.1–105 Hz. The amplitude of the AC signal imposed on the
amples was 10 mV.

Electrolyte-supported fuel cells were fabricated using a screen
rinting method. SDC and LSGM were used as the electrolytes with
fixed thickness of 300 �m each. The anode was formed from a
ixture of NiO and SDC powders in a weight ratio of 65:35 (for the

ell with LSGM electrolyte, an SDC interlayer was applied between
he electrolyte and the anode and sintered at 1300 ◦C for 1 h). The
node and cathode were then fired at 1250 ◦C for 4 h and 950 ◦C
or 2 h under stagnant air, respectively. Silver was attached to the
lectrode surfaces using silver paste as the current collector. The
erformance of the cell was tested under dry H2 and static air over
he temperature range 600–800 ◦C. A scanning electron microscope
SEM) (JEOL JSM-6480LV) was used to inspect the microstructure
f the SBCO/SDC and SBCO/LSGM interfaces after testing.

. Results and discussion
.1. Electrical conductivity

Fig. 1 shows the variation of the electrical conductivity with tem-
erature for the SBCO samples. The total electrical conductivity was

F
t

Fig. 1. Temperature dependence of the conductivity for SBCO samples.

easured on an SBCO disk sintered at 1150 ◦C for 12 h in air. The
BCO sample exhibits an insulator–metal transition at around 37 ◦C,
hich is consistent with a previous report [29]. This transition is

elated to the oxygen stoichiometry [29]. Thereafter, the electrical
onductivity of SBCO gradually increases with increasing temper-
ture and reaches a maximum of 1029 S cm−1 at around 200 ◦C. It
hen decreases with a further increase in temperature of the SBCO
ample, which presented metallic-like behavior. The faster decrease
n conductivity at higher temperatures could be due to the forma-
ion of a significant amount of oxide-ion vacancies. The formation
f oxide-ion vacancies is accompanied by a reduction of Co4+ to
o3+, resulting in a decrease in the charge-carrier concentration
nd Co–O covalency. The oxide-ion vacancies can also perturb the
–Co–O periodic potential and covalent interaction [31]. All these

actors lead to a decrease in electrical conductivity of the SBCO sam-
le at increased temperatures. The electrical conductivity reaches
15–434 S cm−1 in the temperature range 500–800 ◦C, which is still
ufficient for use as an SOFC cathode.
ig. 2. XRD patterns of (a) SBCO powders, (b) SDC powders and (c) SBCO–SDC mix-
ure sintered at 1000 ◦C for 5 h.
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over, the ASR of SBCO is lower than that of La0.6Sr0.4Co0.2Fe0.8O3
(LSCF), Sm0.5Sr0.5CoO3 and Gd0.8Sr0.2CoO3 cathodes [36–38]. This
indicates that an SCBO cathode has high-electrocatalytic activity
for oxygen-reduction reactions at intermediate temperatures. The
ig. 3. XRD patterns of (a) SBCO powders, (b) LSGM powders and (c) SBCO–LSGM
ixture sintered at 1000 ◦C for 5 h.

or 5 h. The patterns are identical to that of SBCO obtained after
intering at 1100 ◦C for 24 h [29], indicating the formation of a
ingle-phase perovskite of the SBCO powder (Figs. 2(a) and 3(a)).
he XRD patterns in Figs. 2(c) and 3(c) show that an SBCO cath-
de is chemically compatible with SDC and LSGM electrolytes. No
hemical reaction of the binary-mixed SBCO–SDC and SBCO–LSGM
ystems is detected upon sintering at 1000 ◦C for 5 h. This indicates
hat SBCO has a good chemical compatibility with SDC and LSGM
lectrolytes, supporting its use as a cathode in SOFCs.

Fig. 4 shows SEM micrographs of the SBCO/SDC and SBCO/LSGM
nterfaces after cell testing. The micrographs clearly indicate that
here is a good contact between the electrode and the electrolyte,
hich is in good agreement with the cell performance (see Sec-

ions 3.3 and 3.4). Some visible closed pores are also observed
n the SDC and LSGM electrolytes. The contact between SBCO
nd LSGM is better than that between SBCO and SDC. However,
he SEM micrographs also clearly show that the porosity in the
athode is low and that the particle-size distribution is not uni-
orm. Further improvement in the distribution of SBCO particle
izes and porosity in the cathode would enhance the cell perfor-
ance.

.3. Impedance spectra

Figs. 5 and 6 show the impedance spectra of SBCO cathodes on
DC and LSGM electrolytes measured at different temperatures in
ir. The impedance was measured using a symmetrical cell arrange-
ent, as discussed by other workers [2,32]. For all the samples
easured in this investigation, the impedance response for oxy-

en reduction on the SBCO cathode is characterized by both a
igh-frequency arc and a low-frequency arc. The intercept with
he real axis at high frequency represents the resistance of the
lectrolyte and lead wires, whereas the resistance between the
wo intercepts with the real axis corresponds to the area-specific
esistance (ASR, or polarization resistance) of the two interfaces
33]. As expected, an increase of the measurement temperature
esulted in a significant reduction of the ASR. The evolution of the
SR with temperature is given in Table 1. The ASRs of an SBCO
athode on SDC and LSGM electrolytes are 0.098 and 0.054 � cm2
t 750 ◦C, respectively. The ASR represents the overall cathodic
roperties related to oxygen reduction, oxygen surface/bulk diffu-
ion and gas-phase oxygen diffusion [34]. These values are much
ower than that expected for the ASR of the cathode, which
s lower than 0.15 � cm2 at operating temperature [35]. More-

F
6

ig. 4. SEM micrographs of (a) SBCO/SDC and (b) SBCO/LSGM interfaces; the SBCO
athodes were sintered at 950 ◦C for 2 h.
ig. 5. Impedance spectra of SBCO cathode with SDC electrolyte measured at
50–800 ◦C.
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Fig. 6. Impedance spectra of SBCO cathode with LSGM electrolyte measured at
650–800 ◦C.

Table 1
ASR data for SBCO cathodes on SDC and LSGM electrolytes (with cathode thickness
of ∼25 �m)

Temperature (◦C) ASR on SDC (� cm2) ASR on LSGM (� cm2)

650 0.51 0.23
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may play dominant roles in the cell performance [19–21,23]. The
00 0.19 0.11
50 0.098 0.054
00 0.056 0.031

xcellent cathode performance of SBCO is due to the fact that it is a
ixed conducting oxide (MIEC), which provides multiple pathways

or the oxygen ions to migrate to the electrode/electrolyte interface.
owever, the decrease of the measurement temperature resulted

n a significant increase of the ASR. Therefore, further investiga-
ions using a composite cathode are needed in order to determine
he effect of cathode microstructure on the electrochemical per-
ormance. Fig. 7 shows the Arrhenius plots of the reciprocal of the

olarization resistance of an SBCO cathode on SDC and LSGM elec-
rolytes sintered at 950 ◦C. The activation energy can be calculated
rom the slope of the fitted line. The activation energies were cal-
ulated to be 120.8 and 111.1 kJ mol−1 for an SBCO cathode on SDC
nd LSGM electrolytes, respectively. This result is close to that for

ig. 7. Arrhenius plots of reciprocal of the polarization resistance of SBCO cathodes
n SDC and LSGM electrolytes sintered at 950 ◦C for 2 h.

p
o
S
t

F
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ig. 8. Power density and voltage as a function of current density for an
i–SDC/SDC/SBCO cell using H2 as fuel and air as oxidant in the temperature range
00–800 ◦C.

Ba0.5Sr0.5Co0.8Fe0.2O3−ı cathode reported by Shao and Haile [2].
owever, it is lower than that for an LSCF cathode [36].

.4. Single-cell performance

Figs. 8 and 9 show the power density and voltage as
function of current density for Ni–SDC/SDC/SBCO and

i–SDC/SDC/LSGM/SBCO cells using H2 as the fuel and static
ir as the oxidant in the temperature range 600–800 ◦C, respec-
ively. The power densities reach 641 mW cm−2 at 800 ◦C and
70 mW cm−2 at 600 ◦C for the SDC electrolyte cell. For the LSGM
lectrolyte cell, the power densities are 777 mW cm−2 at 800 ◦C
nd 95 mW cm−2 at 600 ◦C. High-power densities demonstrate
hat SBCO is one of the better promising cathode materials for
OFCs operating below 800 ◦C. These results also demonstrate
hat rapid oxygen-ion diffusion and surface-exchange kinetics
ower density of a cell with LSGM electrolyte is higher than that
f SDC electrolyte. This is mainly because the contact between
BCO and LSGM is superior to that of SBCO and SDC, as shown in
he SEM micrographs. It is noted that the drastic drop of the power

ig. 9. Power density and voltage as a function of current density for an
i–SDC/SDC/LSGM/SBCO cell using H2 as fuel and air as oxidant in the temperature

ange 600–800 ◦C.
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ensity at 600 ◦C is due to the ohmic losses of the electrolyte and
he high polarization of the electrodes. Therefore, more efforts are
ecessary to increase the electrochemical performance below this
emperature, e.g., optimizing the microstructure of the electrodes
y improving the uneven grain size, low porosity and poorly necked
articles. Further investigations introducing composite cathodes
r improving the material preparation method are needed.

. Conclusions

SmBaCo2O5+x cathode material with double-perovskite struc-
ure was synthesized with a solid-state reaction. The SBCO cathode

aterial was found to exhibit a relatively good performance below
00 ◦C on SDC and LSGM electrolytes. The conductivity of the SBCO
athode was 815–434 S cm−1 in the temperature range 500–800 ◦C.
he SBCO cathode material also revealed a good chemical com-
atibility with the SDC and LSGM electrolytes. The polarization
esistances for the SBCO cathode on SDC and LSGM electrolytes
ere 0.098 and 0.054 � cm2 at 750 ◦C, respectively. The maximum

utput power density of a single cell with an SBCO cathode and SDC
nd LSGM electrolytes attained 641 and 777 mW cm−2 at 800 ◦C,
espectively. Although the long-term stability of cells with SBCO
athodes has yet to be evaluated, the obtained power outputs are
ncouraging and indicate that SBCO oxide is a very promising cath-
de material for application in IT-SOFCs.
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