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bstract

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) perovskite was synthesized by the sol–gel process based on EDTA–citrate (EC) complexing method, nitric acid
odified EC route (NEC) and nitric acid aided EDTA–citrate combustion process (NECC). A crystallite size of 27, 38 and 42 nm, respectively,
as observed for the powders of NECC-BSCF, NEC-BSCF and EC-BSCF calcined at 1000 ◦C, suggesting the suppression effect of nitric acid on

he crystallite size growth of BSCF. The smaller crystallite size of the powders resulted in the higher degree of sintering of the cathode. Oxygen
ermeation study of the corresponding membranes demonstrated that in the powder synthesis, nitric acid also had a noticeable detrimental effect
n the oxygen surface exchange kinetics and on the oxygen bulk diffusion rate of the BSCF oxides. The effect of powder synthesis route on the
ulk properties of the oxide was validated by the oxygen temperature-programmed desorption technique. On the whole, a decreasing cathode

erformance in the sequence of EC-BSCF, NEC-BSCF and NECC-BSCF was observed. A peak power density of 693 mW cm−2 was achieved for
n anode-supported cell with an EC-BSCF cathode at 600 ◦C, which was significantly higher than that with an NEC-BSCF cathode (571 mW cm−2)
r an NECC-BSCF cathode (543 mW cm−2) under similar operation conditions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid-oxide fuel cells (SOFCs) are a promising power gen-
ration technology characterized by high energy conversion
fficiency and low pollutant emission. Traditional SOFCs are
ased on thick YSZ electrolyte membrane and operate at typi-
ally 1000 ◦C [1,2]. However, such high operating temperatures
ay result in a fast degradation of fuel cell performance due to

he increased phase reaction between cell components and the
asy sintering of the electrode. Therefore, it is a general trend
or SOFCs to operate at reduced temperatures (<800 ◦C) [3–9].
nfortunately the reduction of oxygen is a process requiring

igh activation energy, so that the decrease in operating tempera-
ure leads to a sharp increase in cathode polarization resistance of
he traditional La1−xSrxMnO3−δ cathodes. The improvement of
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lectrical conductivity

athode performance is therefore critical for SOFC technology
t reduced temperatures.

Considerable efforts have been devoted to decrease the cath-
de polarization at reduced temperatures [10–20]. One strategy
s to develop new cathode materials with mixed oxygen ionic
nd electronic conductivity [10–16]. Such materials extend the
xygen reduction site from the traditional triple-phase bound-
ry (cathode–electrolyte–gas phase) to the entire cathode–gas
hase interface; therefore, a substantial increase in the cathode
erformance at reduced temperatures could be observed. On the
ther hand, cathode performance was also found closely related
o the cathode architecture. The development of novel fabrica-
ion techniques that can promote gas diffusion and maximize
he cathode area for oxygen reduction has also received great
ttention [17–20].
The cathode layer in SOFCs is usually fabricated with pre-
rystallized powders by any of the methods including spray
eposition, screen-printing or painting techniques, followed
y high temperature sintering. Many powder synthesis meth-
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ds have been applied to the synthesis of cathode materials,
uch as solid-state reaction, sol–gel, co-precipitation, hydrother-
al synthesis, etc. [21–25]. Many researches have shown that

ynthesis methods may affect the morphology, conductivity,
rystallite size and surface microstructure of the derived pow-
ers [26–30]. Such distinctions could have an evident influence
n their properties in applications such as separation membrane
nd cathode for SOFCs. Indeed, it has been reported that powder
ynthesis methods had significant effects on the oxygen per-
eability of ceramic membranes based on mixed-conducting

erovskite [28,30–32]. Establishing the relationship between
he powder synthesis route and the cathode properties is there-
ore important for the improvement of the cathode performance.
owever, systematic reports about the effect of powder synthe-

is technique on cathode performance of SOFCs [29] are very
are.

Shao et al. first reported Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF)
ixed-conducting perovskite oxide as a potential cathode for

ntermediate temperature solid-oxide fuel cells (IT-SOFCs) [33].
he application of this material in IT-SOFCs has since received
onsiderable attention [34–40]. In this study, the BSCF per-
vskite was selected for the demonstration of the significant
ffect of powder synthesis route on cathode performance. In
ur previous study, we found that the combined EDTA–citrate
EC) complexing method was effective to synthesize nano-
rystalline composite oxides [41]. The addition of nitric acid
uring the EC complexing process could improve the catalytic
ctivity of La0.6Sr0.4Co0.2Fe0.8O3−δ composite oxide [42] and
epress the crystallite size of the BSCF composite oxide [43].
herefore, the nitric acid modified EDTA–citrate (NEC) route
nd the nitric acid aided EDTA–citrate combustion (NECC)
rocess were selected to compare with the EC complexing
ethod.

. Experimental

.1. Synthesis of BSCF powders

All the three synthesis routes started from the same EDTA–
itrate–metal precursor with a preparation procedure similar to
ur previous reports [41]. Appropriate amounts of metal nitrates
ere dissolved in water to make a mixed solution followed by

he addition of EDTA and citric acid, which served as the com-
lexing agents. Mild heating induced the gelation of the solution.
he gels thus obtained were pre-heated at 250 ◦C for 5 h to form
olid precursors. For the combined EDTA–citrate complexing
ethod, the solid precursor was directly calcined in stagnant air

t 1000 ◦C or 5 h. As for the nitric acid modified EDTA–citrate
nd the nitric acid modified EDTA–citrate combustion routes,
or preparing 0.01 mol BSCF, an amount of 10 ml (NEC) or
0 ml (NECC) concentrated nitric acid (67 wt.%) was dropped
nto the solid precursor to form a sticky gel, which was then
e-heated at 250 ◦C for 5 h. After the heat treatment, the sample

n the 10 ml case converted to a solid precursor, while the one in
he 30 ml case resulted in an auto-combustion. Both precursors
ere then calcined in stagnant air at high temperatures for 5 h

o obtain the final products.
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.2. Cell fabrication

Symmetrical cells with the configuration of electrode|
DC|electrode were used for the impedance studies. Dense SDC
ellets of 12 mm in diameter and 0.8 mm in thickness were pre-
ared by dry pressing and sintered in air at 1450 ◦C for 5 h.
SCF powders were first dispersed in a mixed solution of glyc-
rol, ethyleneglycol and isopropyl alcohol to form a colloidal
uspension by milling with the help of an agate mortar and pes-
le. The obtained slurries were painted symmetrically on both
urfaces of the SDC pellets, followed by calcination at 1000 ◦C
or 2 h in stagnant air. Silver paste was painted onto the electrode
urfaces as current collector.

Anode-supported cells with SDC electrolyte were prepared
sing a co-pressing technique. Anode powders consisting of
0 wt.% NiO and 40 wt.% SDC were prepared by mixing NiO
nd SDC in an agate mortar. To fabricate the single cell, the
ell-mixed NiO–SDC powder was firstly pressed as a substrate,
nto which the SDC powder was added and pressed again to
orm a bilayer pellet. The pellet was then sintered in stagnant
ir at 1450 ◦C for 5 h for the densification of the electrolyte
ayer; the BSCF slurry was painted onto the central surface of
he electrolyte and fired at 1000 ◦C for 2 h in air. The resulting
oin-shaped cathode had a thickness of 20 �m and an effective
rea of 0.52 cm2.

.3. Characterization

I–V polarization curves were collected using a Keithley 2420
ource meter based on the four-probe configuration. Humidi-
ed H2 (3% H2O) at a flow rate of 80 ml min−1 [STP] was fed

nto the anode chamber as fuel and compressed air was fed into
he cathode chamber as oxidant. Gas flow rates were controlled
y mass flow controllers. Silver paste was adopted as current
ollector.

The electrode performance was investigated with a symmet-
ical cell or complete cell configuration by the ac impedance
ethod using an electrochemical workstation Solartron 1287

otentiostat and a 1260 A frequency response analyzer. The
est was conducted under open circuit voltage (OCV) condition
ith the frequency ranging from 0.01 to 100 kHz and a signal

mplitude of 10 mV. The overall impedance data was fitted by a
omplex non-linear least square (CNLS) fitting program Z-View
.9b.

The crystal structure of the synthesized powders was deter-
ined by X-ray diffraction (XRD, Bruker D8 Advance) using
u K� radiation. The experimental diffraction patterns were
ollected at room temperature by step scanning within the range
f 20◦ ≤ θ ≤ 80◦. The crystallite size was calculated based on
he Scherrer equation from the study of Bragg angle and half
andwidth at the index peak of the (1 1 0) plane for BSCF. The
icroscopic features of the prepared electrodes were character-

zed by a field emission scanning electron microscopy (FESEM,

EO1530) equipped with an energy dispersive X-ray (EDX)
ttachment, or an environmental scanning electron microscopy
ESEM, QUANTA-2000). Four-probe dc electrical conductivity
f the oxide was measured over the bar-shaped BSCF samples
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Fig. 1. XRD patterns of three different BSCF solid precursors from different
synthesis route methods: (a) EC, (b) NEC and (c) NECC.

F
(

b
5
t
t
c
B
s
t
i
t
iron ions in BSCF were lowered after the nitric acid treatment
of the solid precursor.

Fig. 3 shows the SEM images of various as-synthesized BSCF
powders calcined at 1000 ◦C for 5 h. The powders obtained by

Table 1
Crystallite sizes and lattice constants of the three BSCF powders calcined at
1000 ◦C for 5 h
W. Zhou et al. / Journal of Po

intered at 1000 ◦C in air with silver applied as the electrodes.
he current and the voltage were detected by the Keithley 2420
ource meter at an interval of 10 ◦C in the temperature range
f 300–900 ◦C. Oxygen desorption properties of the powders
ere studied by the oxygen temperature-programmed desorp-

ion technique (O2-TPD). About 150 mg of BSCF powder was
oaded in a quartz tube. The assembly was placed in a single-
one furnace equipped with a temperature controller. Argon was
sed as the carrier gas with a flow rate of 20 ml min−1 [STP].
he temperature was increased from 200 to 1000 ◦C at the rate
f 10 ◦C min−1 and the effluent gases were monitored by the
ass spectrometer (Hiden, QIC-20).
The oxygen permeation flux measurements were performed

sing the gas chromatography (GC) method. Single dense mem-
ranes or porous BSCF layer modified membranes were sealed
nto the quartz support tubes with silver paste. The sidewall
f the membrane disks was also covered with the sealant to
void radial contribution to the oxygen flux due to electrochem-
cal leakage. Helium was used as the sweep gas at a flow rate
f 100 ml min−1. A gas chromatograph (Varian, CP 3800) was
sed to analyze the outlet gas. The oxygen permeation flux was
alculated by

O2 (ml cm−2 min−1, [STP]) =
[
CO − CN × 0.21

0.79(28/32)1/2

]
× F

S

here CO and CN are the measured concentrations of oxygen and
itrogen in the gas on the oxygen-lean side (ml ml−1), respec-
ively; F is the flow rate of the exit gas on the oxygen-lean side
ml min−1), and S is the membrane geometric surface area of
he sweep side (cm2).

. Results and discussion

The synthesis route was found to have a significant effect
n the formation of BSCF perovskite. Among the three synthe-
is routes, the EC method was found to be the most efficient
ne for preparing pure-phase nano-crystalline BSCF oxide. A
ure-phase BSCF was obtained at a firing temperature as low
s 850 ◦C for the EC method, while the temperature had to be
s high as 1000 ◦C for the NEC and NECC methods. The EC
ethod is characterized by the homogeneous mixing of metal

ons on the molecular level; it eliminates the blockage of solid-
tate diffusion for the formation of BSCF oxide and therefore
nsures a low temperature synthesis [41]. As shown in Fig. 1,
he solid precursor from the EC method took on an amorphous
tructure even after being heated at 250 ◦C for 5 h, which implies
hat the metal ions were still homogeneously distributed in the
rganic matrix. However, strong characteristic diffraction peaks
or Ba0.5Sr0.5(NO3)2 appeared in the NEC derived solid precur-
or, which indicated the destruction of the complex. This agrees
ell with the fact that the conditional stability constants of Ba

nd Sr with EDTA at a pH value of <4 are both less than zero, i.e.,

DTA was not able to immobilize Ba2+ and Sr2+ anymore under

he nitric acid condition. When more nitric acid was applied,
.e., 30 ml HNO3 applied to the solid precursor for preparing
.01 mol BSCF powder, a vigorous self-combustion happened.

S

E
N
N

ig. 2. XRD patterns of three samples calcined at 1000 ◦C for 5 h: (a) EC-BSCF,
b) NEC-BSCF and (c) NECC-BSCF.

Fig. 2 shows the XRD pattern of the BSCF powders prepared
y the three different methods after calcination at 1000 ◦C for
h. All the samples displayed phase-pure cubic perovskite struc-

ure. However, a decrease in the crystallinity was observed with
he increase of nitric acid applied during the synthesis. The cal-
ulated crystallite size and lattice constant of the corresponding
SCF powders are listed in Table 1. Obviously, the crystallite

ize of BSCF was depressed in the presence of nitric acid during
he synthesis [43]. However, the lattice constant of BSCF oxide
ncreased with the amount of nitric acid applied during the syn-
hesis, which suggests that the average valences of cobalt and/or
amples Crystallite size (nm) Lattice constant (Å)

C-BSCF 42 3.971
EC-BSCF 38 3.973
ECC-BSCF 27 3.983
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attributed to the hopping of p-type small polarons, which are
associated with the behavior of triple and tetravalent state of
cobalt and iron cations. The charge transfer is thermally acti-
vated and its temperature dependence is given by the following

Table 2
Shrinkage and porosity of the three BSCF samples calcined at 1000 ◦C for 5 h
ig. 3. SEM images of the BSCF powders calcined at 1000 ◦C for 5 h in air (th
C-BSCF, (B) NEC-BSCF, (C) NECC-BSCF.

he NEC and NECC methods mostly had a conic shape with
he grain size varying from several microns to tens of microns.
owever, the powder prepared by the EC method took on a

pherical shape. The relative amount of conic BSCF in the pow-
er increased with the increasing amount of nitric acid applied
n the synthesis. The conic particle was actually composed of
maller spherical particles sized 20–40 nm (Fig. 3C), which was
omparable to the values reported in other references [44,45].
ubramania et al synthesized nano-crystalline BSCF powders at
temperature as low as 450 ◦C by a novel sol–gel thermolysis
ethod and the crystallite size of the BSCF provskite oxide was

nly 34 nm [44]. It should be noted that the temperature for cath-
de firing process can reach as high as 1000 ◦C while the BSCF
xide could be easily sintered due to the high surface energy at
uch a temperature. Therefore, it is more important to prepare
ano-crystalline BSCF oxide at higher temperatures in practical
se.

The sintering behavior of the various BSCF powders
as investigated. Bar-shaped BSCF samples were sintered at
000 ◦C for 5 h, and the porosity and shrinkage of samples are
hown in Table 2. The relative density of the samples was found

o be in the order of EC-BSCF < NEC-BSCF < NECC-BSCF,
oinciding with the decreasing crystallite size of the starting
owders. Since smaller crystallite size means higher surface
nergy, higher sintering of ceramics was observed [43]. The

S

E
N
N

t shows an enlargement of conic BSCF composed of nano-sized particles). (A)

ffect of the powder preparation method on the electrical con-
uctivity was measured by the four-probe dc method. Fig. 4A
hows the temperature dependence of the adjusted conductiv-
ty considering the porosity of various BSCF samples measured
ithin the temperature range of 300–900 ◦C in air. It shows that

he electrical conductivity of all samples first increases linearly
ith temperature to around 450 ◦C, and then decreases, which

an be attributed to the loss of lattice oxygen and the formation
f oxygen vacancies at high temperatures (>450 ◦C). The electri-
al conductivity increased slightly with the increased amount of
itric acid applied during the synthesis, which might be related
o the enhanced contact between neighboring particles.

The electron conducting mechanism below 450 ◦C can be
amples Shrinkage (%) Porosity (%)

C-BSCF 2.15 17.33
EC-BSCF 2.45 13.99
ECC-BSCF 4.44 11.37
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ig. 4. Electrical conductivity (A) and the corresponding Arrhenius plots of
lectrical conductivity (B) under air, for the materials synthesized by (a) EC, (b)
EC and (c) NECC methods.

quation:

= A

T
exp

(−Ea

kT

)

here A is a material constant containing the carrier concentra-
ion term, T the absolute temperature, Ea the activation energy for
mall polaron hopping and k is the Boltzmann constant. Plots of
og(σT) versus 1/T are constructed for the temperature range, as
hown in Fig. 4B. These plots are linear, and from their slopes the
pparent activation energies are calculated. Although the appar-
nt activation energy (300–450 ◦C) for the three samples is very
imilar, there are still some slight differences, which is a reflec-
ion of the small difference in valences of cobalt and iron ions.
he slightly high amount of tetravalent cations within B site is
eneficial for the charge transfer. The apparent activation energy
s the lowest for EC-BSCF, which may indicate that the amount
f Co4+ and/or Fe4+ in EC-BSCF was higher than those in NEC-
SCF and NECC-BSCF. Since Co4+/Fe4+ has a smaller ionic

adius than Co3+/Fe3+, a smaller lattice constant of EC-BSCF
han NEC-BSCF and NECC-BSCF should be observed, which

oincides with the XRD results.

The BSCF powders were then fabricated onto the electrolyte
urface as the cathode layer by a painting method followed by
alcination at 1000 ◦C for 5 h in air, with the corresponding SEM

f
B
a
m

ources 174 (2007) 237–245 241

hotos of the cathode layer shown in Fig. 5. All the three samples
how similar porous surface morphology. It is interesting that the
onic-shaped particles of BSCF with the powders prepared by
he NEC and NECC methods totally disappeared in the cathode
ayer after the fabrication and calcination. An increased degree
f sintering for the cathode layer in the order of EC-BSCF, NEC-
SCF and NECC-BSCF was also observed, coinciding with the

act that the crystallite size of the starting powders decreased
n the reverse direction. Smaller crystallite size means a higher
urface energy and therefore a higher sinterability. For cathodes
ased on mixed-conducting oxides, their performance is closely
elated to the effective surface area, the surface exchange kinet-
cs and also the oxygen bulk diffusion rate of the cathode. The
ncreased degree of sintering would have a detrimental effect on
he cathode performance.

The cathode performance of the BSCF oxides prepared by
he three different methods was first tested by impedance spec-
roscopy, and symmetric cells composing of SDC electrolyte and
SCF electrodes were built for this purpose. Fig. 6 shows the

emperature dependence of the area-specific resistances (ASRs)
nder the OCV condition. The EC-BSCF cathode shows both
he lowest electrode resistance and activation energy. An ASR of
.10 � cm2 for the EC-BSCF cathode was observed at 600 ◦C,
hile it was 0.36 � cm2 for the NECC-BSCF cathode. The acti-
ation energy for EC-BSCF is only 104 kJ mol−1, while it is
17 kJ mol−1 for NECC-BSCF. All the above results strongly
uggest that the powder preparation method has a significant
ffect on the cathode performance, the reason for which, accord-
ng to Fig. 5, could be due to the difference in the effective surface
rea of the cathodes prepared by different synthesis techniques.
he increased degree of sintering with the increased amount of
itric acid applied during the synthesis resulted in the decreas-
ng effective cathode area for oxygen reduction, which should
ccount for the observed decrease in cathode performance.

The performance of the mixed-conducting cathode is closely
elated not only to its effective surface area, but also to its oxygen
urface exchange kinetics and bulk diffusion rate. The effect of
he powder preparation method on the oxygen surface exchange
nd bulk diffusion properties was then quantitatively studied by
he oxygen permeation method of dense ceramic membranes.
xygen permeation through a dense mixed-conducting mem-
rane is usually determined by oxygen surface exchange kinetics
ombined with oxygen bulk diffusion rate. Under the driving
orce of the oxygen partial pressure gradient across the mem-
rane, an oxygen molecule first adsorbs over the membrane
urface on the oxygen-rich side, where it dissociates into oxygen
ons and generates electron holes, both of which then migrate
hrough the bulk of the membrane to the other side of the mem-
rane surface, where they recombine into an oxygen molecule;
he molecular oxygen over the membrane surface finally des-
rbs and evolves into the oxygen-lean side atmosphere. Based
n the oxygen permeation fluxes at various conditions, the
nformation of oxygen surface exchange kinetics and bulk dif-

usion rate can be obtained. For the oxygen permeation study,
SCF powders were fabricated into dense ceramic membranes,
nd the permeation properties were characterized by the GC
ethod. Shown in Fig. 7 is the temperature dependence of oxy-
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Fig. 5. SEM photos of the 1000 ◦C calcined cathodes, (A) EC-BSCF, (B) NEC-BSCF and (C) NECC-BSCF.

Fig. 6. Arrhenius plots of ASRs for cathode of (a) EC-BSCF, (b) NEC-BSCF
and (c) NECC-BSCF.

Fig. 7. Arrhenius plots of oxygen permeation fluxes of membranes prepared
by (a) EC, (b) NEC and (c) NECC processes. Membrane thickness: 1 mm; He
sweep rate: 100 ml min−1.
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en permeation flux through 1.0 mm thick BSCF membranes at
constant helium sweep rate of 100 ml min−1 with air being

he feed gas. The permeation fluxes were found in the order
f EC-BSCF > NEC-BSCF > NECC-BSCF. An increase of the
ctivation energy for oxygen permeation in the sequence of
C-BSCF < NEC-BSCF < NECC-BSCF was also observed. We
ave shown in a previous paper that the oxygen permeation
hrough surface-unmodified BSCF membrane was mainly rate-
etermined by the slow oxygen surface exchange kinetics at the
xygen-lean side membrane surface under an air/helium oxy-
en gradient [46]. It therefore suggests that the increase of nitric
cid applied in the powder synthesis led to the decrease of oxy-
en surface exchange rate of the corresponding cathode. The
ffect of the powder preparation method on the oxygen bulk dif-
usion rate of the cathode was also investigated by the oxygen
ermeation study of the corresponding surface-modified BSCF
embranes. A porous layer of BSCF was deposited onto the

urface of BSCF membranes exposed to the oxygen-lean side
tmosphere. The porous layer resulted in a significant improve-
ent of the effective surface area for oxygen surface exchange;

herefore, the importance of oxygen bulk diffusion in the rate
etermination of the oxygen permeation flux was enhanced.
he oxygen permeation fluxes of the surface-modified mem-
ranes could then reflect the oxygen bulk diffusion rate. After
he surface modification, as shown in Fig. 8, the oxygen perme-
tion flux increased most significantly for the BSCF membrane
ith the powder prepared by the EC method, followed by the
embrane made of NEC-BSCF, while the improvement of the

ermeation flux of the membrane by NECC-BSCF was the
mallest. It suggests that the synthesis techniques also have

significant influence on the bulk oxygen diffusion of the
athode materials. The higher amount of nitric acid applied
uring the synthesis, the lower oxygen bulk diffusion rate was
bserved.
The influence of the preparation method on the bulk prop-
rties of the BSCF cathode was also supported by the O2-TPD
xperiments. Fig. 9 shows the oxygen temperature-programmed
esorption curves of EC-BSCF, NEC-BSCF and NECC-BSCF.

ig. 8. Arrhenius plots of oxygen permeation fluxes of membranes prepared by
a) EC, (b) NEC and (c) NECC processes with a porous NECC-BSCF layer
∼20 �m) at the oxygen-lean side. Membrane thickness: 1 mm; He sweep rate:
00 ml min−1.
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ig. 9. Oxygen temperature-programmed desorption curves of (a) EC-BSCF,
b) NEC-BSCF and (c) NECC-BSCF.

significant difference in oxygen desorption behavior at a
emperature higher than 800 ◦C was observed. The oxygen des-
rption at such a temperature in O2-TPD profile was associated
ith the reduction of Co3+ to Co2+ [47]. The difference in the

hape of O2-TPD profiles for the various BSCF powders sug-
ests that the preparation method has an effect on the cobalt
alence state at high temperatures. Since the oxygen bulk diffu-
ion rate is closely related to the oxygen vacancy concentration,
hich in turn is closely related to the valence state of metal

ons in the perovskite structure, a difference in the oxygen bulk
iffusion behavior of the various BSCF oxides can be antici-
ated.

Complete fuel cells were built based on the thin-film SDC
lectrolyte and the EC-BSCF, NEC-BSCF or NECC-BSCF cath-
de. Fig. 10 shows the performances of the single cells using 3%
ater-humidified H2 as the fuel and ambient air as the cathode

tmosphere, operated at 550–650 ◦C. Peak power densities of
93 and 825 mW cm−2 were achieved for the cell with the EC-
SCF cathode at operating temperatures of 600 and 650 ◦C,

espectively. As expected, worse performances were observed
or the cells based on the other two cathodes. The peak power
ensities were only 571 and 543 mW cm−2 at 600 ◦C for cells
ased on NEC-BSCF and NECC-BSCF cathodes, respectively.
hown in Fig. 11 are the typical impedance spectra for the
ells with the EC-BSCF, NEC-BSCF and NECC-BSCF cath-
des measured at 600 ◦C under open circuit condition. Here, the
ntercept with the real axis at high frequencies represents the
esistance of the electrolyte and lead wires (about 0.27 � cm2),
hereas the resistance between the two intercepts with the real

xis corresponds to the impedance of the two interfaces, i.e. the
athode–electrolyte interface and the anode–electrolyte inter-
ace. The electrode ASRs for the cells based on EC-BSCF,
EC-BSCF and NECC-BSCF cathode are 0.067, 0.097 and
.207 � cm2, respectively. Since the anodes are identical, the
ifferences in the electrode ASRs can be essentially attributed

o the cathode. Therefore, it is clear that the interfacial polariza-
ion resistance of EC-BSCF cathode was the lowest, which was
bout 0.03 and 0.14 � cm2 lower than that of NEC-BSCF and
ECC-BSCF, respectively.
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Fig. 10. I–V and I–W curves of the single cells with the cathode
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ig. 11. Impedance spectra for single cells with the cathode operated at 600 ◦C
nder OCV condition of (a) EC-BSCF, (b) NEC-BSCF and (c) NECC-BSCF.

. Conclusions

Synthesis technique has a significant effect on the cath-
de performance of Ba0.5Sr0.5Co0.8Fe0.2O3−δ perovskite for
olid-oxide fuel cells. The nitric acid treatment during the
DTA–citrate complexing process affects not only the sintering
ehavior of the cathode during fabrication, but also the oxygen

urface exchange kinetics and the oxygen bulk diffusion proper-
ies of the cathode. Among the three synthesis methods including
he combined EDTA–citrate (EC) complexing method, the nitric
cid modified EDTA–citrate (NEC) route and the nitric acid
of (A) EC-BSCF, (B) NEC-BSCF and (C) NECC-BSCF.

odified EDTA–citrate combustion (NECC) process, the EC
ethod was found to be the most promising one for fuel cell

pplications. The increase of nitric acid applied during the pow-
er synthesis led to the decrease of the crystallite size of the
owder, the increase of sintering during fabrication, and the
educed surface oxygen exchange kinetics and bulk diffusion
ate of the cathode. Consequently, the addition of HNO3 during
he synthesis process had a detrimental effect on the performance
f fuel cell with the BSCF cathode. Therefore, for advances of
T-SOFCs, besides the development of new cathode materials
nd the optimization of the cathode architecture, proper powder
ynthesis techniques of the cathode material is also critical.
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27] S. Royer, F. Bérubé, S. Kaliaguine, Appl. Catal. A 282 (2005) 273.

[
[

[

ources 174 (2007) 237–245 245

28] X. Zhu, Y. Cong, W. Yang, J. Membr. Sci. 283 (2006) 158.
29] J. Sfeir, S. Vaucher, P. Holtappels, U. Vogt, H.-J. Schindler, J. Van herle, E.

Suvorova, P. Buffat, D. Perret, N. Xanthopoulos, O. Bucheli, J. Eur. Ceram.
Soc. 25 (2005) 1991.

30] L. Tan, X. Gu, L. Yang, W. Jin, L. Zhang, N. Xu, J. Membr. Sci. 212 (2003)
157.

31] L. Yang, Z.T. Wu, W.Q. Jin, N.P. Xu, Ind. Eng. Chem. Res. 43 (2004) 2747.
32] Z.T. Wu, W. Zhou, W.Q. Jin, N.P. Xu, AIChE J. 52 (2006) 769.
33] Z.P. Shao, S.M. Haile, Nature 431 (2004) 170.
34] Z.P. Shao, S.M. Haile, J. Ahn, P.D. Ronney, Z.L. Zhan, S.A. Barnett, Nature

435 (2005) 795.
35] W. Zhou, Z.P. Shao, R. Ran, Z.H. Chen, P.Y. Zeng, H.X. Gu, W.Q. Jin, N.P.

Xu, Electrochim. Acta 52 (2007) 6297.
36] W. Zhou, Z.P. Shao, R. Ran, P.Y. Zeng, H.X. Gu, W.Q. Jin, N.P. Xu, J Power

Sources 168 (2007) 330.
37] Y. Zhang, X. Huang, Z. Lu, Z. Liu, X. Ge, J. Xu, X. Xin, X. Sha, W. Su, J.

Power Sources 160 (2006) 1217.
38] Z. Duan, M. Yang, A. Yan, Z. Hou, Y. Dong, Y. Chong, M. Cheng, W.

Yang, J. Power Sources 160 (2006) 57.
39] Q.L. Liu, K.A. Khor, S.H. Chan, J. Power Sources 161 (2006) 123.
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