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Silver-modified Ba0.5Sr0.5Co0.8Fe0.2O3−ı (Ag/BSCF) electrodes were prepared using an electroless deposi-
tion technique. The morphology, microstructure and oxygen reduction reaction activity of the resulted
Ag/BSCF electrodes were comparatively studied using Fourier transform infrared spectra, environmen-
tal scanning electron microscopy, temperature-programmed oxygen desorption, X-ray diffraction, and
electrochemical impedance spectroscopy. An area-specific resistance as low as 0.038 � cm2 was achieved
for N2H4-reduced Ag/BSCF cathode at 600 ◦C. Carbonates were detected over the BSCF surface during
g/Ba0.5Sr0.5Co0.8Fe0.2O3−ı

athode
olid-oxide fuel cell
lectrochemical impedance

the reduction of silver, which deteriorated both the charge-transfer process and diffusion process of
HCHO-reduced Ag/BSCF cathode for the oxygen electrochemical reduction reaction. An anode-supported
single cell with an N2H4-reduced Ag/BSCF cathode showed a peak power of 826 mW cm−2 at 600 ◦C. In
comparison, only 672 mW cm−2 was observed with the HCHO-reduced Ag/BSCF cathode.
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. Introduction

Advanced low-temperature (<600 ◦C) solid-oxide fuel cells
LTSOFCs) require highly functional cathode materials that can pro-
ide high ionic and electronic conductivity and high electrocatalytic
ctivity in oxygen reduction reactions (ORR) to reduce polariza-
ion resistance at the cathode/electrolyte interface at reduced
perating temperatures [1–5]. Recently, Ba0.5Sr0.5Co0.8Fe0.2O3−ı

BSCF) perovskite oxide was successfully developed as a cathode
or SOFCs operating at 600 ◦C [6,7]. However, low electronic con-
uctivity makes BSCF unfavorable for applications below 600 ◦C.
onsiderable effort has been spent on attempts to increase the
lectrochemical activity of BSCF at lower temperatures, including
he use of doping strategies and surface modifications with met-
ls.

It is well known that the introduction of certain precious metals
nto the porous oxide electrode matrix can enhance electrocat-

lytic activity for ORR [8–15] due to the high activity of precious
etals for oxygen reduction as well as the synergetic effect of

recious metals and the oxide electrode. Silver is also known to
erform a similar function [16–24]. Many techniques have been

∗ Corresponding author. Tel.: +86 25 83172256; fax: +86 25 83365813.
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xploited for the synthesis of precious metal- or silver-modified
xide electrodes. Due to its lower cost, the idea of using silver as an
lectrode modifier has received considerable attention in the past
everal years. Very recently, an electroless deposition technique
as been exploited to prepare silver-modified Li4Ti5O12 compos-

te electrodes for lithium-ion batteries [25] and silver-modified
SCF cathode for SOFCs [26,27]. These electrodes showed supe-
ior electrochemical performances as compared with those made
rom the traditional preparation methods, such as mechanical ball

illing and impregnation-thermal decomposition. However, it was
eported that reducing agents employed during the electroless
eposition processes for electrodes designed for proton exchange
embrane fuel cells (PEMFCs) could have a significant impact on

he ORR activity [28]. In our previous study, we also observed that
he electrochemical performance of the perovskite-type cathodes,
uch as BSCF and La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF), was sensitive to
he fabricating processes [29,30]. It is thus reasonable to expect that
he reducing agents could also have an effect on the performance
f silver-modified BSCF cathodes.

In order to further improve the electrochemical performance of

SCF-based electrodes, the reducing agent should be optimized. In
his study, the reducing agent on the ORR catalytic activity of the
ilver-modified BSCF was investigated systematically. In particu-
ar, hydrazine (N2H4) and formaldehyde (HCHO) were adopted as
educing agents.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shaozp@njut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.10.055
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. Experimental

.1. Preparation of the BSCF matrix

BSCF powders were synthesized by a combined EDTA–citrate
omplexing sol–gel process. The detailed procedure for this pro-
ess has been reported in our prior publication Ref. [31]. In brief,
equired amounts of metal nitrates were prepared into a mixed
olution followed by the addition of EDTA and citric acid at a
H of ∼6, with the help of NH4OH at a mole ratio of total metal

ons:EDTA:citric acid of 1:1:2. The water was evaporated at 90 ◦C,
esulting in transparent gels which were first pre-fired at 250 ◦C
nd then further calcined at 1000 ◦C for 5 h in air to produce the
nal products.

The prepared BSCF powder was dispersed in a premixed solution
f glycerol, ethylene glycol and isopropyl alcohol to form a colloidal
uspension through the use of a high-energy ball miller (Fritsch,
ulverisettle 6) at a rotational speed of 400 rpm for 0.5 h. The sus-

ension was either symmetrically painted onto both surfaces of
dense SDC pellet with a diameter of ∼13 mm and a thickness

f ∼0.8 mm, for the impedance test, or painted onto one side of
DC supported by SDC-NiO, for the fuel cell test. The thickness of
he SDC thin film was ∼30 �m. The BSCF matrix was then fired at

a
i
e

4

Fig. 1. SEM images of the AgNO3 impregnated BSCF (a), and the as-prepared
urces 186 (2009) 244–251 245

000 ◦C for 2 h in air to make it adhere to the SDC electrolyte surface
rmly.

.2. Preparation of the Ag/BSCF composites

The silver precursor (AgNO3 or Ag(NH3)2
+) solution

0.01 mol L−1) was added in drops (using a suction pipette
ith an accuracy of ±0.01 mL) and soaked into the porous BSCF

athode layer, followed by heating at 80 ◦C to evaporate the water.
uring the preparation, the silver loading was controlled by
djusting the volume of the drops. The weight percentage of Ag to
SCF oxide was fixed at 3 wt.% unless other mentioned. After the

mpregnation of AgNO3 into the BSCF matrix, the Ag+ was reduced
o Ag particles by HCHO or N2H4.

.2.1. Electroless deposition by N2H4
When the desired silver loading was reached, the necessary
mount of N2H4 solution at 0.01 mol L−1 was introduced as a reduc-
ng agent to induce the reduction of Ag+ to Ag based on the
quation:

AgNO3 + N2H4 = 4Ag + 4HNO3 + N2. (1)

N2H4-reduced Ag/BSCF (b) and HCHO-reduced Ag/BSCF (c) cathodes.
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the oxidant gas, was fed into the cathode chamber at a flow rate of
400 mL min−1 (STP). Gas flow rates were controlled with mass flow
controllers, and a silver paste was used as the current collector.

The electrode performance was also investigated by ac
impedance spectroscopy using an electrochemical workstation
ig. 2. FT-IR spectra of the as-prepared N2H4-reduced Ag/BSCF (a) and HCHO-
educed Ag/BSCF (b) composite powders.

Once the reaction was completed, the cell was heated at 80 ◦C
ver a hotplate, to evaporate the water from the electrode layer, and
hen fired at 850 ◦C for 30 min to form the N2H4-reduced Ag/BSCF
athode.

.2.2. Electroless deposition by HCHO
Dilute NH3·H2O was titrated into the AgNO3 solution at

.01 mol L−1 until the white deposit disappeared to form the
g(NH3)2

+ solution. The reactions can be described as follows:

g+ + NH3 ⇔ Ag(NH3)+, (2)

g(NH3)+ + NH3 ⇔ Ag(NH3)2
+. (3)

The Ag(NH3)2
+ solution was introduced into the BSCF matrix,

nd the necessary amount of dilute HCHO was added as the reduc-
ng agent to induce the reduction of Ag+ to Ag based on the
quation:

Ag(NH3)2
+ + HCHO + 2OH− = 2Ag + HCOO− + NH4

+

+ 3NH3 + H2O. (4)

Once the reaction was completed, the cell was heated at 80 ◦C
ver a hotplate, to evaporate the water from the electrode layer, and
hen fired at 850 ◦C for 30 min to form the HCHO-reduced Ag/BSCF
athode.

.3. Basic characterization
Phase compositions of the composite powders were analyzed
y X-ray diffraction (XRD, Bruker D8 Advance) at room tempera-
ure. Fourier transform infrared spectroscopy (FT-IR, AVATAR-360)
f the as-prepared powders was recorded from 4000 to 400 cm−1

sing the KBr pellet method. The oxygen desorption properties of
F
(

ources 186 (2009) 244–251

he composite powders were studied using an oxygen temperature-
rogrammed desorption (O2-TPD) technique. About 100 mg of the
s-prepared powders were loaded in a quartz tube. The assembly
as placed in a single-zone furnace equipped with a tempera-

ure controller. Argon was used as the carrier gas at a flow rate
f 20 mL min−1 (STP). The temperature was increased from 50 to
50 ◦C at a rate of 10 ◦C min−1. The effluent gases were monitored by
mass spectrometer (MS, Hiden, QIC-20). The microscopic features
f the prepared electrodes were characterized using an environ-
ental scanning electron microscopy (ESEM, QUANTA-2000).

.4. Electrochemical performance test

An electrochemical cell with a four-terminal configuration was
onstructed. The I–V polarization was characterized using a Keith-
ey 2420 source meter. Hydrogen, acting as a fuel, was fed into the
node chamber at a flow rate of 80 mL min−1 (STP); air, acting as
ig. 3. SEM images of the N2H4-reduced Ag/BSCF (a) and HCHO-reduced Ag/BSCF
b) cathodes fired at 850 ◦C for 30 min.
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Fig. 4. FT-IR spectra of the N2H4-reduced Ag/BSCF (a) and HCHO-reduced Ag/BSCF
(b) composite powders calcined at 900 ◦C.

Fig. 5. . O2-TPD curves of the N2H4-reduced Ag/BSCF, HCHO-reduced Ag/BSCF, pure
BSCF and (Ba0.5Sr0.5)0.8Co0.8Fe0.2O3−ı .
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ig. 6. XRD patterns of the Ag/BSCF composite powders calcined at 850 ◦C with the
liver content of 3 wt.% (a) and 30 wt.% (b).

omposed of a Solartron 1260A frequency response analyzer and
Solartron 1287 potentiostat. The frequency range applied was

.01 Hz to 100 kHz, and the signal amplitude was 10 mV under open
ell voltage (OCV) conditions. The overall impedance data were fit-
ed using a complex non-linear least squares (CNLS) fitting program
rom the Z-View 2.9b software.

. Results and discussion

.1. Morphologies and phase composition

Once the AgNO3 solution was impregnated into the BSCF matrix
nd dried, the AgNO3 was crystallized into pyramidal shape par-
icles and dispersed uniformly over BSCF surface as shown in
ig. 1a. An aqueous solution of N2H4 or HCHO was then added,
n drops, to the BSCF + AgNO3 mixture, which was then heated
o 80 ◦C to induce the reduction of Ag+ to metallic Ag. Zhang
t al. reported that when a Pt-Co catalyst was reduced using a
.1 mol L−1 HCHO solution, aggregation was observed due to the
trong reducing capability of HCHO [28]. To avoid this problem, a
ow concentration N2H4/HCHO solution at 0.01 mol L−1 was used

n this study.

The microscopic morphologies of the as-prepared composite
athodes after the reduction are shown in Fig. 1b and c. These
gures demonstrate that the Ag particles dispersed well without
bvious aggregation for the Ag/BSCF electrodes prepared by both
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morphology with an average silver particle size of ∼0.5 �m. In gen-
eral, the particle size should increase after the heat treatment due
to sintering. Interestingly, for the Ag in N2H4-reduced Ag/BSCF, the
particle size reduced after the heat treatment. It was likely that the
ig. 7. Nyquist plots of the symmetrical cells with the N2H4-reduced Ag/BSCF (©) a

eduction processes. However, the morphologies of the Ag particles
repared from the two different reduction processes are very dif-

erent from each other. The Ag particles prepared by applying N2H4
s a reducing agent showed a cubic shape with a broad particle size
istribution from 0.2 to 0.9 �m, while the Ag prepared via HCHO
eduction showed a spherical shape with a uniform particle size
f ∼0.2 �m. For HCHO-reduced Ag/BSCF, besides the Ag particles,
dditional carbon-enriched by-products were also detected over
he BSCF surface by EDX. According to Eq (4), HCOO− is released as a
y-product accompanying the reduction of Ag+ to Ag. Since HCOO−

s unstable in nature, it likely reacted with the BSCF matrix to
orm the by-products. To learn more about the different reduction
rocesses, the as-prepared composite powders were characterized
y FT-IR. As shown in Fig. 2, the strong sharp adsorption peak at
385 cm−1 was attributed to the vibration band for NO3

−, while the
eaks at 1636 and 855 cm−1 were attributed to the vibration bands
f CO3

2−. The adsorption peak for NO3
− was very weak for the as-

repared N2H4-reduced Ag/BSCF, suggesting that the formed HNO3
ikely decomposed into gases. For the as-prepared HCHO-reduced
g/BSCF, carbonate phase was detected.

In order to get rid of the organic residues and condition the silver
articles, the as-prepared Ag/BSCF composites were submitted for

hermal treatment. It has been reported that a firing temperature of
50 ◦C is optimal to get the best performance for Ag/BSCF composite
athode prepared by electroless deposition process [27]. Therefore,
his temperature was used during the heat treatment of the two
athodes. Fig. 3 shows the morphologies of the two cathodes after

F
w

HO-reduced Ag/BSCF (�) cathodes at 550–700 ◦C under open-circuit conditions.

he heat treatment at 850 ◦C for 30 min. The silvers in both elec-
rodes dispersed well over the BSCF surface and took a spherical
ig. 8. Arrhenius plots of the total cathode polarization resistance (Rp) for the cells
ith the N2H4-reduced Ag/BSCF and HCHO-reduced Ag/BSCF cathodes.
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process is associated with the reduction of Co to Co . The oxy-
gen desorption characteristic for N2H4-reduced Ag/BSCF is similar
to pure BSCF. This implies the micro-structure and phase com-
position of the BSCF using N2H4 as the reducing agent was not
altered significantly. For the case of HCHO-reduced Ag/BSCF, the
ig. 9. Arrhenius plots of the RE1 (a) and RE2 (b) for the cells with the N2H4-reduced
g/BSCF and HCHO-reduced Ag/BSCF cathodes.

ilver particles from the N2H4 reduction were in a porous struc-
ure, and thus, during the heat treatment, the particles densified,
esulting in the observed shrinking.

It is well known that the formation of carbonate over the per-
vskite surface can block oxygen surface diffusion and thereby
educe the electrochemical activity of the oxide for ORR. In order to
et rid of such surface carbonates, thermal decomposition is usu-
lly applied. Due to the high sintering capability and low melting
oint of silver, a firing temperature lower than 900 ◦C should be
mployed [27]. The FT-IR spectra of the Ag/BSCF composites after
ring at 900 ◦C are shown in Fig. 4. The vibration band for NO3

−

anished after the heat treatment. However, the vibration band for
O3

2− was still observed in HCHO-reduced Ag/BSCF electrode. This
mplies that such a thermal treatment temperature is insufficient
o remove the surface carbonate. It has also been reported that car-
onates can only be eliminated thoroughly at temperature higher
han 950 ◦C under an argon atmosphere [29]. However, such a high
emperature would result in sintering or melting of the silver.

Temperature-programmed oxygen desorption (O2-TPD) curves
f the Ag/BSCF composites prepared from the two different reduc-
ion processes and fired at 850 ◦C are depicted in Fig. 5. Oxygen
esorption occurred in two separate zones, which started at
pproximately 300 and 800 ◦C, respectively. For convenience, the

xygen desorbed in these two zones is labeled �- and �-oxygen,
espectively [32]. The O2-TPD reflects the change of oxidation states
f cobalt and iron in BSCF. The oxygen desorption at the lower
emperature zone, i.e., �-oxygen, is associated with the reduc-

F
m

ig. 10. I–V and I–W curves for the single cells with the N2H4-reduced Ag/BSCF (a)
nd HCHO-reduced Ag/BSCF (b) cathodes.

ion of Co4+/Fe4+ to Co3+/Fe3+, while the �-oxygen desorption
3+ 2+
ig. 11. AC impedance spectra for the single cells with the two composite cathodes
easured at 600 ◦C under open circuit conditions.
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Table 1
Activation energies of RE1, RE2 and Rp for the N2H4-reduced Ag/BSCF and HCHO-
reduced Ag/BSCF cathodes.

Cathodes Activation energy (kJ mol−1)
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ntensity of the �-oxygen decreased while the intensity of �-oxygen
ncreased. The A-site cation-deficient BSCF, with a composition of
Ba0.5Sr0.5)0.8Co0.8Fe0.2O3−ı, was also tested for comparison. The
rofiles for HCHO-reduced Ag/BSCF and the A-site deficient BSCF
re very similar, which indicates the possible formation of an A-site
ation deficient BSCF in the HCHO-reduced Ag/BSCF electrode. This
grees well with the fact that the HCOOH has a relatively high acid-
ty and it is prone to react with Ba or Sr in BSCF. Consequently, some
f the Ba and Sr were lost in BSCF, which lead to formation of the
-site deficient BSCF. Due to the low concentration of Ag (3 wt.%)
nd by-products in Ag/BSCF composite, they can not be detected
y XRD as shown in Fig. 6a. In order to further verify above results,
he ratio of AgNO3/BSCF was increased to 30 wt.%. XRD patterns
f the Ag/BSCF composite powders calcined at 850 ◦C are shown in
ig. 6b. The diffraction peaks of the N2H4-reduced Ag/BSCF compos-
te powders can still be indexed well to BSCF and Ag. This implies
hat the N2H4 successfully reduced Ag+ to Ag without damaging
he BSCF phase, even at a much higher dosage. However, for the
CHO-reduced Ag/BSCF composite, the carbonates in the family of
axSr1-xCO3 were detected as well as the BSCF and Ag main phases.

.2. Electrochemical behavior

Nyquist plots of the symmetrical cells were obtained at
50–700 ◦C under open-circuit conditions. As shown in Fig. 7, all

mpedance spectra contain two separable depressed arcs, sug-
esting that at least two different electrode processes limited the
xygen reduction reaction. In order to separate these two processes,
he impedance spectra were fitted to an equivalent circuit with
standardized configuration of Rohm(RE1 − CPE1)(RE2 − CPE2). The
verall ohmic resistance, Rohm, includes the electrolyte resistance,
he electrode ohmic resistance, and the lead resistance. The high-
requency resistance is probably associated with charge-transfer
rocesses (RE1). The low-frequency arc is ascribed to diffusion
rocesses (RE2), including the adsorption–desorption of oxygen,
xygen diffusion at the gas-cathode interface, and the surface dif-
usion of intermediate oxygen species [27,33–40]. The difference
etween the real axes intercepts of the impedance plot is consid-
red to be the cathode polarization resistance (Rp = RE1 + RE2). The
ymbols in Fig. 7 represent the measured data, and the solid lines
re fitted curves. Good agreement is observed between the equiva-
ent circuit and the observed impedance data. This implies that the
quivalent circuit is a reasonable approximation. As can be seen, the
reparation methods evidently influenced both the charge-transfer
nd diffusion processes. The cell with the N2H4-reduced Ag/BSCF
athode showed smaller arcs at all operating temperatures.

Fig. 8 shows the Arrhenius plots of the total cathode polariza-
ion resistance (Rp) for the cells with the cathodes prepared by the
wo different methods. Some studies have shown that adding Ag to
he BSCF matrix improved the electrochemical performance of the
lectrode [26,27]. A similar trend was also observed for the N2H4-
educed Ag/BSCF cathode in this study. For example, the value of
p is only 0.038 � cm2 at 600 ◦C, lower than the value of pure BSCF
eported by our previous studies [32,41]. However, the values of
p for the HCHO-reduced Ag/BSCF cathode are much higher than
hose of the pure BSCF. The apparent activation energies of the oxy-
en reduction reaction obtained from the slopes of the plots in Fig. 8
re listed in Table 1. The activation energy of the Rp is 80.1 kJ mol−1

or the N2H4-reduced Ag/BSCF, which is lower than the value of
109 kJ mol−1 for the pure BSCF [32], while the activation energy

f Rp for the HCHO-reduced Ag/BSCF is as high as 138.9 kJ mol−1.

The fitted impedance parameters are given in Fig. 9. For the
ure BSCF cathode, the resistances are 0.044 and 0.063 � cm2 for
he charge-transfer process and the diffusion process at 600 ◦C,
espectively [32]. As compared to pure BSCF electrode, these two

p
N
a
a
l

RE1 RE2 Rp

2H4-reduced Ag/BSCF 71.9 86.2 80.1
CHO-reduced Ag/BSCF 115.6 152.3 138.9

rocesses were improved for the N2H4-reduced Ag/BSCF cath-
de, while the two processes deteriorated for the HCHO-reduced
g/BSCF cathode. The carbonates in the HCHO-reduced Ag/BSCF
athode not only blocked the oxygen adsorption and surface dif-
usion, but also occupied the active sites for oxygen reduction.
herefore, an increase of the RE1 and RE2, and thus an increase in
he activation energies for these two processes, was observed for
he HCHO-reduced Ag/BSCF (Table 1).

.3. Single-cell performance

Complete fuel cells adopting the HCHO-reduced Ag/BSCF and
2H4-reduced Ag/BSCF cathodes were built based on the thin-
lm SDC electrolyte. Fig. 10 shows the performances of the single
ells using H2 as the fuel and air as the cathode atmosphere,
perated at 500–600 ◦C. A peak power density of 826 mW cm−2

as achieved for the cells with the N2H4-reduced Ag/BSCF cath-
de at 600 ◦C. As expected, poorer performances were observed
or the cells based on the HCHO-reduced Ag/BSCF cathodes. The
eak power density at 600 ◦C was only 672 mW cm−2 for the cell
ith the HCHO-reduced Ag/BSCF cathode. Shown in Fig. 11 are the

ypical impedance spectra for the cells with the two composite
athodes, measured at 600 ◦C under open circuit conditions. Here,
he intercept with the real axis at high frequencies represents the
esistance of the electrolyte and lead wires (about 0.22 � 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 interface.
he electrode ASRs are 0.048 and 0.079 � cm2 for the cells with
he N2H4-reduced Ag/BSCF and HCHO-reduced Ag/BSCF cathodes,
espectively. Since the anodes are identical, the differences in the
lectrode ASRs can be essentially attributed to the cathode. Our
revious studies also indicated that the carbonates in the cath-
de can significantly influence the ORR activity, and eliminating
he carbonates is helpful to improve the cathode performance
29,30].

. Conclusions

The Ag/BSCF composite cathodes for LT-SOFCs were prepared by
lectroless deposition using N2H4 and HCHO as reducing agents.
he silver particles originating from the two processes have similar
article sizes and dispersion over the BSCF surface. As compared to
pristine BSCF electrode, the electrochemical performance of the

omposite cathode was improved by using N2H4 as the reducing
gent. The ASR of N2H4-reduced Ag/BSCF was as low as 0.038 � cm2

t 600 ◦C. However, when the HCHO was used as the reducing agent,
he carbonates in the family of BaxSr1−xCO3 formed during the
reparation, which blocked the active sites for oxygen adsorption
nd reduction reactions and led to an increase in the polarization
esistances of both the charge-transfer process and the diffusion

rocess. As a result, the anode-supported single cell with the
2H4-reduced Ag/BSCF cathode showed improved performance
nd reached peak power densities of 826, 562 and 428 mW cm−2

t 600, 550 and 500 ◦C, respectively. Reducing agents that could
ead to the formation of carbonates are not recommended in the
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reparation of silver-modified perovskite electrode that contained
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