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a b s t r a c t

Lanthanum-based iron- and cobalt-containing perovskite is a promising cathode material because of
its electrocatalytic activity at a relatively low operating temperature in solid oxide fuel cells (SOFCs),
i.e., 700–800 ◦C. To enhance the electrocatalytic reduction of oxidants on La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF),
nanocrystalline LSCF materials are successfully fabricated using a complexing method with chelants and
inorganic nano dispersants. When inorganic dispersants are added to the synthesis process, the surface
vailable online 21 December 2010
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olid oxide fuel cell
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area of the LSCF powder increases from 18 to 88 m2 g−1, which results in higher electrocatalytic activity
of the cathode. The performance of a unit cell of a SOFC with nanocrystalline LSCF powders synthesized
with nano dispersants is increased by 60%, from 0.7 to 1.2 W cm−2.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are considered to be promising can-
idates for the future of energy generation systems for power plants
nd distributed power. For a state-of-the-art anode-supported
OFC operating at 800 ◦C, the performance of a conventional
a1−xSrxMnO3−ı (LSM)-based cathode is not satisfactory due to
luggish oxygen reduction reaction (ORR) kinetics that cause a
ow current drawing capacity of the cell [1,2]. Moreover, most of
he electrochemical reactions in LSM-based cathodes using pure
lectronic conducting materials are restricted to the triple-phase
oundary of the electronic conducting sites, the ionic conduct-

ng sites and the gaseous oxygen. Hence, considerable efforts are
eing made to develop a new class of perovskite-based cathode
aterials for SOFCs that have mixed ionic and electronic conduc-

ivity with a high electrocatalytic activity for oxygen reduction
t a relatively lower operating temperature (700–800 ◦C) [1–11].
mongst these, lanthanum-based iron- and cobalt-containing per-
vskites (LSCF) are good candidates for SOFC cathode materials,
ecause of their high electronic and oxygen ion conductivity as well

s electro-catalytic activity. With a Gd-doped ceria (GDC)-based
nterlayer, perovskite-based compounds with the general formula
a0.6Sr0.4Co0.2Fe0.8O3−ı have been reported to be very effective for
T-SOFC (700–800 ◦C) applications. This is because of the high cat-

∗ Corresponding author. Tel.: +82 53 810 2536; fax: +82 53 810 4628.
E-mail address: hkkim@ynu.ac.kr (H. Kim).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.12.029
alytic activity of LSCF and suppression of the formation of resistive
phases such as strontium zirconate due to the GDC diffusion block-
ing layer [5,6,10–14].

The electrochemical performance of anode-supported SOFCs
with a LSCF-type cathode can also be varied by processing and by
the micro-structural parameters of the cathode materials [5,14]. A
small particle-size and a high surface area of nanocrystalline mate-
rials are favoured for the cathode electrode of SOFCs [15,16], which
results in enhanced electrocatalytic reduction of oxidant along with
higher catalytic activity [17–20]. The nanocrystalline cathodes can
be easily sintered and the extent of sinterability of these powders
can be controlled by the amount of the organic compounds added
during the preparation of the thick film paste for screen printing.
Nevertheless, the high temperatures required for phase formation
of IT-SOFC cathode materials hinder the formation of nanostruc-
tures [20–22]. In this study, LSCF-based nanocrystalline powders
are prepared by a complexing method with ethylene diamine
tetra-acetic acid (EDTA) and citric acid as chelants to reduce the
temperature required for phase formation. Inorganic nano disper-
sants are used to control the distribution and size of nanocrystalline
LSCF. The LSCF-based cathode powders synthesized with inor-
ganic nano dispersants are characterized for structural, thermal
and electrical properties, and then compared with a powder that is

synthesized without inorganic nano dispersants. The electrochem-
ical performance of the Ni-YSZ support/Ni-YSZ anode functional
layer/YSZ electrolyte/GDC interlayer anode-supported cells is eval-
uated with synthesized cathode materials to study the effects of
inorganic nano dispersants.

dx.doi.org/10.1016/j.jpowsour.2010.12.029
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hkkim@ynu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2010.12.029
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. Experimental procedure

Lanthanum nitrate, strontium nitrate, cobalt nitrate and fer-
ic nitrate, all in analytical grades, were used as metal sources.
DTA powder and crystallized citric acid served as the raw mate-
ials for chelation and both have purities greater than 99.5%.
.79 g (0.018 mol) of lanthanum nitrate (La(NO3)3·6H2O), 2.53 g
0.012 mol) of strontium nitrate (Sr(NO3)2), 1.74 g (0.006 mol) of
obalt nitrate (Co(NO3)2·6H2O), and 9.7 g (0.024 mol) of ferric
itrate (Fe(NO3)3·9H2O) were dissolved in 100 ml of deionized
ater to prepare a homogeneous metal nitrate solution. Solid cit-

ic acid of 11.47 g (0.06 mol) was added to the mixed metal nitrate
olution. 8.77 g (0.03 mol) of EDTA powder was introduced and
he solution was heated in a water bath at 70 ◦C. After obtaining

clear solution, HI BLACK170 (HB170, low colour furnace car-
on black) with a surface area of 23 m2 g−1 and a particle size of
8 nm was added as an inorganic nano dispersant. Three types of
atch were prepared, namely: HB-0 (without HB170), HB-3 (with
g of HB170), and HB-5 (with 5 g of HB170). The mixture was

eheated to evaporate the water until the magnetic bar ceased
otating. The remaining mixture was dried at 80–120 ◦C in a vac-
um oven overnight to remove residual water. The dried powders
ere crushed and calcined to form a perovskite phase and remov-

ng the organic compounds and inorganic nano dispersants. The
alcined powders were characterized by means of X-ray diffrac-
ion and scanning electron microscopy (SEM) to observe the phase
nd the morphologies. Thermogravimetric analysis (TGA) was car-
ied out from room temperature to 1000 ◦C in air at a heating rate of
◦C min−1 using a Shimadzu TA-50 Thermal Analyzer to investigate

he thermal behaviour. The specific surface-area (SSA) of the pow-
er was calculated by the BET method from nitrogen adsorption

sotherms. To evaluate the fuel cell performance, the synthesized
owders were mixed with ESL449 from ESL. The Ni-YSZ/YSZ/GDC
node-supported cells were cut into 1-in. diameter circles from a
5 cm × 25 cm plate prepared by a co-fired method. The cathode
aste was printed on the Ni-YSZ/YSZ/GDC anode-supported cell
nd sintered at 1000 ◦C for 4 h. The cell area was 0.785 cm2. The
uel cell performances were tested with a 300 cm3 min−1 of 97%

2–3% H2O and 1000 cm3 min−1 of air.
. Results and discussion

The thermal analysis curves of the mixtures after drying at
0–120 ◦C are presented in Fig. 1. Significant weight losses in the
B-0 batch were observed at ∼175 and 300 ◦C due to the decompo-

Fig. 1. TGA measurements of LSCF powders.
Fig. 2. XRD patterns of LSCF powders as function of temperature.

sition of organic compounds, citric acid, and EDTA. The batches of
HB-3 and HB-5 experience additional weight losses at 380–450 ◦C
due to decomposition of the HB170. The organic chelants and nano
dispersants during the synthesis process of the nanacrystalline LSCF
cathode are decomposed below 600 ◦C. From 550 ◦C, the weight loss

is not observed and the heat flows for phase formation are charac-
terized. The perovskite peak of LSCF in all the batches appears from
600 ◦C in the XRD spectra, as shown in Fig. 2, which is at a relatively
lower temperature compared with combustion methods or other
powder processes [20–22].
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after calcination at 700 ◦C for 5 h.
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Fig. 3. SEM images of LSCFs

The size of the calcined powder at 700 ◦C of HB-0 was ∼60 nm
nd agglomerated morphologies are easily observed, as shown in
ig. 3. With the addition of nano dispersant in HB-3 and HB-5, the
articles are well dispersed and agglomerated clusters are rarely
bserved. The surface area characterized by BET measurement
hows an increase with addition of inorganic nano dispersants
rom 18 m2 g−1 of HB-0 to 55 m2 g−1 of HB-3 and 88 m2 g−1 of HB-
. The BET results are in accordance with the morphologies from
EM images. In summary, the nano dispersant is very effective for
reventing agglomeration.

To investigate fuel cell performance, LSCF pastes were pre-
ared with organic compounds, ESL 449, and printed on the
i-YSZ/YSZ/GDC anode-supported cell. It has been reported that

he sintering temperature for LSCF-based cathodes should be opti-
ized to obtain the best cell performance [23]. In this study,

owever to investigate the effects of the nano dispersants, the

athodes were sintered at 1000 ◦C and the electrochemical per-
ormances were characterized as shown in Fig. 4. At 780 ◦C, the

aximum power density of the SOFC cells with HB-0, HB-3 and
B-5 is 0.71, 1.05, and 1.16 W cm−2, respectively. With the addi-

ion of nano dispersant in HB-3, the fuel cell performance increases

Fig. 5. Microstructures of cathodes w
Fig. 4. Fuel cell performance of SOFCs with synthesized cathode materials at 780 ◦C.
from 0.71 to 1.05 W cm−2. The increase of performance is consid-
ered to be due primarily to the higher electrocatalytic activity of the
cathode synthesized with nano dispersants. The microstructures of
the studied cathodes were analyzed after electrochemical charac-

ith synthesized LSCF powders.
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erization and are shown in Fig. 5. The cross-sectional images of
he cells with cathodes from HB-3 and HB-5 display a much longer
PB length with smaller size particles than that from HB-0. The
onger TPB length of the LSCF cathode synthesized with the nano
ispersant results in superior electrochemical performance.

To compare the polarization of cells, the area-specific resis-
ances (ASRs) of each cell were calculated from the linear portion
f the current–voltage characteristics corresponding to a cell
oltage from 1.0 to 0.7 V [24]. The total ASR value of the cell
onsists of the ohmic resistance from the electrolyte, electrodes,
nd corresponding interfaces, and polarization resistances at the
lectrode|electrolyte interface. The ASRs for cells with HB-5 and
B-3 cathodes are much lower (0.26 and 0.27 � cm2) than that
ith HB-0 (0.42 � cm2). A cathode with an increased TPB and

lectrocatalytic activity due to extensive surface areas results
n a lower total ASR and a higher fuel cell performance. In an
node-supported single-cell with a Gd-doped ceria interlayer, the
a0.6Sr0.4Co0.2Fe0.8O3−ı cathode synthesized with the addition of
ano dispersants yields a superior electrochemical performance.
his study reconfirms that the microstructure of cathode materials
hould be considered as an important parameter, in addition to the
omposition. To obtain higher fuel cell performance with a lower
SR, more studies are required on the sintering temperature and

ong term stability to optimize the cathode microstructure.

. Conclusions

Nanocrystalline cathode materials based on
a0.6Sr0.4Co0.2Fe0.8O3−ı have been successfully synthesized by

complexing method with inorganic nano dispersants and
helants. The phase formation for perovskite starts at 600 ◦C,
hich is a relatively low temperature. The surface area of the LSCF

athode materials without nano dispersants is 11 m2 g−1 and the
urface area increases to 55–88 m2 g−1 when nano dipersants and
ano-sized-carbon black, are added. The nano dispersant is very
eneficial for controlling the particle size of the LSCF. Calcined LSCF

◦
owders at 700 C from HB-0, HB-3, and HB-5 are used for cathode
astes, which are screen-printed on an anode supported cell, which
as a configuration of Ni-YSZ support/Ni-YSZ anode functional

ayer/YSZ electrolyte/GDC interlayer, and sintered at 1000 ◦C for
h. The electrochemical performances of cathodes from the HB-5

[

[

[
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and HB-3 batches are 1.16 and 1.05 W cm−2, respectively, of the
maximum power density at 780 ◦C and much higher than that from
HB-0, 0.71 W cm−2. The ASRs are calculated from the linear portion
of the current–voltage characteristics and those of the HB-5 and
HB-3 cathodes are 0.26 and 0.27 � cm2, respectively, and much
lower than that of HB-0 (0.42 � cm2). Cathodes synthesized with
inorganic nano dispersants have a higher active surface area, which
results in higher electrochemical performances because of the
higher electrocatalytic surface area and the unique morphologies.
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