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Abstract

Cubic perovskite-type (Ba0.6Sr0.4)1�xLaxCo0.85Ti0.15O3�d (BSLCT, 0oxo0.2) materials were synthesized and evaluated as cathode

for intermediate temperature solid oxide fuel cell (IT-SOFC) based on Ce0.9Gd0.1O2�d (GDC). The influence of La-doping on the lattice

structure, electrical conductivity, chemical compatibility with electrolyte GDC, and cathode performance of BSLCTs were studied. The

solid solution limit of La in BSLCT was ca. x¼0.15. These materials displayed small polaron hopping conduction behavior. With

increasing La content, the electrical conductivity increased, mainly due to the decreased activation energy for hopping conduction.

BSLCT had a good compatibility with GDC at temperatures below 900 1C, above which, a slight diffusion was observed. La doping had

a positive effect on the cathode performance of BSLCT. A maximum power density of 255 mW cm�2 was obtained when La content

was x¼0.15 for BSLCT/GDC (300 mm)/Ni–GDC cell.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nowadays, considerable studies have been carried out
on the development of intermediate temperature solid
oxide fuel cells (IT-SOFCs). From a materials point of
view, lowering the operating temperature of SOFC to an
intermediate range could increase the durability of key cell
components both thermally and mechanically, as well as
enable the use of cheaper metallic materials for intercon-
nect/current collectors [1,2]. However, on the other hand,
it also makes traditional cathode based on La1�xSrx

MnO3�d (LSM) materials suffer from a large polarization
loss at this temperature range [3,4]. With the aim of
reducing polarization loss, mixed ionic–electronic conduc-
tors, Co-based mixed ionic–electronic conductors, such as
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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La1�xSrxCoO3 (LSC) and La1�xSrxFe1�yCoyO3 (LSFC),
have been investigated and are considered as attractive
alternative cathode materials due to their extended oxygen
reduction active sites from three phase boundary to the
entire cathode surface and good catalytic activity [5–9].
Recently, Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) was reported to
have an even lower polarization loss, the area-specific
resistance of which was only 0.055–0.071 O cm2 at 600 1C
and 0.156–0.61 O cm2 at 500 1C [10]. With it as cathode, an
anode-support cell can reach a peak power density of
1010 mW cm�2 at 600 1C. Although BSCF has excellent
electrochemical performance, its high temperature expan-
sion coefficient (TEC) (19�24� 10�6 K�1) [11,12] causes
matching problem with other cell components and limits
its practical applications. As is known, the high TEC of
BSCF is mainly attributed to the formation of vacancies
due to the reduction of Fe4þ and Co4þ to lower valence
state [11,13]. To overcome the issue of thermal expansion,
in our previous work, the more chemical stably Ti ion was
introduced into the Co site forming Ba0.6Sr0.4CoyTi1�yO3
ll rights reserved.
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(BSCT) and the TEC was reduced to �14� 10�6 K�1

[14]. However, Ti-doping resulted in a negative effect on
electrical conductivity and thus decreasing the cathode
performance.

Considering that materials containing rare earth such as
La1�xSrxFe1�yCoyO3 and Sm1�xSrxCoO3 always exhibit
high electrical conductivity [8,15,16], in present work,
La was selected as donor dopant on A site of BSCT
to enhance the electrical conductivity and improve the
electrochemical properties. The effect of La doping on
the crystal structure and the electrical conductivity of
(Ba0.6Sr0.4)1�xLaxCo0.85Ti0.15O3�d (BSLCT) materials
was investigated. The chemical compatibility with electro-
lyte GDC and the cathode performance on GDC electro-
lyte supported cells were evaluated.

2. Experimental

2.1. Material and cell preparation

A series of (Ba0.6Sr0.4)1�xLaxCo0.85Ti0.15O3�d (0oxr0.2)
powders were prepared by the solid state reaction method.
Stoichiometric mixtures of the starting materials BaCO3,
SrCO3, La2O3, TiO2 and C4H6CoO4 � 4H2O were ball milled
in ethanol for 5 h. After drying, the mixtures were ground
using agate mortar and passed through a 150-mesh sieve. The
obtained fine green powders were calcined at 900 1C for 10 h
with a heating and cooling rate of 3 1Cmin�1. Afterwards, the
calcined powders were uniaxially pressed into bars (40 mm�
7 mm� 3 mm) at a pressure of 150MPa and then sintered at
1100 1C for 10 h to get dense samples for bulk density and
electrical conductivity testing.

The single-cells with GDC as electrolyte were fabricated
using the screen-printing method. Dense electrolyte pellets,
about 12 mm diameter, were obtained by pressing GDC
powders under ca. 115 MPa uniaxial force, followed by
sintering at 1500 1C in air for 6 h. The pellets were then
polished with no. 600 grit paper to 300 mm in thickness and
then cleaned with ethanol solution. The anode inks pre-
pared by mixing Ni–GDC (60:40 wt%) composite with
terpineol consisting of 10 wt% ethylic cellulose in a mass
ratio of 6:4 using agate mortar were screen painted on the
side of GDC electrolyte and fired at 1300 1C for 2 h. The
BSLCT cathode inks obtained with the same method as
anode were screen printed on the other side of GDC pellets
with an active electrode area of 0.5 cm2 and then fired at
900 1C for 2 h to form a porous cathode adhered well with
electrolyte. After that, Pt paste was used as current
collection while Ag wires as lead wire for both electrodes
and fired at 800 1C for 0.5 h.

2.2. Characterization

The crystal structure and phase composition of synthe-
sized powders were identified with X-ray diffraction
(XRD, Rigaku D/max-A Diffractometer) using Cu Ka1
radiation. The relative densities of all sintered bars were
measured by Archimedes’ method with distilled water as
the intrusion medium. All the samples had a density of
higher than 90% of the theoretical density. Electrical
conductivity measurements were performed by the four-
terminal method [14] in the temperature range of 300 to
900 1C in static air. All the data were collected at
equilibrate state after holding at each temperature for at
least 15 min when no significant change in voltage and
current were observed.
In order to check chemical compatibility of BSLCT with

GDC electrolyte, powders of BSLCT and GDC were
mixed in a 1:1 weight ratio and pressed into pellet before
being fired at desired temperature for 5 h. Then the pellet
was crushed into powder and analyzed by XRD to identify
the phases.
Fuel-cell performances were tested using an in-house

built test station. The single cell was sealed on an alumina
tube with a glass ring as sealant. Humidified hydrogen
(3% H2O) with a flow rate of 50 ml min�1 was fed into the
anode side as fuel, while only static air was used as oxidant
in cathode side. The current–voltage (I–V) curve was
obtained by monitoring the current and the terminal
voltage under various loads at fixed temperature.

3. Result and discussion

The XRD patterns of the calcined BSLCT powders are
shown in Fig. 1(a). All the samples presented a single cubic
perovskite structure except the one with x¼0.2, where
some additional peaks indexed as BaCoO2 were detected.
This suggests that the limit of La doping in this series of
BSLCT materials should not be more than 20 mol%. With
increasing La content, the diffraction peaks of BSLCT
shifted slightly to high-angle direction, as can be seen
clearly from Fig. 1(b), indicating the shrinkage of crystal
parameters. Doping the Ba/Sr site with La, on one hand,
may decrease the cell parameter due to the smaller radii
of La3þ (rLa3þ ¼ 1:36Å) compare with that of Ba2þ

(rBa2þ ¼ 1:61Å) and Sr2þ (rSr2þ ¼ 1:44Å). On the other
hand, it can also result in the reduction of Co ions from
Co4þ (rCo4þ (high spin)¼0.53 Å) to lower valence state
Co3þ (rCo3þ (high spin)¼0.61 Å) [17] as charge compensa-
tion, thereby, increasing the cell parameter. In view of the
changes in the cation radius of A and B sites, the size of La
ion had a stronger effect on the cell parameter than its
valence state. In addition, there was a loss of intensity of
XRD peaks with La-doping level, indicating that the
substitution of La decreased the crystallinity of the cubic
structure of BSLCT.
The temperature dependence of total electrical conduc-

tivity of BSLCF with La-doping level is shown in Fig. 2(a).
Since the ionic conductivity is always at least one order of
magnitude lower than the electronic conductivity in per-
ovskite mixed conductors [18,19], the measured total
electrical conductivity can be regarded as the electronic
conductivity. With increasing temperature, the electrical
conductivities displayed an increase tendency though a



Fig. 2. Temperature dependence of the electrical conductivity of (Ba0.6Sr0.4)1�xLaxCo0.85Ti0.15O3�d (x¼0�0.15) ceramics sintered at 1100 1C.

Fig. 1. XRD patterns of (Ba0.6Sr0.4)1�xLaxCo0.85Ti0.15O3�d sintered at 1100 1C in air for 10 h: (a) 101r2yr901 and (b) magnified patterns with

281r2yr491.

Table 1

Calculated activation energy for electronic hole hopping in (Ba0.6Sr0.4)1�xLaxCo0.85Ti0.15O3�d materials (0rxr0.15).

BSLCT/mol Ea/eV

Low temp. range (300–500 1C) High temp. range (600–900 1C)

x¼0.00 0.39370.003 0.20270.008

x¼0.05 0.36570.005 0.17670.006

x¼0.10 0.29170.004 0.13670.009

x¼0.15 0.28970.004 0.13570.011
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temporary decrease was observed in the temperature range
of 500–600 1C. As this abnormity corresponds to the
negative deviation from linear relationship in their Arrhe-
nius plots (Fig. 2(b)), the decrease of electrical conductivity
is attributed to the release of lattice oxygen [20,21], which
will result in partial annihilation of charge carrier concen-
tration (electron holes), as expressed by

O�Oþ2h�-V��O þ
1

2
O2 gð Þ ð1Þ

At a given temperature, the electrical conductivity increased
steadily with increasing La content. The obvious increase in
conductivity by La-doping can be considered from two
factors, charge concentration (C) and activation energy (Ea)
for charge transport. From the viewpoint of defect chemistry,
La-doping will cause the reduction of Co ions from Co4þ to
Co3þ in order to maintain the electrostatic neutrality of
materials. As a result, the charge concentration (electronic
hole) is reduced, as expressed by Eq. (2), which should lead to
the decrease in electrical conductivity.

La2O3þ2Co�Co �!
Ba0:6Sr0:4Co0:85Ti0:15O3

2La�
Ba=Srð Þ

þ2Co�Coþ3O�O

ð2Þ

On the other hand, La-doping also makes change on the
activation energy of electrical conduction. As shown in
Fig. 2(b), the Arrhenius plots showed nearly linear feature
in the temperature range of below 500 1C and above 600 1C,
suggesting that the small polaron hopping was the predomi-
nant mechanism for the electrical conduction in these two
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temperature ranges. The Ea can be derived by the slope of the
fitted lines in Arrhenius plot according to

s¼
A

T

� �
exp
�Ea

kT

� �
ð3Þ

where A is the materials constant containing the carrier
concentration term, Ea is the activation energy for hopping
conduction. The calculated Ea values for different samples in
two temperature ranges are listed in Table 1. They decrease
with increasing La-doping level in both temperature ranges,
suggesting that La-doping facilitates the electronic hole
hopping process in BSLCT materials. Compared to the
charge concentration, the activation energy Ea for electron
conduction plays more important role in the conductivity
change of BSLCT.

The XRD patterns of BSLCT–GDC mixture in 1:1
weight ratio after heat treatment at different temperatures
are shown in Fig. 3. It was clear that after calcination at
800 1C for 5 h, both compounds still retained their own
structures. On increasing the calcination temperature up to
Fig. 3. XRD patterns of (Ba0.6Sr0.4)0.85La0.15Co0.85Ti0.15O3�d BSLCT–

GDC mixed powders sintered at different temperatures for 5 h, (A) GDC;

(B) BSLCT; (C) BSLCT–GDC sintering at 800 1C; (D) BSLCT–GDC

sintering at 900 1C.

Fig. 4. Performance of the electrolyte-supported BSLCT/GDC/Ni–GDC ha

BSLCT with x¼0.15 at different temperatures (a) and for BSLCT with differ
900 1C, although no new identifiable peaks were observed,
there was a dramatic broadening in the intensity peaks at
2y¼45.5 and 561, indicating that there was a reaction and/
or inter-diffusion of elements between BSLCT cathode and
GDC electrolyte.
Fig. 4 displays the cell voltage and power density as a

function of current density for the cells BSLCT/GDC/
Ni–GDC. All the cell voltages linearly decreased with
increasing temperature, demonstrating that there was no
polarization loss in the cells. As depicted in Fig. 4(a),
the maximum power density of BSLCT (x¼0.15)/GDC/
Ni–GDC cell increased with temperature, due to the
decrease in internal resistance of the cell where the greatest
contribution was from electrolyte. With increasing La
content in BSLCT, the power density increased steadily,
which was considered to be mainly caused by the high
electrical conductivity when more La was added to the A
site. The maximum power density of �255 mW cm�2 was
obtained for the samples with x¼0.15 at 800 1C. After
optimization on the electrolyte thickness and the cathode
microstructure, it is believed that the performance of the
BSLCT-based cell could be further improved.

4. Conclusions

A series of cubic perovskite-type (Ba0.6Sr0.4)1�xLax

Co0.85Ti0.15O3�d (0oxr0.2) materials were synthesized and
the influence of La doping on the lattice structure and
electrical properties was studied in relation to their potential
use as cathode materials for SOFC. The solid solution limit of
La in BSLCT is ca. x¼0.15 at 1100 1C. The lattice parameter
of BSLCT materials decreases with La-doping level. BSLCT
has a good chemical compatibility with GDC electrolyte at
temperature below 900 1C, a reaction and/or solid solution
between the two com-;ponents may occur at temperature
higher than 900 1C. With increasing temperature, the electrical
conductivity increases steadily but showing temporary
decrease in the temperature range of 550–600 1C. La doping
increases the electrical conductivity remarkably, owing to the
decreased activation energy for hopping conduction. Sub-
stitution of La in BSLCT improves the cathode performance
obviously. For the cells BSLCT/GDC/Ni–GDC, the
lf cells with 300 mm-thickness GDC electrolyte: I–V and I–P curves for

ent La contents at 800 1C (b).



Y. Shen et al. / Ceramics International 39 (2013) 4363–4367 4367
maximum power density is �255 mW cm�2 when x¼0.15
at 800 1C. Considering that the electrolyte is relatively thick
(300 mm) and the total conductivity of the GDC we prepared
is much lower (6.0� 10�3 S cm�1 at 600 1C) than that
reported (41.0� 10�2 S cm�1) [22,23], the cell performance
is encouraging. One would expect higher power densities
using a thin-film electrolyte.
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