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Abstract

In this study, the thermal expansion behavior of the BSCF (Ba0.5Sr0.5Co0.8Fe0.2O3−δ) and La-doped BSCF, i.e., (Ba0.5Sr0.5)0.7La0.3Co0.8-
Fe0.2O3−δ (BSLCF30) was systematically examined. The thermal expansion rate of the sintered body increased rapidly at around 500 1C. It was
found from the TG analysis that the oxygen vacancies formed around this temperature. When La is doped in the A-site of BSCF, more weight
loss was observed over 500 1C compared to BSCF, which shows that La doping induces oxygen vacancies. Consequently, chemical expansion of
the B-site cations occurred. Therefore, the thermal expansion coefficient (TEC) of BSLCF was much bigger than that of the BSCF. When the
samples were heated and cooled in an Ar atmosphere, hysteresis of TEC was observed since re-oxidation cannot occur during cooling.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Fuel cells are devices that converts the chemical reaction
between hydrogen and oxygen to electric energy. They have rec-
eived attention as an eco-friendly energy resource, because they
have a high thermal efficiency without discharging pollutants.
Among fuel cells, the solid oxide fuel cell has the highest
efficiency in energy conversion. However, it also has many prob-
lems including thermal resistance, chemical stability, long-term
reliability, etc, due to its high operation temperatures (700–
1000 1C) [1–3].

In recent years, great efforts have been devoted to reduce the
operation temperatures of solid oxide fuel cells (SOFCs). A lower
operating temperature can suppress the degradation of components
and extend the range of acceptable material selection. However,
because a low operation temperature decreases the electrode kin-
etics, it leads to large interfacial polarization resistances. There
fore, the cathode materials should be characterized by increased
oxide ion transport in addition to high electronic conductivity [4,5].
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Recently, various perovskite oxides have been used as cathode
materials for intermediate temperature SOFC (IT-SOFC), includ-
ing La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) and Ba0.5Sr0.5Co0.2Fe0.8O3

−δ (BSCF) [6–8]. BSCF is particularly attracting attention as a
potential cathode material for IT-SOFCs, due to its high ionic
conductivity and high energization. However, BSCF has the dis-
advantage of low electric conductivity. Many different composi-
tions with lanthanides and Sr or Ca on the A-site and with Mn,
Fe, Co and Ni on the B-site have been proposed as alternative
cathode materials.
Recent studies have tried to substitute rare earth metal ions for

the A-site of BSCF. As a result, their properties were greater than
those of the undoped BSCF, and they had greater values not only
in electrical properties but also in electrochemical properties
[9–11]. Apart from high electrical and electrochemical properties,
the new cathode materials must have matched thermal expansion
coefficients, because a cell consists of several layers of different
materials in constant contact with each other, which is one of the
most important criteria for mechanical stability of such a multi-
component system [12,13].
In this study, the effects of La doping on the thermal expan-

sion behaviors of BSCFs were systematically analyzed. High
temperature X-ray diffraction, thermogravimetry (TG) and
ghts reserved.
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X-ray photoelectron spectroscopy (XPS) analysis were also
conducted.
Fig. 1. X-ray diffraction patterns of the BSCF and BSLCF powders calcined at
1150 1C for 2 h in air.

Fig. 2. Lattice parameters of the BSCF and BSLCF samples measured by a
high temperature X-ray diffraction at different temperatures.
2. Experimental procedure

The Ba0.5Sr0.5Co0.8Fe0.2O3−δ (here after BSCF) and (Ba0.5Sr
0.5)0.7La0.3Co0.8Fe0.2O3−δ (here afterwards BSLCF) powders were
prepared by conventional solid-state reaction methods using
BaCO3, SrCO3, La2O3, Co3O4 and Fe2O3 as raw materials. These
powders were mixed under ethanol and milled for 24 h using
zirconia balls. The ball-milled mixture was dried and ground, and
then calcined in air at 1150 1C for 2 h. The calcined powders were
ball-milled for a second time to break any agglomerations during
the calcination process.

The synthesized powders were pressed into pellets, and then
were cold-isostatically pressed at 100 MPa. The samples were
sintered at 1200 1C for 2 h at a heating rate of 5 1C/min and coo
led at the natural cooling rate of the furnace in air. The density
of the pellets was about 94–97% of the theoretical value as
determined by Archimedes' method.

Crystal structures of the synthesized powders were characterized
by a high temperature X-ray diffractometer (XRD; D/MAX-2500,
Rigaku) with Cu-Kα radiation at both room temperature and high
temperatures. Thermogravimetry analysis (TGA; SCINCO STA
S-1500) was performed from 50 1C to 800 1C, and dilatometric
measurements were performed using a TMA (Bruker TD5000SA)
in the temperature range of 30–800 1C in air, oxygen and argon
with a heating rate of 2 1C/min. The chemical bonding states of the
BSCF and BSLCF at room temperature and 7001C were analyzed
by means of X-ray photoelectron spectroscopy (XPS; Thermo
Fisher Scientific, Theta Probe AR-XPS) spectrometer. XPS was
carried out using a monochromated Al-Kα (1486.6 eV) X-ray
source. The initial vacuum pressure of the XPS chamber was in the
order of 10−9 Torr. However, when the sample is heated for the
analysis at 7001C, because of outgassing from the samples, ramp
up was stopped and evacuation process was continued until the
vacuum drops to 10−7 Torr.
3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the BSCF and
BSLCF powders synthesized by the general solid-state reaction
process. The result shows that both of the BSCF and BSLCF
have a cubic perovskite structure. In addition, the main peaks
of BSLCF were shifted to a higher angle than those of BSCF.
This result shows that the lattice constant of the perovskite was
decreased by the substitution of La3+ ions for the Ba2+ and Sr2+

ions. This was because the ionic radius of La3+(1.36 Å) is smaller
than that of Ba2+(1.61 Å) and Sr2+(1.44 Å). Lattice constants,
calculated from the XRD patterns, were 4.00 Å and 3.89 Å, for
the BSCF and BSLCF, respectively.

Fig. 2 shows the lattice constants of the BSCF and BSLCF
samples as a function of the temperature evaluated from the
high temperature X-ray diffraction patterns. The lattice con-
stants slowly increased up to 500 1C, however, they greatly
increased when the temperature rose over 500 1C. Concerning
the slope of the lattice constant over 500 1C, the BSLCF
revealed a higher slope than that of the BSCF.
Fig. 3 shows the thermogravimetric weight loss and thermal

expansion measurements for the samples, which were sintered at
1200 1C for 2 h. The measurements were conducted in air.
As the temperature increased, there was no significant change in
weight loss up to about 500 1C. However, weight loss rapidly
increased after the temperature reached 500 1C. Note that the
weight loss of BSLCF begins at around 495 1C while that of
BSCF begins at a higher temperature around 550 1C. Concern-
ing the thermal expansion, it increased slowly and linearly up to
500 1C, and then, it increased sharply after 500 1C. This result
coincides with the lattice constant shown in Fig. 2. In the case of
the BSLCF, TEC increased almost twice as much as that of the
BSCF at high temperature around 800 1C.
Concerning the weight loss at low temperature up to 250 1C,

it was considered to have occurred due to the evaporation of the
physisorbed water molecules and desorption of carbon dioxide.
The rapid weight loss which occurred at 500 1C can mainly be
attributed to the release of lattice oxygen [14,15]. Total weight
loss was 0.43% for BSCF, and 0.86% for BSLCF at 800 1C,



Fig. 3. Thermal expansion behaviors and thermalgravimetry curves of the
BSCF and BSLCF sintered rods analyzed in air.

Fig. 4. Chemical shift of (a) Ba3d3/2 and Co2p1/2, (b) Fe2p3/2 and (c) O1s for
the BSLCF sintered sample at room temperature and 700 1C. In (a), ① and ⑤

correspond to Co4+, ② and ⑥: Co3+, ③ and ⑦: Co2+, ④ and ⑧: Ba2+.
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i.e., the weight loss of BSLCF was twice that of the BSCF. As
the temperature rises, the amount of oxygen vacancies increases.
In this case, if bridging oxygen ions are removed, the cation–
cation repulsion would increase. Then, the lattice expansion
might also increase [16].

Simultaneously, the reduction of the Fe and Co ions from a
high to a lower valence state must occur in order to maintain
the electrical neutrality [17–19], which will result in a large
chemical expansion.

In order to identify the valence states of the cations, XPS
analyses at room temperature and at 700 1C were conducted.
Coincidently, the peak position of Co2p3/2 is very close to that
of Ba3d5/2 and a neat deconvolution of the peaks is difficult.
Both the BSCF and BSLCF did not show any significant
differences, the XPS results of the BSLCF at room temperature
and 700 1C are shown in Fig. 4(a). The locations of the peaks at
room temperature are marked by numbered arrows. The two
peaks merged into one and the width of the peak decreased and
the intensity increased when the temperature increased. This
seems to be caused by the intensity change, i.e., valence change
from Co4+ and/or Co3+ to Co2+ as the lattice oxygen is released
at high temperature. However, a chemical shift of about 0.6 eV
to a higher binding energy was observed in Ba4d located around
80–95 eV at 700 1C. This also might be contributed to a change
in the peak shape. Concerning the Fe ions in Fig. 4(b), it is
difficult to distinguish between Fe3+ and Fe4+ because Fe3+

coexists with Fe4+ at RT with oxygen deficiency inBaFeO3−δ
[20] and the bonding strength of Fe3+–O2− and Fe4+–O2− are
almost identical [21]. However, the XPS spectra of Fe3+

(711 eV) and Fe2+ (709 eV) ions are distinguishable [22] and
increase in intensity around the Fe2+ position shown in Fig. 4(b)
at 700 1C. The O1s spectra for the BSLCF are shown in Fig. 4
(c). The O1s spectra at RT present a broad peak, at 700 1C,
however, the overall peak area decreased and the noticeable
peak intensity at around 529–532 eV decreased. The BE peak at
around 528 eV is ascribed to the lattice oxygen species, O2−

[23,24]. The other peak (529.2 eV) is assigned to less adsorbed
oxygen species, O2

2−/O−, referred to as electrophilic oxygen
[23–25] and the BE peak (531.0 eV) corresponds to CO3

2− or
OH− [23–26].
Thermal expansion coefficient (TEC) of the BSCF and
BSLCF samples were analyzed in Ar, air and O2 atmospheres,
from room temperature to 800 1C. Table 1 shows the average
TEC of the samples, measured under different oxygen partial
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pressures, from 600 1C to 800 1C where the oxygen release is
active. Average TEC at high temperature for both BSCF and
BSLCF increased, as the oxygen partial pressure decreased.
In the case of the BSLCF, despite the smaller lattice constant
shown in Figs. 1 and 2, its TEC value was much larger than
that of the BSCF in all atmospheres. This result shows that La
doping contributed to the increase in TEC due to the increase
in the formation of oxygen vacancies.

Fig. 5 shows the thermal expansion behavior of the sintered
body during heating and cooling, in (a) Ar and (b) oxygen
atmospheres. During heating in Ar, a linear thermal expansion
behavior was shown up to 450 1C (BSLCF) or 550 1C (BSCF).
In this case, the slopes of the expansion for the BSCF and BSLCF
are almost the same. However, over 500–550 1C where the oxy-
gen vacancies are produced energetically, the thermal expansion
slope increased due to the additional expansion factors for the
formation of oxygen vacancies as well as chemical expansion.
Particularly, a great increase in the slope of the BSLCF over
500 1C is notable, because, BSLCF creates more oxygen vacan-
cies than that of BSCF at high temperatures shown in Fig. 3. After
cooling in an Ar atmosphere, a bigger hysteresis of thermal
expansion was observed in the BSLCF. This was because re-
oxidation cannot occur during cooling in the Ar atmosphere.
Interestingly, a rough estimation of the slopes in the BSLCF
during cooling and heating from 800 1C to RT and from RT to
450 1C is almost the same. This signifies that the shrinkage in-
argon is only dependent on temperature and no chemical shrin
Table 1
Average TEC values of the BSCF and BSLCF samples in temperatures ranging
from 600–800 1C analyzed under argon, air and oxygen atmospheres.

Sample TEC (10−6 K−1) at 600–800 1C

Ar Air O2

BSCF 21.22 18.96 18.21
BSLCF 33.71 28.38 25.30

Fig. 5. Thermal expansion behaviors of the BSCF and BSLCF sin
kage is involved. The lattice constant of the BSLCF rod sample
before heating and after cooling increased from 3.89 Å to 3.98 Å.
However, when the samples were heated and cooled in an

oxygen atmosphere in Fig. 5(b), a weak chemical expansion from
the oxygen release also appeared. However, it fully recovered
during the cooling process by oxidation. Furthermore, because
the samples were sintered in air, a certain amount of nonstoichio-
metric oxygen (δ value in (Ba0.5Sr0.5)0.7La0.3Co0.8Fe0.2O3−δ)
exists and the cooling in oxygen resulted in a decrease in the δ
which resulted in expansion-induced hysteresis. From the results
of Fig. 5, it is revealed that the oxygen nonstoichiometry (δ) of
BSLCF is more dependent on the oxygen partial pressure than
that of the BSCF.
When the heating–cooling thermal cycle of the BSLCF sam-

ple was conducted 3 times in an Ar atmosphere, the heating and
cooling curves of the second and third cycling of the sample
al-most overlapped the cooling curve of the first cycle (see
Fig. 6). Therefore, thermal expansion and shrinkage curves for
the second and third cycling remained unchanged. After meas-
uring the thermal expansion behavior in the Ar atmosphere, the
lattice constant of the sample increased from 3.89 Å to 3.93 Å,
due to cation–cation repulsion and chemical expansion.
4. Conclusion

In this study, the thermal expansion behavior of BSCF and
La-doped BSCF (BSLCF), which is one of the potential cathode
materials for IT-SOFC, was investigated. Thermal expansion of the
sintered samples increased slowly and linearly as the temperature
increased up to 500 1C. However, it rapidly increased over 500 1C.
From the TG analysis and repetitive heating–cooling cycle experi-
ments of the samples in Ar gas, it was found that the formation of
oxygen vacancies made the thermal and chemical expansion inc-
rease sharply. Especially La doping promoted the formation of
oxygen vacancies in BSCF at high temperatures in which SOFCs
generally operate.
tered rods analyzed in (a) argon and (b) oxygen atmospheres.



Fig. 6. Repetitive thermal expansion behavior of a BSLCF rod analyzed in an
argon atmosphere.
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Although La3+ doping in the A-site plays the role of the donor,
when taking the TG, XPS and TEC results all together, the donor
has not been well compensated by the B-site ions of Co and Fe in
the BSCF, and it provoked the formation of oxygen vacancies.
The increased oxygen vacancies increased the TEC, and the TEC
value of BSLCF was twice as high as that of the GDC
(12.6� 10−6/K). Consequently, even though some rare earth
metal ions are doped for the A-site of BSCF for an improved
electrical and electrochemical properties, the rapid increase of
TEC at high temperature is an obvious negative effect to avoid.
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