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The synthesis, conductivity properties, area specific resistance (ASR) and thermal expansion behaviour
of the layered perovskite SmBaCo,0s.q (SBCO) are investigated for use as a cathode material for
intermediate-temperature solid oxide fuel cells (IT-SOFCs). The SBCO is prepared and shows the expected
orthorhombic pattern. The electrical conductivity of SBCO exhibits a metal-insulator transition at about
200°C. The maximum conductivity is 570Scm~! at 200°C and its value is higher than 170Scm~! over
the whole temperature range investigated. Under variable oxygen partial pressure SBCO is found to be a
p-type conductor. The ASR of a composite cathode (50 wt% SBCO and 50 wt% Cep9Gdg10,_4, SBCO:50) on
a CepgGdo10,_4 (CGO91) electrolyte is 0.05 2 cm? at 700 °C. An abrupt increase in thermal expansion is
observed in the vicinity of 320 °C and is ascribed to the generation of oxygen vacancies. The coefficients of
thermal expansion (CTE) of SBCO is 19.7 and 20.0 x 10-6 K~ at 600 and 700 °C, respectively. By contrast,
CTE values for SBCO:50 are 12.3, 12.5 and 12.7 x 10~ K- at 500, 600 and 700 °C, that is, very similar to
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the value of the CGO91 electrolyte.
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1. Introduction

Most research on intermediate-temperature operating solid
oxide fuel cells (IT-SOFCs) is devoted to cathode materials as the
cathode overpotential has typically been the major source of voltage
loss in IT-SOFC operation [1-3]. Cathode materials for IT-SOFCs have
focused on mixed ionic and electronic conductors (MIECs) such as
LaCo0s, (La,Sr)Co03,BaCo03 and (Ba,Sr)Co0O3 doped with transition
ions that show excellent catalytic activity [4-7].

Recently, several research groups have reported structural and
physical properties of layered perovskites based on LnBaCo;0s5.4
(Ln: lanthanide) [8,9], from investigations of the colossal magneto-
resistance (CMR) phenomenon [10-13] as well as in a solid oxide
fuel cell (SOFC) [14,15]. These layered perovskites have orthorhom-
bic symmetry that displays two types of Co-0 environment, Co-Os
square pyramids and Co-Og octahedra, which alternate along the
b-axis (001) [16,17]. The structure of LnBaCo,0s5.4 has layers of
[Ba-0], [Co-0O] and [Ln-0] aligned along the C-axis (00 1 direction)
with oxygen vacancies as clusters in the [Ln-0] layer [ 18]. For exam-
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ple, all oxygen vacancies are located at the rare earth plane [Gd-0]
for d<1in GdBaCo;0s.4 [19]. In this structure, the Ba cations do not
show a random distribution in the A site of perovskite but tend to
order in altering layers [19].

The structure of LnBaCo,0s.4 (Ln:lanthanide) can have a tetrag-
onal or orthorhombic unit cell depending on the size of the
lanthanide [9,20-23]. For example, the structure with the smaller
rare earth ions such as Tb, Dy and Ho or the larger rare earth ions
such as Pr and Nd in LnBaCo;0s.4 are tetragonal. On the other
hand, the intermediate-sized rare earth ions for Sm, Eu and Gd in
LnBaCo,0s.4 are orthorhombic [9,20-23].

Various physical properties of layered perovskite oxides depend
on the oxygen content (d). For example, the charge state of Co is
3.5+ when d is 1, whereas in case of d=0.5, the Co charge state is
3+ and metal-insulator transition (MIT) behaviour can be observed
with various lanthanide elements [20,24-29]. As a result, orbital
ordering phenomena and spin-state transitions of Co in octahedral
places have been observed in this system [25,30]. Finally, for d=0,
Co has an overall 2.5+ charge state with a charge ordering between
Co3* and Co2* [20,25-29].

As well as high electronic conductivity, recent results show high
oxygen transport properties, excellent oxygen surface exchange
coefficients and superior oxide ionic diffusivity for layered per-
ovskite oxides [31,32] and thus make them good candidates for
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Table 1
Abbreviations of specimens.
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Chemical composition

Abbreviations

Ceg.ngm 054 CGO91
SmBaCo,0s.4 SBCO
SmBaCo;0s.4 (90 wt%) and CeoGdg10,_4 (10 Wt%) SBCO:10
SmBaCo;0s.4 (80 wt%) and CepoGdg10,_g (20 Wt%) SBCO:20
SmBaCo,0s.4 (70 Wt%) and CepoGdo10,_g (30 Wt%) SBCO:30
SmBaCo;0s.4 (60 wt%) and CegoGdg10,_4 (40 wt%) SBCO:40
SmBaCo;0s.4 (50 wt%) and CepoGdg10,_g (50 Wt%) SBCO:50

IT-SOFC cathodes. To date however, there appears to be no pub-
lished study on the application of a composite cathode based on
layered perovskite materials.

The purpose of this work is to investigate the structural, elec-
trochemical and thermal properties of SmBaCo,0s., (SBCO) for its
application as a cathode material for IT-SOFC. The electrochem-
ical and thermal expansion properties of a SBCO/Ce9Gdp10,5_g4
(CGO91) composite cathode are measured and discussed in order
to determine its suitability for IT-SOFC materials.

2. Experimental
2.1. Sample preparation and X-ray diffraction analysis

The SBCO was made from samarium oxide (Sm,03 ), barium car-
bonate (BaCO3) and cobalt oxide (Co304). Weighed powders were
mixed, ground in a mortar and pestle, and then placed in a muf-
fle furnace at 1000°C for 8 h as a first calcination step, in order to
decompose all the carbonate. The resulting powder was milled (in
a roller ball mill) for 24 h with acetone, then the heat treatment
was repeated at 1100 °C for 36 h. The notations for the samples are
summarized in Table 1. X-ray diffraction patterns of the prepared
samples were recorded on a Philips diffractormeter using Cu Ko
radiation. The collected data were matched with reference data for
the identification of crystal structures.

2.2. Thermal expansion behaviour and thermal analysis

Pellets for the investigation of thermal expansion behaviour
were prepared by pressing a rectangular-shaped bar type
(5mm x 5mm x 18 mm) and sintering at 1100 °C for 12 h in air. The
coefficient of thermal expansion (CTE) of the samples was measured
with a NETZSCH DIL 402C dillatometer from room temperature
to 1000°C at a heating rate of 5°Cmin~'. For thermal analysis,
thermogravimetric analysis (TGA)-differential scanning calorime-
ter (DSC) experiments were performed with a thermal analyzer
(SETRAM Labsys). About 100 mg powder sample was heated to
900°C at heating rate of 5°Cmin~! in air.

2.3. Electrochemical characterization and conductivity properties

Pellets for electrical conductivity were pressed and then were
sintered at 1100°C for 12h in air. A rectangular-shaped bar
(3mm x 3 mm x 8.5 mm) was cut from the sintered pellet. The con-
ductivities were measured by using a 4 terminal d.c. method and a
custom jig with a Keithley 2400 Source Meter over a temperature
range of 50-900°C with steps of 50°C at a rate of 5°Cmin~". The
expression used for the temperature dependence of the electrical
conductivity is

o= (?) exp (—%) (1)

where A is the pre-exponential factor which includes the carrier
concentration term, T is the absolute temperature, k is the Boltz-
mann’s constant ; E; is the hopping activation energy [1,33,34]. The
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Fig. 1. X-ray diffraction pattern of SmBaCo;,0s.4 (SBCO) calcined at 1100°C for 36 h.

oxygen partial pressure was controlled by using air and argon gas
and measured with airconia oxygen sensor.

Impedance spectroscopy was used to investigate the
current-voltage behaviour of symmetrical cells. The electrolytes
were made from 10 mol% gadolinia-doped ceria (Cegg9Gdg105_g,
CGO091, Praxair Specialty Ceramics) by pressing the powder into
22 mm diameter pellets at 2 x 103 kgm~2 and sintering at 1400°C
for 4 h. The final geometry of the sintered electrolyte pellets was
approximately 21 mm in diameter and 2 mm in thickness.

Inks of both single-phase cathodes, and composite cathodes
with CG0O91, were made by mixing the powders with the appro-
priate solvent and binder system. The electrodes were then applied
to the electrolytes using screen printing to form symmetrical half-
cells. These were sintered for 1 h at 900, 1000, 1100 or 1200°C in
order to determine the optimum sintering temperature to form a
porous electrode structure well-bonded to the electrolyte. The final
surface area of the symmetric cell was about 1.09 cm?.

The area specific resistances (ASRs) of single and compos-
ite cathodes in SmBaCo;0s5.; (SBCO) were measured via a.c.
impedance with a Solatron 1260 frequency analyzer over a fre-
quency range of 0.01 Hz to 1 MHz with an amplitude of 50 mV. The
samples were measured in stagnant air from 500 to 850°C with
50°C steps. The cathode overpotential polarization was determined
from the difference between the low and high frequency intercepts
on the real axis of the impedance curves, divided by 2.
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Fig. 2. Electrical conductivity of SBCO as function of temperature.
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Fig. 3. Electrical conductivity plot of SBCO with log(oT) versus 1000 T-! (K-1).
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Fig. 4. Electrical conductivity behaviour of SBCO at 900 °C. Results show different
electrical conductivities of SBCO with respect to reduction and oxidation process
controlled by supplying Ar gas. Black open scatter is electrical conductivity of SBCO
and gray close scatter of zirconia oxygen sensor.
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Fig. 5. Variation of electrical conductivity of SBCO with oxygen partial pressure at
700 and 900°C.
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3. Results and discussion

The X-ray diffraction (XRD) pattern of SmBaCo;Os.4 (SBCO) after
the second calcination at 1100 °C for 36 h is presented in Fig. 1 The
XRD pattern of SBCO is represented at a single-phase layered per-
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Fig. 6. (a) Comparison of impedance results on various samples

sintered at 900,

1000, 1100 and 1200 °C. (b) Area specific resistance (ASR) results shown as Arrhenius
plot of SBCO. Number in bracket indicates sintering temperature from 900 to 1200°C
for 1h. Error range of the estimated activation calculation is +0.01 eV and (c) ASR

values from 550 to 700 °C on CGO91 electrolyte.
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Fig. 7. Scanning electron microscopic images of electrode surfaces of SBCO with sintered at (a) 900°C, (b) 1000°C, (c) 1100°C and (d) 1200°C.

ovskite without any impurity phase; the indexed primary peaks
of SBCO are summarized in Fig. 1 [14]. Early work has shown [9]
that shows the substitution of the Ba cation to form a layered per-
ovskite of YBaCo,0s,4 gives a tetragonal unit cell with a=3.887 A
and c=7.530A. The structure is orthorhombic in nature and is also
consistent with GdBaCo;0s.4 (GBCO), as reported by Tarancén et
al. [35]. According to the study by Zhang et al. [36], the orthorhom-

bic structure of SBCO was observed as a=3.866A, b=3.885A and
c=7.569 A with a Pmmm space group.

The electrical conductivity of SBCO, Fig. 2, initially increases,
reaches a maximum value (570Scm~! around 200-250°C),
and then decreases with increasing temperature, showing a
metal-insulator transition (MIT). The lowest electrical conductivity
of SBCO at 900 °C is still above 170 S cm~! and therefore the material

)

@

Fig. 8. Scanning electron microscopic images of cross-section of samples of SBCO with sintered at (a) 900°C, (b) 1000°C, (c) 1100°C and (d) 1200°C.
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is adequate for application as a cathode in a IT-SOFC. The apparent
metallic conductivity behaviour of SBCO above 250°C may relate
to an energy band overlap between Co-3d and O-2p [37] and the
presence of Co** ions from thermally generated charge dispropor-
tion of Co3*, although it may also relate to oxygen loss on heating, as
this is observed to occur above 300 °C. The data are also presented
as a log(oT) versus 1000 T-! (K-1) plot in Fig. 3, and are consistent
with small polaron hopping at lower temperatures; the activation
energy of SBCO from room temperature towards 300°C is about
0.017 eV.

Fig. 4 shows the conductivity behaviour versus time on changing
the oxygen partial pressure at 900 °C. The oxygen partial pressure
is varied by introducing argon gas and then allowing air to leak
back into the apparatus. The black open points indicate the elec-
trical conductivity of SBCO, where as the gray closed points show
oxygen partial pressure measured via a zirconia oxygen sensor. The
variation in electrical conductivity with respect to oxygen partial
pressure can be described by four regions, namely, a, b, c and d in
Fig. 4. Region (a) presents a decrease in the electrical conductivity
of SBCO after the introduction of flowing Ar, (b) is the change in
response after switching off the Ar flow, region (c) is the slow oxi-
dation process during air leakage and, finally, the abrupt increase of
electrical conductivity in region (d) coincides with the rapid addi-
tion of air. From this and a similar experiment at 700°C, it can
be seen that SBCO shows p-type electrical conductivity properties,
and that the conductivity decreases with temperature, Fig. 5. In the
700°C regime, the slope of log(o) versus log (p(05)) is calculated
as 1/6. In the oxidation region, therefore, the conductivity is theo-
retically proportional to p(0,)!/6. On the other hand, the slope at
900°C is smaller than that of conductivity at 700 °C due to the high
temperature effect and mixed conductivity effect caused by hole
conduction and oxygen vacancies.

Impedance spectra of SBCO with respect to various sintering
temperatures are shown in Fig. 6(a); the number in bracket indi-
cates the sintering temperature. The results presented in Fig. 6(a)
have the ohmic resistance removed in order to compare polar-
ization of the cathode. The cathode sintered at 1000°C shows
the lowest cathodic polarization (Rp) in this experiment. The
effects of sintering temperature on ASR of a SBCO cathode on a
Cep9Gdg10,_g4 (CGO91) electrolyte are measured at various tem-
peratures in Fig. 6(b); the number in bracket indicates the specific
sintering temperature. Sintering temperatures of 1000 and 1100°C
result in the lowest ASR values of 0.13 and 0.14 2 cm? at 700°C as
seen in Fig. 6(c). The observed activation energies of SBCO are 1.41,
1.11, 1.06 and 1.06 eV (£0.01 eV) for the samples sintered from 900
to 1200°C as seen in Fig. 6(b). Comparing the activation energies
of the samples, the value for 900 °C is much higher than those sin-
tered at the higher temperatures and this feature can be related to
changes in the microstructure. The microstructures of samples with
various sintering temperatures are given in Figs. 7 and 8. The sam-
ple sintered at 1200°C shows both increased density and reduced
relative porosity in Figs. 7(d) and 8(d), compared with the others.
This correlates with the higher Rp observed for the 1200 °C sintered
samples. Additionally, cracks in the 1200°C sintered sample are
observed after the sintering process and can result in isolated elec-
tronic and ionic current paths. In summary, the densification of the
SBCO cathode and the evidence of cracking in the 1200 °C sintered
sample seems to increase Rp. The 900 °C sintered sample shows
relatively poor adhesion between the cathode and the CGO91 elec-
trolyte side (Figs. 7(a) and 8(a)) because it is easily peeled off when
subjected to an adhesion test. This poor contact increases both the
series and the polarization resistance. The higher activation energy
(1.41 eV) for the 900°C sintered sample observed in Fig. 6(b) and
the microstructure seen in Figs. 7(a) and 8(a) suggests insufficient
sintering. According to the results from Figs. 6-8, the optimum sin-
tering temperature of a symmetrical half-cell with a SBCO cathode
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CGO91 measured at 700°C on CGO91. (b) ASR results of composite cathode mate-
rials on CGO91 and (c) ASR results as function of weight percentages of CGO91 as
composite cathode from 600 to 700°C on CGO91.

is 1000°C as it simultaneously provides the best balance between
the conflicting electrode requirements, maintains a porous, high-
surface area structure, and provides a strong, well-sintered and
adherent layer. Consequently, the following experiments are based
on a sintering temperature of 1000 °C for symmetrical half-cells.
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CGO91. The values in (d) are expressed as percentages.

Impedance spectra of SBCO:50 (mixture of 50 wt% of SBCO and
50 wt% of CGO91) are shown in Fig. 9(a). The ASRs of SBCO:50 at
600 and 700°C are 0.25 and 0.05 2 cm?, respectively. The influ-
ence of changes in the CGO91 content on Rp at 700°C is shown in
Fig.9(a). The ASR decreases when the content of CGO91 is increased.
This is most likely due to an extended electrochemical triple-phase
boundary (TPB) and enhanced oxygen diffusion as a result of the
addition of the ionic conducting electrolyte material. The ASRs of
composite cathodes are presented in Fig. 9(b). The total ASR values
generally decreases with CGO91 content and the activation ener-
gies are approximately 1.11, 1.15, 1.13 and 1.06eV (+0.01eV) for
SBCO, SBCO:20, SBCO:40 and SBCO:50, although there are some
small deviations from linearity. The ASR values depend strongly
upon the CGO91 weight percentage, as shown in Fig. 9(c). The low-
est observed ASR value at 700°C is 0.05 2 cm? for SBCO:50 and is
below the target ASR value recommended by Steele and Heinzel
[38] for cathode materials for IT-SOFCs.

Thermal expansion data for SBCO, the composite cathodes and
pure CGO91 are given in Fig. 10. The thermal expansion behaviour
of SBCO shows slope changes at about 100 and 320°C (Fig. 10(a)).
The degree of expansion decreases with an increasing amount of
CGO91 in the composite. The slope change, AL[L,, in the vicinity
of 320°C can be related to the generation of oxygen vacancies as a
result of oxygen loss in SBCO due to loss of lattice oxygen; this is
similar to the behaviour of (Ba,Sr)(Co,Fe)O3_4 [33].

Similar coefficients of thermal expansion (CTEs) between the
cathode and the electrolyte are required to avoid significant
thermal stresses which can cause delamination and cracks [39].
The CTE of pure SBCO is much higher than that of CGO91,
but the data in Fig. 10(b) shows that the CTE of the compos-
ite is reduced with increasing CGO91 content, with the lowest
value observed for SBSCO:50. Significantly, the average CTEs of
SBCO:50 and CGO91 are similar from 350 to 1000°C. The CTEs
of various electrolyte and cathode materials for SOFC application
between room temperature (RT) and 1000°C are summarized in
Table 2 [1,33,34,40-43]. From these data, it can be seen that Co-
substituted cathode materials, such as Smgs5Srg5C003_4 [34,39]
and LagsSrgs5Co03_g4 [42], show quite high CTEs. Significantly,
the CTE of BagsSrgs5CoggFeg205_4 (BSCF) has almost the same
value [33] as SBCO though Fe is not substituted in SmBaCo0,0s.4.
This observation indicates that SBCO:50 can minimize thermal
mismatch between electrolyte and cathode material in SOFC oper-
ation.

Thermogravimetric analysis (TGA)-differential scanning
calorimeter (DSC) results for SBCO are presented in Fig. 11 Two dis-
tinctive types of behaviour are observed in the vicinity of 300 and
530°C. For the weight loss at 530 °C, when comparing the TGA-DSC
results of PBCO (PrBaCo,0s.5) [44,45] and GBCO (GdBaCo,0s.5)
[34], order-disorder phase transition in PBCO was observed [44,45]
and the phase transition in GBCO was investigated at 500°C [35].
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Table 2

Specific coefficients of thermal expansion (CTEs) of SOFC materials between room temperature (RT) and 1000°C [1,33,40-43].

Component Materials TEC (x10-°K-1) (RT-1000°C) Ref.

Electrolyte 8YSZ 10.5-11.0 [1,43]
Doped ceria electrolyte 12-13.1 [43] In this experiment
LSGM (Lag.9Sro.1GapsMgo203_q) 12.2 [42]

Cathode SBCO 20.2 In this experiment
SBCO:50 13.3 In this experiment
Smyg5STo5C005_g 223-22.8 [40,41]
Lag5Sro5C003_q 223 [42]
Lag,6Sr0.4Coo2Feps03 g 17.5 [42]
Bag5510.5Co0.8Fe0203_4 20.0 [33]

Acknowledgements
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Fig. 11. TGA-DSC results of SBCO in air with increasing temperature. (a) and (b) TGA
and DSC result of SBSCO.

The DSC data for SBCO reveal an enthothermic peak at 500°C, as
shown in Fig. 11(b). Thus the weight loss in the vicinity of 530°C is
related to a phase transition. Significantly, this abrupt weight loss
occurs in the vicinity of 300°C. As discussed before, the thermal
expansion behaviour of SBCO shows slope changes at about 320°C
in Fig. 10(a). These TGA and thermal expansion findings confirm
that the slope change at 300°C is caused by the generation of
oxygen vacancies.

4. Conclusions

The main objective of this research is to investigate the
temperature-dependent electrical properties and thermal expan-
sion properties of SmBaCo,0s.4 (SBCO).

SBCO shows semiconductor behaviour from room temperature
to 250°C, and metallic conductivity above 250°C. The electrical
conductivity of SBCO is always higher than 170Scm~! over the
entire temperature range, and exhibits metallic and p-type conduc-
tor behaviour with respect to changes in oxygen partial pressure.
The slope of log(p(0,)) is 1/6 and thereby indicates hole conduction
behaviour in SBCO oxide at 700°C. The ASR value of SBCO:50 on
CGO091 is about 0.05 2 cm? at 700°C. The CTEs of SBCO are about
20.0 x 10~ K-1! from 500 to 700°C, i.e., much higher than those
of CGO91 electrolyte. On the other hand, a composite cathode of
SBCO:50 reduces their CTE values down to about 12.5 x 10-6 K1
in the same region. These results are almost the same as those for
CGO91 and the use of SBCO:50 can minimize thermal mismatch
between the cathode and the electrolyte. Accordingly, SBCO:50 is
a promising candidate cathode for IT-SOFC applications and has
excellent conductivity, ASR and coefficients of CTE properties.

The authors are grateful for the support given by the Engineering
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