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A B S T R A C T

The effects of Sr doping on the Ba-site of SmBaCo2O5+d in term of structure characteristics, thermal
expansion coefficients (TECs), electrical properties and electrochemical performance have been
investigated as cathode material for intermediate-temperature solid oxide fuel cells (IT-SOFCs). The
TECs of SBSC-based cathodes are calculated from 19.8 � 20.5 �10�6 K�1 in the temperature range of 100–
800 �C, and the TEC values decrease with increasing Sr content. The oxygen content and the average
oxidation state of cobalt increase with increasing Sr content determined by the X-ray photoelectron
spectroscopy (XPS) and Thermogravimetry analysis (TGA) results. At a given temperature, the electrical
conductivity values are in the order as follows: SBSC55 > SBSC73 > SBSC91. This behavior might be due to
the increase in electronic hole. The electrical conductivities of SBSC55 at 600 �C are distributed in the
range of 660 S/cm of p(O2) = 0.01 atm to 1168 S/cm of p(O2) = 0.21 atm, indicating that the cathode can
endure reducing atmosphere. SBSC55 with high electrical conductivity in p(O2) = 0.01 atm is ascribed to
SBSC55 with stable double-perovskite structure at such low oxygen partial pressure. The SBSC55 cathode
showed the highest power density of 304 mW/cm2 at operating temperature of 700 �C. Based on the
electrochemical properties, SBSC55 is a potential cathode for IT-SOFCs.

ã 2016 Published by Elsevier Ltd.
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1. Introduction

Solid oxide fuel cells (SOFCs) have the potential to be one of the
cleanest and most efficient energy technologies for direct
conversion of chemical fuels to electricity with high efficiency,
low pollution emission and extensive fuel flexibility [1–3].
Traditional SOFCs operating at temperature above 900 �C limits
their applications such as using expensive materials to endure high
temperature [4]. Recently, most of the research work has been
devoted to lowering the operating temperature around
500–600 �C; however, a lower operating temperature causes slow
oxygen reduction kinetic and high over-potential at the cathode,
and leads the decrease in the electrode catalytic activity for oxygen
reduction reaction [5–7]. Hence, the development of new electro-
des with high-electrocatalytic activity for the oxygen reduction
* Corresponding author at: Department of Materials Science & Engineering,
National Dong Hwa University, Shou-Feng, Hualien 97401, Taiwan. Tel.: +886 3 863
4209; fax: +886 3 863 4200.

E-mail address: ypfu@mail.ndhu.edu.tw (Y.-P. Fu).

http://dx.doi.org/10.1016/j.electacta.2016.04.069
0013-4686/ã 2016 Published by Elsevier Ltd.
reaction (ORR) is critical for IT-SOFCs [8,9]. Using mixed ion and
electron conductors (MIECs) decreases the cathodic polarization
resistance by extending the active zone of ORR from the three
phase boundary (TPB) to part of the cathode-gas interface [10,11].
The ORR sites of MIECs proceed not only on the TPB between the
cathode, electrolyte and gas phase but also on the two phase
boundary between the cathode and gas phase [12].

Recently, it is well known that MIECs with layered perovskite
such as NdBa1-xSrxCo2O5+d [13], GdBa0.5Sr0.5Co2-xFexO5+d [14],
PrBa0.5Sr0.5Co2-xFexO5+d [15], YBa0.6Sr0.4Co2O5+d [16], SmBa0.5Sr0.5-
Co1.5Cu0.5O5+d have been reported as candidate materials for IT-
SOFC cathodes [6]. LnBaCo2O5+d (Ln = Y, Pr, Gd, Nd, Sm) reveal a
cation-ordered double perovskite structure with stacking layers of
Ln-O and Ba-O [17], and the oxygen vacancies mostly distributed in
the LnOd layers can significantly improve the diffusivity of oxide
ions in the bulk of the material, and these vacancies provide
possible surface defect sites to react with molecular oxygen [18].
The above-mentioned properties can enhance the electrochemical
performance of the cathode.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2016.04.069&domain=pdf
mailto:ypfu@mail.ndhu.edu.tw
http://dx.doi.org/10.1016/j.electacta.2016.04.069
http://dx.doi.org/10.1016/j.electacta.2016.04.069
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
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It was reported that the substitution of Sr for Ba in LnBaCo2O5+d

layered perovskite can enhance electrical conductivity and further
improve electrochemical properties of cathode. The substitution of
Sr for Ba in GdBaCo2O5+d improved chemical stability between the
cathode and electrolyte, and the fast oxygen transport [19].
Mckinlay et al. found that the substitution of Sr for Ba in YBaCo2O5

+d leads a structure transform from orthorhombic to tetragonal and
enhancement of electrical conductivity [20]. Meng et al. also found
that Sr doping in YBaCo2O5+d improved the electrical conductivity
due to the greater amount of electronic holes originated from the
increased interstitial oxygen [21].

In present study, we investigated the effects of Sr partially
substituting for Ba in SmBaCo2O5+d in the aspects of structure
characteristics, thermal expansion curves, thermodynamic redox
behavior, electrical properties, and electrochemical performance
of SmBa1-xSrxCo2O5+d with respect to their applications as an IT-
SOFC cathode.

2. Experimental

Material preparation for electrolyte and cathode has been
reported in our group’s previous published papers elsewhere
[22,23]. The Ce0.8Sm0.2O1.9 (SDC) electrolyte powder was synthe-
sized by co-precipitation using Ce(NO3)3�6H2O (99%, Uranus
Chemical, Ltd.) and Sm(NO3)3�6H2O (99%, Wako Pure Chemical
Industries, Ltd.) as the starting materials. The detailed procedure
regarding the preparation of SDC can refer to reference 22. SmBa1-
xSrxCo2O5+d (x = 0.1, 0.3, 0.5) cathode powders were prepared via a
solid-state reaction. To identify the samples, the abbreviations
were used as SBSC91, SBSC73 and SBSC55 stood for SmBa0.9Sr0.1-
Co2O5+d, SmBa0.7Sr0.3Co2O5+d and SmBa0.5Sr0.5Co2O5+d, respective-
ly. Stoichiometric amounts of Sm2O3 (99%, Wako Pure Chemical
Industries, Ltd.), BaCO3 (98.8%, Showa Chemical Industries, Ltd.),
SrCO3 (98%, Shimakyu chemical Co., Ltd), and CoO (99.9%, Choneye
Pure Chemical Co., Ltd.), powders were used as starting materials.
These raw powders were mixed under ethanol and milled for 12 h
using zirconia balls. The ball-milled mixture was dried and ground
into a powder with mortar and pestle, and then calcined in air at
1100 �C for 4 h with a ramp rate of 3 �C/min [23]. SBSC-based
cathodes were sintered in air at 1200 �C with a programmed
heating rate of 5 �C/min. The sintered samples were made up over
95% of the theoretical density in all the specimens for electrical
conductivity measuring with different oxygen atmosphere.

The structure of calcined SmBa1-xSrxCo2O5+d (x = 0.1, 0.3, 0.5)
cathodes were characterized by X-ray powder diffractometer
(XRD; Rigaku D/MAX–2500 V), with a scanning rate of 4�/min and
scanning range of 20-80�, using a Cu Ka (1.5418 Å) radiation
source. The powder pattern and lattice parameter were analyzed
by Rietveld refinement using the GSAS program. The micro-
structures of SmBa1-xSrxCo2O5+d (x = 0.1, 0.3, 0.5) cathode powders
and cross-section image of half-cell were observed by a field
emission scanning electron microscope (SEM; Hitachi 3400N). The
chemical states of the SBSC55 cathode was measured by X-ray
photoelectron spectroscopy (XPS, Thermal K-alpha) using micro
focus mono-chromated Al Ka X-ray as the exciting source. All the
binding energies were referenced to the C 1s peak at 284.3 eV. XPS
measurements were carried out in a high vacuum chamber with a
pressure of 3 � 10�9mbar.

Thermogravimetric properties of SmBa1-xSrxCo2O5+d (x = 0.1,
0.3, 0.5) cathode were performed by a thermogravimetric analyzer
(TGA, SII TG/DTA 6300) in air with a flow rate of 100 cm3/min. The
change in oxygen content Dd with varying p(O2) and temperature
was calculated from the sample mass change, Dm, based on

d ¼ MsDm
Mom

ð1Þ
where MS is the molar mass of the sample, MO is the molar mass of
oxygen, and m is the sample mass at room temperature in air [24].
The oxygen nonstoichiometry and average valence of Co were
determined combined by TGA and XPS. The thermal expansion
coefficients of the SmBa1�xSrxCo2O5+d (x = 0.1, 0.3, 0.5) specimens
sintered at 1100� C were measured using a thermomechanical
analyzer (TMA; Hitachi TMA7300) with a constant heating rate of
10� C/min in the temperature range of 25–800 �C in static air.

The SBSC91, SBSC73 and SBSC55 cathode paste, consisting of the
cathode powder, solvent, binder, and plasticizer, were prepared by
ball-mill method. A symmetrical cell of SBSC/SDC/SBSC configura-
tion was fabricated by screen-printing technique. The SBSC-based
cathode paste was applied on both sides of SDC electrolyte discs in
circles of 13 mm diameter and 1 mm thick. After the cathode
material was painted on the electrolyte, it was sintered at 1000 �C
for 4 h in air. On one side, the cathode paste was painted as the
working electrode (WE) with surface area of 0.385 cm2. The Ag
reference electrode (RE) was placed away from the WE by about
0.3-0.4 cm. The cathode counter electrode (CE) was placed on the
other side of the SDC disk. The symmetrical testing cell experi-
ments were carried out under air in temperatures ranging from
600 to 850 �C at intervals of 50 �C in a furnace. The AC impedance
measurement was performed using the VoltaLab
PGZ301 potentiostat with frequency applied range from 100 kHz
to 0.1 Hz with 10 mV AC signal amplitude. The EIS fitting analysis
was performed with the Z-view software

Button cells were measured with humidified hydrogen (3 vol%
H2O) as the fuel and air as the oxidant to evaluate the performance
of the SOFCs. The current-voltage (I–V) characteristics of the single
cells were collected using a digital source meter (Keithley 2420) in
a temperature range of 500–800 �C at intervals of 100 �C. C. The
single cells were fabricated using anode-supported fuel cell to form
configuration of Ni-SDC/SDC/SBSC with a diameter of 13 mm
consisted of a SDC electrolyte (15 mm), a Ni-SDC anode (1 mm) and
a SBSC cathode (20 mm). The detailed procedure to fabricate a
single cell can refer to our group published paper elsewhere [25].

3. Result and discussion

The XRD patterns of SmBa1-xSrxCo2O5+d (x = 0.1, 0.3, 0.5)
cathode calcined at 1100 �C for 4 h were illustrated in Fig. 1(a).
All of SBSC-based powders are identified as layered-perovskite
structure without any detectable impurity phases. It indicates that
partial substitution of Sr for Ba was not significantly distorted the
layered perovskite structure. The Rietveld refinement data of
SBSC91, SBSC73 and SBSC55 sample are shown in Fig. 1(b)-1(d),
and their structure data are listed in Table 1. There are excellent
agreement between the experimental data and the calculated
profiles, exhibiting that cations are well ordered between Sm3+ and
Ba2+/Sr2+ ions in the ordered perovskite lattice [6]. The Rietveld
refinement data revealed that the diffraction patterns of all
samples is a tetragonal structure with space group: P4/mmm.
Table 2 listed the lattice parameters of SBSC-based samples
calculated by Rietveld refinement indicating that the unit cell
volume decreases with increasing Sr content due to the substitu-
tion of the smaller ionic radii of Sr2+ for Ba2+ [26].

In order to describe the spectral features of the SBSC samples,
the Sr 3d, O 1s, Co 2p, and Sm 3d core-level spectra are obtained, as
shown in Fig. 2. All XPS spectra are fitted with a Shirley-type
background subtraction method. Based on the fitting result of the O
1s peak, the oxygen ions exist in several chemical environments.
There are three kinds of chemical states observed in O 1s core level
spectrum in all samples. The minor peak at a low binding energy
around 528.4 eV corresponds to the lattice oxygen (OL) at normal
sites of the perovskite structures [27,28], whereas the main peak
around 530.7 eV corresponds to the hydroxyl and/or carbonate
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Fig. 1. (a) XRD patterns of SmBa1-xSrxCo2O5+d (x = 0.1, 0.3, 0.5). Observed (crosses) and calculated (solid line) XRD profiles and the difference (bottom line) between them for
(b) SmBa0.9Sr0.1Co2O5+d (SBSC91), (c) SmBa0.7Sr0.3Co2O5+d (SBSC73), (d) SmBa0.5Sr0.5Co2O5+d (SBSC55).

Table 1
Crystallographic information for SBSC-based specimens from the Rietveld
refinement.

Atom Wyckoff position x y z Uiso

SBSC91
Sm1 1a (0 0 0) 0 0 0 0.0115
Co2 2 h (1/2 1/2 z) 0.5 0.5 0.2458 0.0020
Ba3 1b (0 0 1/2) 0 0 0.5 0.0107
O4 4i (0 1/2 z) 0 0.5 0.2219 0.0653
O5 1c (1/2 1/2 0) 0.5 0.5 0 0.0039
O6 2 h (1/2 1/2 z) 0.5 0.5 0.4994 0.1930
Sr7 1b (0 0 1/2) 0 0 0.5 0.0439

SBSC73
Sm1 1a (0 0 0) 0 0 0 0.0177
Co2 2 h (1/2 1/2 z) 0.5 0.5 0.2455 0.0029
Ba3 1b (0 0 1/2) 0 0 0.5 0.0123
O4 4i (0 1/2 z) 0 0.5 0.2308 0.0408
O5 1c (1/2 1/2 0) 0.5 0.5 0 0.0081
O6 2 h (1/2 1/2 z) 0.5 0.5 0.4994 0.1930
Sr7 1b (0 0 1/2) 0 0 0.5 0.0250

SBSC55
Sm1 1a (0 0 0) 0 0 0 0.0146
Co2 2 h (1/2 1/2 z) 0.5 0.5 0.2534 0.0007
Ba3/Sr3 1b (0 0 1/2) 0 0 0.5 0.0062
O4 4i (0 1/2 z) 0 0.5 0.2678 0.0177
O5 1c (1/2 1/2 0) 0.5 0.5 0 0.0098
O6 2 h (1/2 1/2 z) 0.5 0.5 0.4411 0.0304
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form (OH) the adsorption species [29]. Moreover, the O 1s peak
about 532.8 eV is ascribed to the chemisorbed di-oxygen species
(OC) [30]. The formation of OH is closely associated with the
appearance of OC on the oxide surfaces due to the reaction
between OC and adsorbed gaseous H2O as a surface contaminant
generated hydroxyls [31]. The detailed information regarding the
binding energies of core electrons for O 1s and area % of the oxygen
peaks for SBSC-based cathodes is listed in Table 3. In this study, the
oxygen nonstoichiometry at room temperature was evaluate via
the chemical state of Co. The Co 2p3/2 core level spectra is shown in
Fig. 2(c). The spectrum can be resolved into three components such
as Co2+ Co3+and Co4+. Based on the XPS data reported by Meng [21],
the features at the binding energy of 780 eV correspond to the Co
2p3/2 signal. The average valence of Co is calculated based on the
ratio of [Co4+], [Co3+] and [Co2+] from the peak area of the singlet.
Table 2
Structure parameters of SBSC-based cathodes.

Specimens Space group a (Å) b (Å) c (Å) V (Å3) RP Rwp Rexp

SBSC91 P4/mmm 3.888 3.888 7.577 114.59 0.19 0.40 0.32
SBSC73 P4/mmm 3.881 3.881 7.599 114.49 0.19 0.29 0.25
SBSC55 P4/mmm 3.883 3.883 7.580 114.30 0.18 0.28 0.27
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Fig. 2. XPS spectra for the SBSC-based specimens: (a) wide-survey spectrum; (b) O
1s core-level, and (c) Co 2p core-level.

Table 3
The binding energies of core electrons for O 1s and area % of the oxygen peaks for SBSC-

Binding energy distribution

Compositions OL OH

Binding energy (eV) Percentage of total O (%) Binding energy (eV)

SBSC91 528.26 20.02 530.72 

SBSC73 528.46 14.43 530.83 

SBSC55 528.59 9.04 530.67 

Table 4
The binding energies of the core electrons for Co 2p3/2, area % of Co peaks, average val

Specimens Co 2p3/2 Binding energy (eV) Percentage 

SBSC91 Co4+ 780.88 28.9 

Co3+ 779.68 49.5
Co2+ 777.78 21.6

SBSC73 Co4+ 780.97 35.7 

Co3+ 779.88 47
Co2+ 777.66 17.3

SBSC55 Co4+ 780.83 41.4 

Co3+ 779.44 43.5
Co2+ 777.92 15.1
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The calculated average valence of Co is +3.07, +3.18 and +3.26 for
SBSC91, SBSC73 and SBSC55, respectively. The 5 + d value evaluated
from XPS for SBSC91, SBSC73 and SBSC55 is about 5.57, 5.68 and
5.76, respectively. The data regarding the binding energies of Co 2p,
average valence of Co and oxygen content (5 + d) for SBSC-based
cathodes are listed in Table 4.

To prove the oxygen content (5 + d) for cathodes, thermogravi-
metric analysis were carried in air. The changes in mass and oxygen
content (5 + d) as a function of temperature for SBSC cathode were
shown in Fig. 3. The weight loss upon heating was due to a partial
loss of lattice oxygen and along with a reduction of Co4+ to Co3+ or
Co3+ to Co2+ with increased temperature, so that the oxygen
content, 5 + d, decreased with temperature [32–34]. With increas-
ing the temperature, the weight loss and the magnitude of oxygen
loss were gradually increased for all samples. As shown in Fig. 3(a),
the weight loss from room temperature to around 300�C is
attributed to desorption of the absorbed water for all samples.
When temperature increases above the certain temperature, the
magnitude of weight loss is dramatic. The certain temperature
implies that the specimen start to lose lattice oxygen significantly
[35]. The temperature depends on the substitution amount of Sr for
Ba in SmBa1-xSrxCo2O5+d specimens. As increasing the substitution
amount of Sr, the threshold temperatures to lose lattice oxygen is
decreased. The threshold temperatures for significant oxygen loss
for SBSC91, SBSC73 and SBSC55 are around 310, 280 and 260 �C,
respectively. According to XPS result, the initial oxygen contents
(5 + d) for SBSC91, SBSC73 and SBSC55 are 5.57, 5.68 and 5.76,
respectively at room temperature. The detailed oxygen contents as
function of temperature are listed in Table 5. The initial oxygen
content increases from 5.57 to 5.76 with increasing Sr content. In
this study, the ionic radii of Sm3+, Sr2+ and Ba2+ cations with
coordination number of 6 are 0.96 Å, 1.18 Å and 1.35 Å, respectively.
Obviously, the ionic-size difference between Sm3+ (0.96 Å) and Sr2+

(1.18 Å) is smaller than that between Sm3+ (0.96 Å) and Ba2+

(1.35 Å), leading the consequent perturbation of the ordering
between the Sm3+ and Ba2+ layers. The high oxygen content
based cathodes from XPS.

OC

 Percentage of total O (%) Binding energy (eV) Percentage of total O (%)

76.18 532.91 3.80
80.34 532.92 5.23
83.08 532.75 7.88

ence of Co and oxygen content for SBSC-based cathodes from XPS.

of total Co (%) Average valence of Co Oxygen Content (5 + d)

3.07 5.57

3.18 5.68

3.26 5.76
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cathodes as a function of temperature in air.

Table 5
The oxygen content (5 + d) of SBSC-based cathodes as a function of temperature in
air.

Specimens Oxygen content (5 + d)

Temperature (�C)

200 �C 400 �C 600 �C 800 �C

SBSC91 5.53 5.44 5.32 5.18
SBSC73 5.62 5.50 5.36 5.22
SBSC55 5.74 5.64 5.51 5.39
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Fig. 4. Thermal expansion curves of SBSC-based cathodes as a function of
temperature from 100 to 800 �C in air.

Table 6
TEC values of the SBSC-based cathodes.

Specimens TEC � 10�6 (K�1)

100–800 �C 100–300 �C 300–800 �C

SBSC91 20.5 18.1 21.5
SBSC73 20.3 18.2 21.0
SBSC55 19.8 18.5 20.4

122 A. Subardi et al. / Electrochimica Acta 204 (2016) 118–127
possibly cause the high diffusivity of oxide ions in the bulk and the
enhanced surface activity of ORR [36].

Thermal expansion coefficient (TEC) is an important property
for cathode material, as it governs the performance of a single cell.
A bulk thermal expansion curves for SBSC91, SBSC73 and
SBSC55 were conducted from room temperature to 800�C using
a thermomechanical analyzer, as shown in Fig. 4. The SBSC-based
specimens show a linear expansion in the low temperature region
(100–300 �C) and a slight increase in slope at higher temperatures
region (300–800 �C). At higher temperature, a part of the smaller
Co4+ were reduced to larger Co3+ or Co2+ with a loss of oxygen, Co3+

ions are easy to transit from low-spin to high-spin state [37,38].
The average TEC values of the SBSC-based specimens are listed in
Table 6. The TEC values were calculated for three different
temperature regions: 100-800, 100–300 and 300–800 �C. The TEC
values calculated from 100 to 800 �C for SBSC91, SBSC73 and
SBSC55 were 20.5 � 10�6, 20. 3 � 10�6 and 19.8 � 10�6 K�1,
respectively. In the low-temperature region, 100–300 �C, TEC
values decrease with increasing Sr content, which could be due to
the replacement of the ionic Ba–O bonds with the ionic Sr–O
bonds. However, in the high–temperature region, 300–800 �C,
where oxygen loss occurs, TEC values increase with increasing Sr
content, which can be related to the spin-state transition
associated with the Co3+ ions [39]. Generally speaking, substituting
Sr2+ for Ba2+ resulted in a lower thermal expansion coefficient. As
increasing Sr2+ substitution amount for Ba2+, the TEC values were
decreased. Generally, cobalt-based perovskites with a larger TECs
can be due to the increase of the ionic radius of Co during the
thermal expansion measurement [40]. Similar results had been
reported earlier for double-layered perovskite cathodes. For
examples, the TECs in the temperature range of 30–1000 �C in
air for PrBaCo2O5+d, NdBaCo2O5+d and SmBaCo2O5+d are 21.5�10�6

K�1, 21.0�10�6 K�1 and 19.1�10�6 K�1, respectively [41], the TEC of
GdBaCo2O5 between 30 and 900 �C is 20.0�10�6K�1 [42].

The temperature dependence of the electrical conductivity of
SBSC-based samples in air is shown in Fig. 5. The conductivities
decrease with increasing temperature exhibiting a metallic
behavior for all samples. SBSC55 revealed a reduction of electrical
conductivity from 300 �C due to lattice defects breaking the Co-O-
Co bonds, resulting in escape of oxygen atoms from lattice and
reduction of Co4+ to Co3+ or Co3+ to Co2+, which corresponds to our
previous TGA data. An abrupt reduction in electrical conductivity
behavior also can be found SBSC73 above 420 �C. For SBSC91, the
conductivity is reduced from 33.4 S/cm of 300 �C to 27.1 S/cm of
800 �C. The conductivity behavior for SBSC-based samples may be
related to the following reasons [43–45]: (1) an energy band
overlap between Co-3d and O-2p, (2) the presence of Co4+ ions
from thermally generated charge disproportion of Co3+ and (3) the
loss of oxygen from the lattice at higher temperatures.

In SBSC-based cathodes, the major defects are the oxygen
interstitials, Oi

0 0 and the electronic holes, h ¼ Co�Co [46]. Using the
Kroger-Vink notation, the formation of the oxygen interstitials and
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electronic hole is expressed by

1
2
O2 þ Co�Co$O

00
i þ 2Co�Co ð2Þ

The electrical neutrality condition is given by

2½O00
i � ¼ ½Co�Co� ð3Þ
Fig. 6. (a) Electrical conductivity and (b) oxygen content (5 + d) of SBSC-based
cathodes at various p(O2) at 600 �C. The inset in (a) reveals the detail of the electrical
conductivity as a function of p(O2) for SBSC91.
At a given temperature, the electrical conductivity values are in
the order as follows: SBSC55 > SBSC73 > SBSC91. This behavior
might be due to the increasing electronic hole associated with
oxygen content. Based on defect Equations (2) and (3), the
electrical conductivity is proportional to p(O2) with the power of 1/
6. For SBSC73 and SBSC55, both specimens are valid for Equation
(2). However, SBSC91 is invalid for the equation. It is presumed that
the main compensation mechanism is due to creation of V ��

O and
instead of Co�Co in equation (2). This behavior is consistent with
oxygen content (5 + d) result. Apparently, SBSC55 with highest
oxygen content possessed a maximum conductivity,
SBSC91 possessed lower 5 + d and electrical conductivity due to
creation of higher amount of oxygen vacancy.

Fig. 6 shows the temperature dependence of the electrical
conductivity and oxygen content of the SBSC-based cathodes at
various oxygen partial pressure (p(O2)). With decreasing p(O2), the
electrical conductivities decrease with p(O2). This may be ascribed
to the decreasing concentration in mobile interstitial oxygen at
lower p(O2) [47]. Understanding the electrical conductivity of
cathodes at low p(O2) is very important to make sure efficient
current collection and long-term stability [48]. The decrease in the
interstitial oxygen concentration by lowering p(O2) leads a
reduction in electronic holes; the decrease in electronic holes is
significantly related to lower electronic conductivities at lower p
(O2). The p(O2) dependence of the electrical conductivity of SBSC
cathode at 600 �C simultaneously is plotted in Fig. 6(a). The
electrical conductivities of SBSC55 at 600 �C are distributed in the
range of 660 S/cm of p(O2) = 0.01 atm to 1168 S/cm of p(O2) = 0.21
atm, indicating that SBSC55 can endure low p(O2). Fig. 6(b) shows
the oxygen content of SBSC-based cathodes determined by TGA as
a function of p(O2) at 600 �C. The higher redox stability as well as
electrical conductivity are very important for cathode materials
under operating conditions of IT-SOFC. The decrease in oxygen
content was due to a partial loss of lattice oxygen, so that the
oxygen content is highly related to composition, temperature and
oxygen pressure. The degree of oxygen-content reduction as
function of p(O2) is in correspondence with structure redox
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(O2) = 0.01 atm in the temperature range of 500–700 �C for 4 h.
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stability. The reduced-rate in oxygen content (5 + d) from p
(O2) = 0.21 to 3�10�3 atm at 600 �C, R, was defined as the following
equation:

R ¼
5 þ dð Þp O2ð Þ¼0:21 � 5 þ dð Þp O2ð Þ¼3�10�3

5 þ dð Þp O2ð Þ¼0:21
ð4Þ

Here 5 þ dð Þp O2ð Þ¼0:21 and 5 þ dð Þp O2ð Þ¼3�10�3 indicate the oxygen

content at p(O2) = 0.21 atm and 3 � 10�3 atm, respectively a 600 �C.
Among the SBSC-based cathodes, SBSC55 shows the lowest
reduced-rate of 1.81% in oxygen content from p(O2) = 0.21 to
3 � 10�3 atm.; whereas, the reduced-rate in oxygen content for
SBSC73 and SBSC91 is 2.05 and 2.06%, respectively. This implies
that SBSC55 has better durability in reducing atmosphere under
cathodic polarization, and the SBSC55 is suitable cathode for
application in IT-SOFC. It is interesting that SBSC55 specimen
exhibited high electrical conductivity in low oxygen partial
pressure. Generally, the electrical conductivity in low oxygen
partial pressure is highly related to the structure stability.
Therefore, the phase stability of cathodes in low oxygen partial
pressure is necessary to identify. In this study, SBSC55 sintered
specimens were exposed to p(O2) = 0.01 atm in the temperature
range of 500–700 �C for 4 h and characterized their phases by XRD
as shown in Fig. 7 Obviously, the SBSC55 revealed majority of
double perovskite structure with minority of secondary phase after
specimens exposures to p(O2) = 0.01 atm. SBSC55 with high
electrical conductivity in p(O2) = 0.01 atm is due to the fact that
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SBSC55 still retains double perovskite structure at such low oxygen
partial pressure.

Fig. 8 presents some typical impedance spectra of SBSC|SDC|
SBSC symmetrical cells using AC impedance spectroscopy under
open circuit conditions at various temperatures in air. The Rp

values decrease significantly with increasing temperature for all
samples showing the ORR of SBSC cathode is a thermally activated
process. The Rp values represent cathodic properties including
oxygen reduction reaction at low temperatures, oxygen surface/
bulk diffusion and the gas phase oxygen diffusion at high
temperatures [49]. The Rp values of SBSC cathode decrease with
increasing Sr content. The Rp values of SBC91, SBSC73 and
SBSC55 are 2.04, 1.81 and 0.57 V cm2, respectively at 750 �C. The
Rp of SBSC55 cathode revealed the lowest values for all temper-
atures, indicating that high oxygen-ion transports in the interface
between SBSC55 and SDC electrolyte. For SBSC55, the Rp values
reduced from 4.17 V cm2 of 600 �C to 0.35 V cm2 of 800 �C.

Fig. 9 revealed the single cell performances for anode-
supported Ni-SDC|SDC|SBSC SOFC using humidified hydrogen
(3 vol% H2O) as the fuel and air as the oxidant. In general, the
cell voltage was reduced with the increasing temperature;
however, current density and the maximum power densities were
increased with the increasing temperature due to the thermally
activated process of kinetics [50]. Generally, the open-circuit
voltage (OCV) of an ideal cell should be close to its theoretic value
of 1.1 V, and slightly influenced by the operating condition. In this
study, the OCV values were lower than the theoretical value, which
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SBSC73 and (c) Ni-SDC|SDC|SBSC55 under H2 fuel and air oxidant in the
temperature range of 500–800 �C.
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might be ascribed to the following reasons. (1) Ce4+ in SDC
electrolyte easily reduces to Ce3+ especially at higher temperature.
Based on chemical defect concept, it can be described by the
following equation:

CeCe ! Ce
0
Ce þ h� ð5Þ
The SDC electrolyte with a low electronic conductivity leading a
slight electron cross flow (current leakage) might occur through
the electrolyte, and (2) fuel/oxidant may cross through the
electrolyte membrane due to the some porosities and the current
leakage resulting in a lower cell OCV.

Among the SBSC-based cathodes, SBSC55 shows the highest
power densities from 500 to 800 �C. The peak powder densities at
operating temperature of 700 �C reach 149, 242 and 304 mW/cm2

for SBSC91, SBSC73 and SBSC55, respectively. For SBSC73 and
SBSC55, the peak power densities revealed at operating tempera-
ture of 700 �C; whereas the peak power densities were reduced
above 700 �C. This behavior is associated to lower OCV values
occured at higher temperature (800 �C) as shown in Fig. 9(b) and
(c). The single cell performance is improved with increasing the
substitution amount of Sr for Ba in SmBa1-xSrxCo2O5+d cathodes.
The peak power densities of SBSC55 are 144, 292, 304 and
206 mW cm�2 at 500, 600, 700 and 800 �C, respectively. The
layered-perovskite SmBa1-xSrxCo2O5+d with higher Sr content
(x = 0.5) in the A-site are thought to have rapid oxygen kinetics
due to reduced oxygen bonding strength in the [AO] layer and a
disorder-free channel for ion diffusion, and the phenomenon will
improve cathode performance such as electrical conductivity,
electrochemical properties as well as further performance in single
cell [26].

The SEM images of cross-section view and surface view for
SBSC55 cathode are shown in Fig. 10. The microstructure of a cross
section of SBSC55|SDC|Ni–SDC showed a 20 mm of SBSC55 cathode
and a 15 mm of SDC electrolyte as seen in Fig. 10(a). The adhesion
between the cathode and electrolyte is quite good. The
SBSC55 particles distributed uniformly and the particle size is in
the range of 1–2 mm. The cathode microstructure is closely related
to the characteristics of the surface area and electron transport.
These properties influence the performance of fuel cell such as the
reaction kinetics, charge transport, and mass transport preprocess
[51,52]. The porosity as shown in Fig. 10(b), the SBSC55 cathode
provides in plenty of TPB sites for electrochemical reaction.

4. Conclusions

This study mainly investigated the effect of Sr doping on
SmBaCo2O5+d with regard to structural characteristics, thermal
expansion behavior, electrical conductivity and electrochemical
properties. The TEC values of SBSC-based cathodes decrease with
Sr content revealing the TEC values of 19.8–20.5 �10�6 K�1 in the
temperature range of 100–800 �C. SBSC55 with high electrical
conductivity in p(O2) = 0.01 atm is ascribed to SBSC55 with stable
double-perovskite structure at such low oxygen partial pressure.
The Rp of SBSC55 revealed the lowest values for all temperatures,
indicating that high oxygen-ion transports in the interface
between SBSC55 and SDC electrolyte. The single cell performance
is improved with increasing the Sr content for SBSC-based
cathodes. The maximum powder densities of anode-supported
single cell with SBSC as cathode at operating temperature of 700 �C
can reach 149, 242 and 304 mW/cm2 for SBSC91, SBSC73 and
SBSC55, respectively. Sr properly substituting for Ba in SBSC can
reduced TEC values, and enhance electrical properties, redox
stability and electrochemical performance. SBSC55 could be
considered a potential cathode materials for IT-SOFC
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Fig. 10. SEM image SBSC55 cathode in the single cell: (a) cross-section view and (b) surface view.
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