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In SmBa1-xCaxCo2O5+d (x � 0.01, 0.03, 0.1, and 0.2, SBCCO) oxide systems calcined at
1100°C for 8 h, the XRD patterns of the SBCCO single phase were maintained in the cases
of SmBa0.97Ca0.03Co2O5+d (SBCCO-0.97) and SmBa0.99Ca0.01Co2O5+d (SBCCO-0.99)
compositions. In SmBa0.8Ca0.2Co2O5+d (SBCCO-0.8) and SmBa0.9Ca0.1Co2O5+d

(SBCCO-0.9), CaCoSmO4 existed with the pattern SBCCO. SBCCO structures were
identified as orthorhombic crystal structures because they showed splitting of the X-ray
diffraction (XRD) peaks at 23.4°, 47.9°, and 59.1°.Typical metallic conduction behaviors
were found in all measured compositions except SBCCO-0.8, which showed a metal-
insulator transition (MIT) behavior. Compared to other SmBa1-xCaxCo2O5+d compositions,
SBCCO-0.8 showed the highest electrical conductivity of 460 S/cm at 500°C. In particular,
SBCCO-0.9 was found to have an excellent ASR characteristic of about 0.077 Ωcm2 at
700°C. The activation energy of SBCCO-0.9 was the lowest among SBCCO oxide
systems with a value of 0.77 eV.

Keywords: intermediate temperature-operating solid oxide fuel cell, cathode, electrical conductivity, area specific
resistance, layered perovskite

RESEARCH HIGHLIGHTS

SBCCO-0.8: The highest electrical conductivity value of 329.7 S/cm at 700°C.
The lowest ASR value of SBCCO-0.9: 0.077 Ωcm2 at 700°C.
The lowest activation energy of SBCCO-0.9: 0.77 eV.
The tendency of ASR was similar to that of unit cell volume.

INTRODUCTION

Solid Oxide Fuel Cells (SOFC) are energy devices that directly convert the chemical energy of
hydrogen and oxygen into electrical energy; these devices have higher efficiency than do other energy
conversion devices. Significantly, SOFCs operate in a high-temperature range of 650–1000°C. They
have many advantages in terms of fuel and material selectivity.
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However, the advantages of SOFCs in high temperature
conditions may be limited by certain disadvantages: thermal
degradation of ceramic materials and metal materials inside
SOFCs occurs because of the high temperature conditions
(Koide et al., 2000; Andersson et al., 2013; Jin et al., 2017)

To solve these issues, many researchers and institutes have
focused on the development of Intermediate Temperature-
operating Solid Oxide Fuel Cells (IT-SOFCs), which have
lowered operation temperatures.

In particular, research has been conducted on cathode
materials that exhibit fast oxygen reduction properties at
relatively lower temperatures. The typical cathode material
used for IT-SOFCs is a simple perovskite having a chemical
composition of ABO3 (A: lanthanide, B: transition metal). In
addition, a complex perovskite of AA/BB/O3 composition, in
which various kinds of elements are substituted for the simple
A-site and B-site of perovskite (Complex perovskite) has been
found to have excellent electrochemical properties as well as
electrical conductivities.

However, complex perovskites can exhibit dis-ordering due to
substitution of various materials and decreases of coulomb
potential, elastic potential and oxygen mobility (Chen et al.,
2003; Hashimoto et al., 2005; Taskin et al., 2007).

To solve these problems, studies of layered perovskites
showing chemical composition of AA/B2O5+d are being
conducted. Layered perovskites occupy many vacancies in the
oxide lattice, because oxygen ions are partially removed or
completely removed in the [Ln-O]x layer. These oxygen
vacancies prevent spin glass behavior and enhance the
behavior and induce superior 2surface kinetic property
(Tarancon et al., 2007; Frontera et al., 2003).

Our research group reported that synthesized layered
perovskite, SmBa0.5Sr0.5Co2O5+d (SBSCO), showed an excellent
Area Specific Resistance (ASR) of 0.092Ωcm2 at 700°C and could
be used as a cathode material of IT-SOFC (Kim et al., 2009b).

However, the Sr contained in SBSCO causes segregation on the
surface, causing problems such as reduction of electrochemical
properties and long-term performance (Liu et al., 2014; Zhao
et al., 2014).

Based on these results, the goal of this study is to investigate
the phase synthesis and electrochemical properties of SmBa1-
xCaxCo2O5+d (SBCCO) oxide systems in which elemental Ba and
Ca elements were substituted into the A/-site of the layered
perovskite. Especially, the generation of a secondary phase was
investigated in the synthesis process of SBCCO, and not only the
effect of the secondary phase on the electrical conductivity, but
also its relationship to the crystal structure and electrochemical
properties were studied.

EXPERIMENTAL

Sample Preparation and X-Ray
Diffraction (XRD)
Samarium Oxide (Sm2O3, 99.9%. Alfa Aesar), Barium Carbonate
(BaCO3, 99.0%, Alfa Aesar), Calcium Carbonate (CaO, 99.5%,
Alfa Aesar), and Cobalt Oxide (Co3O4, 99.9%, Alfa Aesar)

powder were used for the synthesis of SmBa1-xCaxCo2O5+d

(SBCCO, x � 0.01, 0.03, 0.1, and 0.2) by solid state synthesis
(SSR). Each powder was accurately weighed according to its
chemical composition, and mixed using an agate mortar with
a pestle and ethanol. The mixtures were placed in an oven and
maintained at 78°C for 12 h to evaporate the ethanol. Mixtures
were calcined for 6 h at 1000°C as a first calcination step to
decompose all the carbonate. After that, materials were crushed
by the agate mortar with the pestle and ball mill; then, a secondary
calcination step was carried out for 8 h in an electric furnace at
1100°C in air atmosphere.

The chemical compositions and abbreviations in SmBa1-
xCaxCo2O5+d (SBCCO, x � 0.01, 0.03, 0.1, and 0.2) of cathode
materials are summarized in Table 1.

X-ray diffraction (XRD) patterns of the synthesized SmBa1-
xCaxCo2O5+d (SBCCO, x � 0.01, 0.03, 0.1, and 0.2) oxide systems
were obtained on a Model D/Max 2500, Rigaku (45Kv, 200mA,
Cu kα radiation); the obtained data were matched with reference
data for the phase synthesis and analyzed using theMDI JADE six
program.

Electrical Conductivity Analysis
To measure the electrical conductivity of the synthesized cathode
materials, pellets were prepared by pressing of rectangular-
shaped bars (25 × 6 × 3 mm). Then, pellets for the electrical
conductivity measurement were sintered at 1100°C for 3 h. The
electrical conductivities were measured using the DC four probe
method with a Keithley 2400 Source Meter over a temperature
range of 50–900°C at steps of 50°C and a heating rate of 5°C/min.

Electrochemical Characterization
For fabrication of the electrolytes, individual samples of 2.5 g of
Ce0.9Gd0.1O2 (CGO91, Rhodia) powder were pressed into disc
shaped metal molds at 2 × 103 kg/m2. The CGO91 electrolytes
were sintered at 1450°C for 6 h and the final geometry of the
sintered electrolyte pellets was approximately 22.18 mm in
diameter and 0.97 mm in thickness. Inks of single-phase and
composite cathodes were prepared using mixtures of SmBa1-
xCaxCo2O5+d (SBCCO) cathode powders, Alpha-terpineol
(KANTO CHEMICAL), Butvar (SIGMA Aldrich) and acetone.
These mixtures were stirred for 1 week with a magnetic bar. Then,
Ce0.9Gd0.1O2 (CGO91, Rhodia) was mixed with the cathode
powder at a mass ratio of 1:1 to sustain the decrease in area
specific resistance (ASR). After the prepared inks were applied to
the electrolytes using screen printing to fabricate symmetrical half
cells, samples were heat-treated at 1000°C for 1 h at a heating rate
of 5°C/min.

TABLE 1 | Abbreviations of SmBa1-xCaxCo2O5+d (SBCCO, x � 0.01, 0.03, 0.1,
and 0.2) oxide systems.

Chemical compositions Abbreviations

SmBa0.8Ca0.2Co2O5+d SBCCO-0.8
SmBa0.9Ca0.1Co2O5+d SBCCO-0.9
SmBa0.97Ca0.03Co2O5+d SBCCO-0.97
SmBa0.99Ca0.01Co2O5+d SBCCO-0.99
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The area specific resistances (ASRs) of the half cells were
measured using an AC impedance analyzer (Model nStat, HS
Technologies); the measurements were performed in a frequency
range of 0.05 Hz–2.5 MHz and temperature range of
900°C–650°C with 50 C steps in air atmosphere.

The cathode ASR was determined from the difference between
the first and second intercepts of the impedance curves,
divided by 2.

RESULTS AND DISCUSSION

X-Ray Diffraction (XRD) Analysis of Layered
Perovskite Oxide Systems
X-ray diffraction (XRD) results of SmBa1-xCaxCo2O5+d (hereafter
SBCCO, x � 0.01, 0.03, 0.1 and 0.2) substituted with Barium (Ba)
and Calcium (Ca) in the A/-site of the layered perovskite
SmBaCo2O5+d (SBCO) are shown Figure 1A.

As can be seen in Figure 1A, SmBa0.97Ca0.03Co2O5+d

(SBCCO-0.97) and SmBa0.99Ca0.01Co2O5+d (SBCCO-0.99) can
be identified as single because typical peaks were found at
about 23.4°, 33.0°, 40.4°, 46.4°, 59.1°, 69.2° and 78.0°, which can
be considered typical of layered perovskite.

The XRD patterns are the same as those of SmBaCo2O5+d

(SBCO), reported by our group as a single phase. Therefore, it can
be determined that SBCCO-0.97 and SBCCO-0.99 were
synthesized as single phase (Kim et al., 2009b).

On the other hand, additional peaks caused by CaCoSmO4

(PDF no. 00-060-0776) were measured in the vicinity of 34.0° and
60.3° in the XRD results for SmBa0.8Ca0.2Co2O5+d (SBCCO-0.8)
and SmBa0.9Ca0.1Co2O5+d (SBCCO-0.9).

That is, it can be confirmed that the single phase of the layered
perovskite and CaCoSmO4 coexist in SBCCO-0.8 and
SBCCO-0.9.

CaCoSmO4 has been reported in the literature to improve the
electrical conductivity (Taguchi et al., 2007); the relationship
between the appearance of CaCoSmO4 and the electrical
conductivity will be further explained in the section on
Electrical Conductivity Analysis of Layered Perovskite.

In addition, the relative intensity of CaCoSmO4 increased as
the amount of Ca substitution increased, which means that the
concentration of CaCoSmO4 increased in SBCCO-0.8 compared
to SBCCO-0.9.

Through these results, it is possible to find the composition
conditions for synthesis of a single phase depending on the
amount of Ca substitution in the composition of SmBa1-
xCaxCo2O5+d (x � 0.01, 0.03, 0.1 and 0.2). The compositions
of x � 0.01 and 0.03 in the SmBa1-xCaxCo2O5+d oxide system
appropriate conditions. In other words, single phase SmBa1-
xCaxCo2O5+d oxide systems can be synthesized when elemental
Ca which can be substituted at the A/-site, exists only in a limited
range (x � 0.01 and 0.03).

This can be explained by the difference in the ionic radii of
Ba and Ca. When Ca, having a relatively small ionic radius
compared to that of Ba, is replaced with SmBa1-xCaxCo2O5+d

oxide systems, a much larger distortion is observed due to the
difference of the ionic radii, leading to distortion of the
structure of the sublattice. These distortions are not found in
SBCO, SBCCO-0.99 or SBCCO-0.97, but can be observed in
SBCCO-0.9 and SBCCO-0.8 (Olsson et al., 2017; Wu et al.,
2020).

In addition, the peaks measured at 23°, 47° and 59° (2θ) split
from the other compositions of SmBa1-xCaxCo2O5+d (SBCCO,
x � 0.01, 0.03, 0.1 and 0.2), as can be seen in Figure 1A. This
shows the same behavior as the splitting peaks at 23°, 47° and 59°

of SmBa0.5Sr0.5Co2O5+d (SBSCO), SBCO and GdBaCo2O5+d

(GBCO), previously reported as orthorhombic crystal
structures. As a result, the SmBa1-xCaxCo2O5+d (x � 0.01, 0.03,
0.1, and 0.2) oxide systems were determined to have an
orthorhombic crystalline structure with different lattice
parameters. (Kim et al., 2009b; Aksenova et al., 2010;
Marrero-Jerez et al., 2014).

The calculated lattice parameters and unit cell volumes of the
SmBa1-xCaxCo2O5+d (x � 0.01, 0.03, 0.1 and 0.2) oxide systems
obtained using the program JADE six are summarized in

FIGURE 1 | (A) X-ray diffraction (XRD) results of SmBaCo2O5+d (SBCO)
and SmBa1-xCaxCo2O5+d (SBCCO, x � 0.01, 0.03, 0.1, and 0.2) oxide
systems calcined at 1100°C for 8 h under air condition and (B) calculated
lattice parameters of SBCO and SBCCO oxide systems.
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Figure 1B, which shows the specific crystallographic
characteristics.

For SBCCO-0.97, SBCCO-0.99 and SBCO, considered to be
single phase, it was confirmed that the unit cell volumes and
lattice parameters decreased as the substitution amount of Ba
decreased. This behavior can be explained as stemming from the
difference in ionic radii of Ba and Ca substituted into the A/-site
in the chemical composition of AA/B2O5+d (A: Lanthanide, A’: Ba
and Ca): the ionic radius of Ba (1.35 Å) is considerably larger than
that of Ca (0.99 Å).

When considering a crystal in which Ba and Ca are substituted
into the layered structure, layered perovskite has a structure in
which [Ln-O] and [A/-O] layers appear along the c-axis. As a
result Ca can replace Ba at the A/-site when the substitution
amount of Ba decreases. As the substitution amount of Ca
increases in the SmBa1-xCaxCo2O5+d (x � 0.01, 0.03, 0.1, and
0.2) oxide systems, the distance between the [Ln-O] layer and the
[A/-O] layer decreases; these relationships result in decreased
lattice parameters and, accordingly, the unit cell volume also
decreases (Ahrens, 1952; Pauling, 1931; Kim and Manthiram,
2015).

Electrical Conductivity Analysis of Layered
Perovskite
Electrical conductivity results of SmBa1-xCaxCo2O5+d (x � 0.01,
0.03, 0.1 and 0.2) oxide systems with respect to the composition
and temperature are summarized in Figure 2. From Figure 2A,
the maximum electrical conductivities in these materials can be
observed to be in the lower temperature ranges; the minimum
values are measured in the higher temperature ranges. The
maximum and minimum electrical conductivity values with
respect to the temperature are summarized in Table 2.

According to Figure 2A and Table 2, the maximum electrical
conductivity value (603 S/cm) of SBCCO-0.8 is the highest of all
compositions tested and the maximum electrical conductivity
value decreases when the substitution amount of Ca decreases in
SmBa1-xCaxCo2O5+d (x � 0.01, 0.03, 0.1 and 0.2) oxide systems. In
addition, SBCCO-0.8 shows its maximum electrical conductivity
value at 150°C, but other compositions show maximum
conductivity at 100°C.

The value of electrical conductivity in SmBa0.5Sr0.5Co2O5+d

(SBSCO), at about 1280 S/cm at 50°C, is better than the values of
SmBaCo2O5+d (SBCO, 500 S/cm) and SBCCO-0.8 (466 S/cm).
However, the value of electrical conductivity in SBCCO-0.8 was
330 S/cm at 700°C, which was lower than that of SBSCO (430 S/
cm) but higher than that of SBCO (270 S/cm) (Kim et al., 2010;
Kim, 2014).

The overall electrical conductivity behaviors can be identified
in Figure 2B, which shows the conductivity results at logarithmic
scale; the SmBa1-xCaxCo2O5+d oxide systems show typical
metallic behavior, in which the electrical conductivity
decreases with increasing temperature, except for the
SmBa0.8Ca0.2Co2O5+d (SBCCO-0.8) composition (Kim et al.,
2010).

All of the compositions used in this conductivity measurement
showed relatively higher electrical conductivity values from

FIGURE 2 | Electrical conductivities of SmBa1-xCaxCo2O5+d

(SBCCO, x � 0.01, 0.03, 0.1, and 0.2) Layered perovskite oxide systems
with respect to the temperature: (A) electrical conductivity vs. T (oC), (B)
logarithm of electrical conductivity vs. 1000/T (K−1), and (C)
electrical conductivity results with respect to various amounts of Ba
(Barium) and Ca (Calcium).
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relatively lower temperature ranges (50–300°C) and a rapid
decrease from 300 to 900°C, which implies that
metal–insulator transition (MIT) behavior is observed in
SmBa1-xCaxCo2O5+d (x � 0.01, 0.03, 0.1, and 0.2) oxide
systems (Kim, 2014).

SBCCO-0.8 showed the same MIT behavior; however, the
temperature at which the maximum conductivity value is
measured is relatively lower compared to the other
compositions; the electrical conductivity increased in the
50–150°C range and decreased at temperatures above 200°C in
SBCCO-0.8.

The electrical conductivity is relatively high in the low
temperature range in the composition of SmBa1-xCaxCo2O5+d

(SBCCO, x � 0.01, 0.03, 0.1 and 0.2), as shown in Figure 2B.
This is the concentration of Co4+ that causes small polaron
hopping, which is relatively higher than the case for Co3+, in the
state where Co3+ and Co4+ coexist (Kim et al., 2010). The effect
of these Co4+ concentrations on the electrical conductivity in
the low temperature range was reported in our group (Kim
et al., 2010).

On the other hand, the decreased electrical conductivity values
in the range of 300–900°C are caused by the decreased
concentration of Co4+. Further, the concentration of oxygen
vacancies increases as a function of temperature in these oxide
systems. This can also result in decreases in electrical
conductivity. For example, the movement of charge carriers
can be limited due to oxygen vacancies, which increase rapidly
in the range of 300–350°C; at the same time, the electrical
conductivity decreases rapidly (Kim, 2014). It can be seen in
the literature results of Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC) of SmBa0.5Sr0.5Co2O5+d

(SBSCO) that weight decreases rapidly from 300 to 350°C; the
same tendency was found for the electrical conductivity in this
study (Kim, 2014).

The results of the electrical conductivity according to the
composition of SmBa1-xCaxCo2O5+d (SBCCO, x � 0.01, 0.03,
0.1 and 0.2) oxide systems from 500 to 700°C are presented in
Figure 2C. The electrical conductivity of SBCCO-0.8 was the
highest at the measured temperature and composition. The value
of electrical conductivity in SBCCO-0.8 is highest, at about 460 S/
cm, from 500°C, better than the values of SmBa0.9Ca0.1Co2O5+d

(SBCCO-0.9, 352 S/cm), SmBa0.97Ca0.03Co2O5+d (SBCCO-0.97,
272 S/cm) and SmBa0.99Ca0.01Co2O5+d (SBCCO-0.99, 333 S/cm).
In other words, the compositions in which the single phase and
CaCoSmO4 (PDF no. 00-060-0776) coexist generally have higher
electrical conductivity than the compositions of single phase.
Therefore, it can be considered that this result was affected by the
increase in concentration of CaCoSmO4.

According to the literature, CaCoSmO4 improves the electrical
conductivity as the temperature increases. This effect can also be
confirmed for SBCCO-0.8, which contains the most CaCoSmO4,
and has the highest electrical conductivity (Taguchi et al., 2007).

In addition, it can be seen that the electrical conductivity of
SBCCO-0.97, which has the lowest value of electrical conductivity
among all compositions, is higher than 100 S/cm, which is the
minimum electrical conductivity required for IT-SOFC (Boehm
et al., 2003). Therefore, all compositions of SmBa1-xCaxCo2O5+d

(SBCCO, x � 0.01, 0.03, 0.1 and 0.2) are applicable as cathode
material of IT-SOFC.

Electrochemical Characterization
To investigate the area specific resistances (ASRs) of SmBa1-
xCaxCo2O5+d (SBCCO, x � 0.01, 0.03, 0.1 and 0.2), impedance
spectroscopy was carried out using symmetrical half cells in a
temperature range of 650–850°C; the results are shown in
Figure 3A.

ASR was compared by considering the surface area of the
cathode after sintering at high temperature. Since all half cells are
screen printed with the same size mesh, there is little difference in
surface area.

The results of ASR have the ohmic resistance removed to allow
comparison with the ASR of SBCCO. The ASR values of SBCCO-
0.97 and SBCCO-0.99 were 0.11 Ωcm2 and 0.72 Ωcm2 at 700°C.
The ASRs of SBCCO-0.8 and SBCCO-0.9 were 0.26 Ωcm2 and
0.07 Ωcm2 at 700°C. The SBCCO-0.9 cathode material showed
the lowest ASR value at 700°C. In addition, the ASR of SBCCO-
0.9 was found to be 0.12 Ωcm2 at 650°C; this is the lowest ASR
value among the oxide systems used in this experiment.

When comparing the ASR value (0.12 Ωcm2) of SBCCO-0.9
with the 0.244Ωcm2 value of SmBa0.5Sr0.5Co2O5+d (SBSCO), 0.13
Ωcm2 value of SmBaCo2O5+d (SBCO) and 0.558 Ωcm2 value of
GdBa0.5Sr0.5Co2O5+d (GBSCO) at 650°C, SBSCO-0.9 showed the
lowest ASR value, which indicates that the oxygen reduction
processes in Ca-substituted SBSCO-0.9 occurs faster than in Sr-
substituted layered perovskites (Kim et al., 2009a; Kim et al.,
2009b; Song et al., 2018).

The activation energies of SmBa1-xCaxCo2O5+d (SBCCO, x �
0.01, 0.03, 0.1 and 0.2) oxide systems were calculated from
Arrhenius plots of the fitted line and their values are also
summarized in Figure 3A. SBSCO-0.9 showed the lowest
activation energy (0.77 eV) and SBSCO-0.97 showed a
relatively low activation energy of 0.93 eV.

However, the activation energies of SBCCO-0.99 and SBCCO-
0.8 are 1.06 and 1.29 eV; these values are higher than those of
SBSCO-0.9 and SBSCO-0.97. It can be seen that SBCCO-0.9
exhibits lower activation energy even when compared with the

TABLE 2 | Maximum and minimum conductivities and temperatures of SmBa1-xCaxCo2O5+d (SBCCO, x � 0.01, 0.03, 0.1, and 0.2).

Chemical compositions Maximum conductivity (S/cm) Temperature(°C) Minimum conductivity (S/cm) Temperature(°C)

SBCCO-0.8 603 150 236 900
SBCCO-0.9 586 100 156 900
SBCCO-0.97 469 100 115 900
SBCCO-0.99 549 100 135 900
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activation energy of the Sr-substituted layered perovskites
because SBSCO, SBCO and GBSCO have activation energies
of 1.23, 1.11 and 1.22 eV. This means that the energy to
activate the reactions for SBCCO-0.9 is smaller than those for
SBSCO, SBCO and GBSCO (Kim et al., 2009a; Kim et al., 2009b;
Song et al., 2018)

The activation energies of Sr-substituted perovskite
La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) and Ba0.5Sr0.5Co0.2Fe0.8O3 (BSCF)
are 0.44 and 0.38 eV, lower than that of SBCCO-0.9 (Shen and Lu,
2018). However, SBCCO-0.9 has the advantage of compatibility
with lower case Yttria-stabilized zirconia (YSZ) electrolyte
without interlayer. The cathode substituted Sr uses an
interlayer between the cathode and YSZ electrolyte to prevent
segregation (Cai et al., 2012; Wang et al., 2016). SBCCO
substitutes Ca instead of Sr, so it will be compatible with YSZ
electrolyte without interlayer.

Figure 3B shows ASR results of SBCCO-0.9. The composition
of SBCCO-0.9 has ASR values of 0.13, 0.07, 0.04 and 0.03Ωcm2 at
650, 700, 750 and 800°C. These values are all lower than 0.15
Ωcm2, which is the ASR required of cathodes of IT-SOFC at
650°C (Steele, 1996).

Figure 3C shows the correlation between the lattice
parameters and the ASRs. The SBCCO-0.9 composition
showed the lowest ASR, with the lowest lattice parameter on
the c-axis. Therefore, the decrease in ASR was affected by the
decrease in c-axis lattice parameter due to the increase in amount
of Ca. The SBCCO-0.9 composition comprised of multi phases
shows the lowest ASR property among all SmBa1-xCaxCo2O5+d

(SBCCO, x � 0.01, 0.03, 0.1, and 0.2) layered perovskites and is
directly related with the crystallographic properties caused by the
decrease of the c-axis lattice parameters.

CONCLUSION

In this research, we have investigated the phase synthesis and
electrochemical properties of SmBa1-xCaxCo2O5+d (SBCCO, x �
0.01, 0.03, 0.1 and 0.2) layered perovskites by substituting Ca for
Ba as possible cathode material for IT-SOFC.

The XRD results of the SmBa1-xCaxCo2O5+d oxide system
reveal that single phases were found in the compositions of
SBCCO-0.97 (x � 0.03) and SBCCO-0.99 (x � 0.01). However,
compositions such as SBCCO-0.8 and SBCCO-0.9 included
secondary phases of CaCoSmO4. The electrical conductivities
of SBCCO-0.8 and SBCCO-0.9 were about 460 S/m and 352 S/cm
at 500°C; these values are superior to those of the single-phase
cathode. In addition, SBCCO-0.9 has excellent ASR values of 0.13
and 0.07 Ωcm2 at 650 and 700°C.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

FIGURE 3 | (A) Area specific resistances (ASRs) of SmBa1-xCaxCo2O5+d

(SBCCO, x � 0.01, 0.03, 0.1, and 0.2) oxide systems measured from 650 to
800°C in air condition, (B) Impedance plots of SBCCO-0.9 oxide system
measured at 650, 700, 750, and 800°C in air on dense CGO91
electrolyte and (C) Relationships between ASRs measured at 700°C and
calculated c-axis lattice parameters of SBCCO oxide systems.

Frontiers in Chemistry | www.frontiersin.org January 2021 | Volume 8 | Article 6288136

Song et al. SmBa1-xCaxCo2O5+d Layered Perovskite Cathodes

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


AUTHOR CONTRIBUTIONS

KS and JK contributed ideas, designed the work and wrote the
manuscript. SW and KS performed experiments and data analysis.
SB, HK, WC, and JP contributed to discussing this project, providing
laboratory platform, editing the manuscript and financial support.

FUNDING

This work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korean government (MSIT)
(No. 2019R1A2C1087534) and the research fund of Hanbat
National University in 2019.

REFERENCES

Ahrens, L. H. (1952). The use of ionization potentials Part 1. Ionic radii of the
elements. Geochem. Cosmochim. Acta 2, 155–169. doi:10.1016/0016-7037(52)
90004-5

Aksenova, T. V., Gavrilova, L. Y., Yaremchenko, A. A., Cherepanov, V. A., and
Kharton, V. V. (2010). Oxygen nonstoichiometry, thermal expansion and high-
temperature electrical properties of layered NdBaCo2O5+d and SmBaCo2O5+d.
Mater. Res. Bull. 45 (9), 1288–1292. doi:10.1016/j.materresbull.2010.05.004

Andersson, M., Yuan, J., and Sunden, B. (2013). SOFC modeling considering
hydrogen and carbon monoxide as electrochemical reactants. J. Power Sources
232, 42–54. doi:10.1016/j.jpowsour.2012.12.122

Boehm, E., Bassat, J. M., Dordor, P., Mauvy, F., and Grenier, J. C. (2003). Oxygen
transport properties of La2Ni1−xCuxO4+δ mixed conducting oxides. Solid State
Sci. 5 (7), 973–981. doi:10.1016/S1293-2558(03)00091-8

Cai, Z., Kubicek, M., Fleig, J., and Yildiz, B. (2012). Chemical heterogeneities on
La0.6Sr0.4CoO3−δ thin films-correlations to cathode surface activity and stability.
Chem. Mater. 24, 1116–1127. doi:10.1021/cm203501u

Chen, W., Wen, T., Nie, H., and Zheng, R. (2003). Study of Ln0.6Sr0.4Co0.8Mn0.2O3

(Ln � La, Gd, Sm, or Nd) as the cathode materials for intermediate temperature
SOFC.Mater. Res. Bull. 38 (8), 1319–1328. doi:10.1016/S0025-5408(03)00143-0

Frontera, C., Garcia-Munoz, J. L., Llobet, A., Manosa, L., and Aranda, M. A. G.
(2003). Selective spin-state and metal-insulator transitions in GdBaCo2O5.5.
J. Solid State Chem. 171 (1-2), 349–352. doi:10.1016/S0022-4596(02)00232-3

Hashimoto, S., Kammer, K., Larsen, P. H., Poulsen, F. W., and Mogensen, M.
(2005). A study of Pr0.7Sr0.3Fe1-xNixO3-δ as a cathode material for SOFCs with
intermediate operating temperature. Solid State Ionics 176 (11-12), 1013–1020.
doi:10.1016/j.ssi.2004.09.010

Jin, S. B., Kim, K. S., Baek, S. W., Kim, H. S., Kang, H. I., Choi, W. S., et al. (2017).
Characterization of layered perovskite nanofibers using electrospinning for
cathode materials of low temperature-operating solid oxide fuel cell. New.
Renew. Energy 13 (2), 50–58. doi:10.7849/ksnre.2017.6.13.2.050

Kim, J. H., Cassidy, M., Irvine, J. T. S., and Bae, J. M. (2009a). Advanced
electrochemical properties of LnBa0.5Sr0.5Co2O5+d (Ln � Pr, Sm, and Gd) as
cathode materials for IT-SOFC. J. Electrochem. Soc. 156 (6), B682–B689. doi:10.
1149/1.3110989

Kim, J. H., Kim, Y. M., Connor, P. A., Irvine, J. T. S., Bae, J. M., and Zhou, W.
(2009b). Structural, thermal and electrochemical properties of layered
perovskite SmBaCo2O5+d, a potential cathode material for intermediate-
temperature solid oxide fuel cells. J. Power Sources 194 (2), 704–711. doi:10.
1016/j.jpowsour.2009.06.024

Kim, J. H., Cassidy, M., Irvine, J. T. S., and Bea, J. M. (2010). Electrochemical
investigation of composite cathodes with SmBa0.5Sr0.5Co2O5+d cathodes for
intermediate temperature operating solid oxide fuel cell. Chem. Mater. 22 (3),
883–892. doi:10.1021/cm901720w

Kim, J. H. (2014). Comparison of electrical conductivities in complex perovskites
and layered perovskite for cathode materials of intermediate temperature-
operating solid oxide fuel cell. J. Korean Ceram. Soc. 51 (4), 295–299. doi:10.
4191/kcers.2014.51.4.295

Kim, J. H., and Manthiram, A. (2015). Layered LnBaCo2O5+d perovskite cathodes
for solid oxide fuel cells: and overview and perspective. J. Mater. Chem. A. 3,
24195–24210. doi:10.1039/C5TA06212H

Koide, H., Someya, Y., Yoshida, T., andMaruyama, T. (2000). Properties of Ni/YSZ
cermet as anode for SOFC. Solid State Ionics 132 (3-4), 253–260. doi:10.1016/
S0167-2738(00)00652-4

Liu, Y., Chen, K., Zhao, L., Chi, B., Pu, Jian., Jiang, S. P., et al. (2014). Performance
stability and degradation mechanism of La0.6Sr0.4Co0.2Fe0.8O3−δ cathodes under

solid oxide fuel cells operation conditions. Int. J. Hydrogen Energy 39 (28),
15868–15876. doi:10.1016/j.ijhydene.2014.03.077

Marrero-Jerez, J., Peña-Martínez, J., and Núñez, P. (2014). Study of the oxygen
desorption from GdBa1−xSrxCo2O5+δ (x � 0, 0.25, 0.5 and 1): effect of the Sr-
content on the oxidation state of cobalt ions. J. Alloys Compd. 606 (5), 269–272.
doi:10.1016/j.jallcom.2014.04.021

Olsson, E., Aparicio-Angle, X., and Leeuw, N. H. (2017). A computational study of
the electronic properties, ionic conduction, and thermal expansion of Sm1-

xAxCoO3 and Sm1-xAxCoO3-x/2 (A � Ba2+, Ca2+, Sr2+, and x � 0.25, 0.5) as
intermediate temperature SOFC cathodes. Phys. Chem. Chem. Phys. 19,
13960–13969. doi:10.1039/C7CP01555K

Pauling, L. (1931). The nature of the chemical bond. J. Am. Chem. Soc. 53 (4),
1367–1400. doi:10.1021/ja01355a027

Shen, F., and Lu, K. (2018). Comparison of different perovskite cathodes in
solid oxide fuel cells. Fuel Cells 18 (4), 457–465. doi:10.1002/fuce.
201800044

Song, S. W., Choi, W. S., Kang, H., Baek, S. W., Azad, A. K., Park, J. Y., et al. (2018).
Synthesis and electrochemical properties of layered perovskite substituted with
heterogeneous lanthanides for intermediate temperature-operating solid oxide
fuel cell. Int. J. Hydrogen Energy 43 (24), 11378–11385. doi:10.1016/j.ijhydene.
2018.04.011

Steele, B. C. H. (1996). Survey of materials selection for ceramic fuel cells II.
Cathodes and anodes. Solid State Ionics 86-88 (2), 1223–1234. doi:10.1016/
0167-2738(96)00291-3

Taguchi, H., Nakade, K., and Hirota, K. (2007). Synthesis and characterization of
K2NiF4-type CaLnCoO4 (Ln � Sm and Gd). Mater. Res. Bull. 42, 649–656.
doi:10.1016/j.materresbull.2006.08.004

Tarancon, A., Skinner, S. J., Chater, R. J., Hernández-Ramírez, F., and Kilner, J. A.
(2007). Layered perovskites as promising cathodes for intermediate
temperature solid oxide fuel cells. J. Mater. Chem. 17, 3175–3181. doi:10.
1039/B704320A

Taskin, A. A., Lavrov, A. N., and Ando, Y. (2007). Fast oxygen diffusion in A-site
ordered perovskites. Prog. Solid State Chem. 35 (2-4), 481–490. doi:10.1016/j.
progsolidstchem.2007.01.014

Wang, H., Yakal-Kremski, K. J., Yeh, T., Rupp, G. M., Limbeck, A., Fleig, J., et al.
(2016). Mechanisms of performance degradation of (La,Sr)(Co,Fe)O3-d solid
oxide fuel cell cathodes. J. Electrochem. Soc. 163 (6), F581–F585. doi:10.1149/2.
0031607jes

Wu, X., Gu, C., Cao, J., Miao, L., Fu, C., and Liu, W. (2020). Investigations on
electrochemical performance of La2NiO4+δ cathode material doped at A site for
solid oxide fuel cells.Mater. Res. Express. 7 (6), 065507. doi:10.1088/2053-1591/
ab9c60

Zhao, L., Drennan, J., Kong, C., Amarasinghe, S., and Jiang, S. P. (2014). Insight
into surface segregation and chromium deposition on La0.6Sr0.4Co0.2Fe0.8O3−δ
cathodes of solid oxide fuel cells. J. Mater. Chem. A. 2, 11114–11123. doi:10.
1039/C4TA01426J

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Song, Woo, Baek, Kang, Choi, Park and Kim. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org January 2021 | Volume 8 | Article 6288137

Song et al. SmBa1-xCaxCo2O5+d Layered Perovskite Cathodes

https://doi.org/10.1016/0016-7037(52)90004-5
https://doi.org/10.1016/0016-7037(52)90004-5
https://doi.org/10.1016/j.materresbull.2010.05.004
https://doi.org/10.1016/j.jpowsour.2012.12.122
https://doi.org/10.1016/S1293-2558(03)00091-8
https://doi.org/10.1021/cm203501u
https://doi.org/10.1016/S0025-5408(03)00143-0
https://doi.org/10.1016/S0022-4596(02)00232-3
https://doi.org/10.1016/j.ssi.2004.09.010
https://doi.org/10.7849/ksnre.2017.6.13.2.050
https://doi.org/10.1149/1.3110989
https://doi.org/10.1149/1.3110989
https://doi.org/10.1016/j.jpowsour.2009.06.024
https://doi.org/10.1016/j.jpowsour.2009.06.024
https://doi.org/10.1021/cm901720w
https://doi.org/10.4191/kcers.2014.51.4.295
https://doi.org/10.4191/kcers.2014.51.4.295
https://doi.org/10.1039/C5TA06212H
https://doi.org/10.1016/S0167-2738(00)00652-4
https://doi.org/10.1016/S0167-2738(00)00652-4
https://doi.org/10.1016/j.ijhydene.2014.03.077
https://doi.org/10.1016/j.jallcom.2014.04.021
https://doi.org/10.1039/C7CP01555K
https://doi.org/10.1021/ja01355a027
https://doi.org/10.1002/fuce.201800044
https://doi.org/10.1002/fuce.201800044
https://doi.org/10.1016/j.ijhydene.2018.04.011
https://doi.org/10.1016/j.ijhydene.2018.04.011
https://doi.org/10.1016/0167-2738(96)00291-3
https://doi.org/10.1016/0167-2738(96)00291-3
https://doi.org/10.1016/j.materresbull.2006.08.004
https://doi.org/10.1039/B704320A
https://doi.org/10.1039/B704320A
https://doi.org/10.1016/j.progsolidstchem.2007.01.014
https://doi.org/10.1016/j.progsolidstchem.2007.01.014
https://doi.org/10.1149/2.0031607jes
https://doi.org/10.1149/2.0031607jes
https://doi.org/10.1088/2053-1591/ab9c60
https://doi.org/10.1088/2053-1591/ab9c60
https://doi.org/10.1039/C4TA01426J
https://doi.org/10.1039/C4TA01426J
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	SmBa1-xCaxCo2O5+d Layered Perovskite Cathodes for Intermediate Temperature-operating Solid Oxide Fuel Cells
	Research Highlights
	Introduction
	Experimental
	Sample Preparation and X-Ray Diffraction (XRD)
	Electrical Conductivity Analysis
	Electrochemical Characterization

	Results and Discussion
	X-Ray Diffraction (XRD) Analysis of Layered Perovskite Oxide Systems
	Electrical Conductivity Analysis of Layered Perovskite
	Electrochemical Characterization

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


