Electrical properties of non-stoichiometric SmBay 5Sr¢ 45(Coj.-
xFe€x)2.0505+4 (x= 0, 0.3, 0.5, 0.7) layered perovskite cathodes for

SOFC

Jeong Yun Park?, Yu Taek Hong?, Yu Ri Lim? Bohyun Ryu®, Harald Schlegl®

, Jung Hyun Kim?* *

a Department of Advanced Materials Science and Engineering, Hanbat National University,
125, Dongseo-Daero, Yuseong-Gu, Daejeon, 34158, Republic of Korea

® Fuel Cell Innovations (FCI) Co., Ltd. 41-7, Techno 11-ro, Yuseong-gu, Daejeon, Republic
of Korea

¢ Physics Department, Lancaster University, Bailrigg, Lancaster, LA1 4YB, United Kingdom

Corresponding author: *

Jung Hyun Kim: jhkim2011@hanbat.ac.kr, jhkim1870@gmail.com,
Tel: +82-42-821-1239, Fax: +82-42-821-1592,
Department of Advanced Materials Science and Engineering, Hanbat National University, 125,

Dongseo-Daero, Yuseong-Gu, Daejeon, 34158, Republic of Korea



Abstract

In this study, the electrical properties of SmBag 5Sro.48(Co1-xFex)2.0505+4 (x= 0, 0.3, 0.5, 0.7)
(SBSCF) were analyzed under different oxygen partial pressures to find suitable candidates for
cathodes for solid oxide fuel cells. Characteristic for these cathode materials are layered

perovskite structures with a B-site excess non-stoichiometric composition.

The XRD analysis confirmed that all investigated SBSCF compositions with Co substitution
exhibit a single-phase layered perovskite structure. Additionally, the XRD peaks exhibited

shifts, separation, and merging depending on the Fe substitution amount.

SBSCF showed a behavior of decreasing electrical conductivity with increasing Fe
substitution. The change in electrical conductivity was observed as the atmosphere was
repeatedly varied between air and nitrogen environments, leading to a variation between high
and low oxygen partial pressure. SBSCF exhibited higher electrical conductivity in an air
atmosphere compared to a nitrogen atmosphere. Moreover, as the Fe substitution amount
increased, the difference in electrical conductivity between the oxygen and nitrogen
atmospheres became more pronounced. By repeatedly alternating between oxygen and
nitrogen atmospheres and analyzing the electrical conductivity, it was confirmed that the
SBSCF cathodes in this experiment demonstrated that after a heating and cooling process in a
nitrogen atmosphere, the electrical conductivity recovers above 300 °C in air atmosphere,

regardless of the amount of Fe substitution.

These results indicate that the SBSCF cathode exhibits reversible electrical conductivity
behavior, meaning no or very little conductivity loss occurs under typical SOFC cathode
conditions, even after changes in oxygen pressure and temperature. Consequently, the SBSCF

oxide system demonstrates stable electrical conductivity properties.
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Highlight
e A layered perovskite with a non-stoichiometric composition, adjusted by varying the amount
of Fe substitution, was selected.
e As the amount of Fe substitution increased, the electrical conductivity decreased.
® SmBag 5Sr0.48(Co0.3Fe€0.7)2.0505+4, which has the highest amount of Fe substitution, exhibited
the smallest difference in electrical conductivity under various applied current.
e The SBSCF oxide system with a B-site excess composition of 2.05 exhibited stable
“Reversible electrical conductivity” characteristics under varying oxygen partial pressure and

thermal cycle conditions.



1. Introduction

In Solid Oxide Fuel Cells (SOFC), the oxygen reduction reaction (ORR) at the cathode is
known to be slower compared to the oxidation reaction at the anode during electrochemical
processes within the single cell [1]. Therefore, the development of cathodes with faster ORR
kinetics is crucial for the enhancement of the SOFC performance. Additionally, SOFCs operate
under varying oxygen partial pressures depending on temperature changes. Since oxygen
partial pressure is closely related to the ORR at the cathode, understanding the electrical

properties of the cathode under different oxygen partial pressure conditions is essential.

Layered perovskite oxides with mixed ionic and electronic conductivity (MIECs) have
attracted significant attention as cathodes for solid oxide fuel cells [1-3]. Layered perovskites
have the chemical formula AA’B>Os+5, where rare earth elements occupy the A-site, alkaline
earth elements occupy the A’-site, and transition metals are located at the B-site. Additionally,
the layered perovskite structure consists of alternating [BO2]-[AO]-[BO:]-[A’O] layers along
the c-axis. This arrangement reduces the oxygen bonding strength in the [AO] layer, providing
a well-ordered ionic transport pathway that facilitates the diffusion of reactive oxygen ions.
Among the layered perovskites, LnBaCo20s+s (Ln=rare earth metal) offers advantages such as
high oxygen diffusion and surface exchange rates, flexible control of oxygen content and
excellent ionic and electronic conductivity. Therefore, it is being investigated as a cathode
material for solid oxide fuel cells [2, 4-7]. Layered perovskite structures based on Co oxides
exhibit various oxidation states, including Co?*, Co**, and Co**. In particular, the Co*" oxidation
state can maintain a large number of oxygen ion vacancies, which contributes to enhanced
electrochemical performance. However, Co-based oxides exhibit a high coefficient of thermal

expansion due to the transition of Co*" ions from low-spin to high-spin states, as well as



chemical reactions with electrolyte materials. This leads to poor long-term operational stability

and reduced cathode performance [8-10].

According to previous research conducted by our research group, the non-stoichiometric
SmBag 5xS10.5.yC0,05+4 (X, y= 0.01 ~ 0.05, z= 1.9 ~ 2.1, hereafter referred to as SBSCO)

cathode exhibited the following electrical conductivity properties [11,12].

(1) It exhibited metallic behavior, with electrical conductivity decreasing as temperature
increased under oxygen atmosphere generally and under nitrogen atmosphere during the heat
up steps of a thermal cycling process. This behavior changed to semiconductor behavior during

cooling under a nitrogen atmosphere.

(2) Electrical conductivity was measured at applied current levels of 0.1 A, 0.5 A, and 1.0 A.

The highest electrical conductivity was observed at the lowest applied current of 0.1 A.

(3) SmBay 5Sr0.48C02.0505+4 (SBSCO-0.5/0.48/2.05), an SBSCO composite with reduced Sr
substitution at the perovskite A-site and excess Co substitution at the perovskite B-site,
exhibited the highest electrical conductivity among all non-stoichiometric SBSCO
compositions. TGA and XPS analyses revealed that upon heating of the composites above
300 °C, SBSCO-0.5/0.48/2.05 experienced the least reduction in oxygen content, leading to
the formation of a large amount of oxygen vacancies. The analyses also indicated the highest
level of Co*" and Co** coexistence amongst all studied SBSCO compositions. Excessive Co
substitution increases the concentration of oxygen vacancies, which can disrupt Co-O-Co
bonds and limit charge carrier mobility. However, in the case of SBSCO0-0.5/0.48/2.05,
properly formed oxygen vacancies preserve the Co-O-Co bonds, enhancing charge carrier
mobility and providing excellent electrical properties. Therefore, SBSCO-0.5/0.48/2.05 is

considered the most suitable composition for achieving high electrical conductivity [11,12].



To maintain the excellent electrochemical performance of Co while minimizing associated
issues, many researchers have investigated cathodes with Fe substitution. Fe substitution in Co-
based cathodes has been reported to decrease the coefficient of thermal expansion, while also
increasing catalytic activity and thermal stability [13]. According to Lim, C., et al., Fe
substitution in the PrBag sCao.2C020s+5 cathode results in high cell performance of 1.89 W/cm?
at 600 °C, along with low thermal expansion coefficient and stable long-term performance [14].
Joo, S., et al. reported that Fe-substituted YBao5Sr0.5Co1.75Fe0.250s5+5 cathode exhibited stable

structural properties and reduced thermal expansion coefficient at operating temperature [15].

Therefore, research on improving the performance of Co-based cathodes through Fe
substitution has primarily focused on stoichiometric compositions. Stability of cathode
performance in atmospheres of varying degrees of oxygen partial pressure is important. The
key factor determining cathode performance is the ORR reaction activity, which is influenced
by a number of factors like catalytic activity, microstructure and very importantly electrical
conductivity of the cathode material. For this reason, studies have analyzed the effect of thermal
and oxygen partial pressure cycling on electrical conductivity by measuring the conductivity

of cathode materials under specific oxygen partial pressures.

In this study, the focus was on investigating the effect of varying Fe B-site substitution on
the electrical conductivity of SmBao.5Sr0.48(Co1-xFex)2.0505+4 (x= 0, 0.3, 0.5, 0.7) cathodes, a
general composition which exhibits the highest electrical conductivity among the B-site excess

non-stoichiometric layered perovskites.

In summary, the electrical conductivity was measured as a function of the Co/Fe ratio by
varying the amount of Fe substitution. The conditions for the electrical conductivity

measurements were as follows: heating and cooling process within the temperature range of



50 °C to 900 °C, with applied current of 0.1 A, 0.5 A and 1.0 A. Additionally, electrical
conductivity and thermal cycle stability under continuous fluctuations in oxygen partial

pressure were investigated by alternating between oxygen and nitrogen atmospheres.

2. Experimental

2.1 Phase synthesis

The layered perovskite structure SmBao 5Sr0.43(Co1-xFex)2.0505+4 (x= 0, 0.3, 0.5, 0.7, 1.0)
cathodes were synthesized using a solid-state reaction method. The starting materials used were
Sm0s (Alfa Aesar, 99.9%), BaCO; (Samchun, 99.0%), SrCOs (Aldrich, 99.9%), Co304 (Alfa
Aesar, 99.7%) and Fe3;Os4 (Kojundo, 99.0%) powders, which were accurately weighed
according to the target composition. The weighed powder was uniformly mixed in an agate
mortar, and a small amount of ethanol was added to prevent powder loss. The mixed powder
was dried in an oven at 78 °C for 24 hours and primary calcined at 1000 °C for 6 hours. After
the primary calcination, the powders were ball-milled for 24 hours at 120 rpm using acetone
as a solvent to ensure uniform grinding. The acetone was evaporated by drying the mixture in
an oven at 78 °C. The dried, primary calcined powder was subject to a second grinding step,
again using an agate mortar followed by a secondary calcination at 1100 °C for § hours to form
a single phase. Finally, the powders were ground for a third time to finally obtain five SBSCF
cathode powders with different Co to Fe ratios. The abbreviations used for these different

cathode compositions based on the amount of their Fe substitution are summarized in Table 1.

2.2 Phase analysis



The phase formation and properties of the crystal structure of the different cathode powders
synthesized by the solid state reaction were analyzed using X-ray diffraction (Rigaku, Japan,
SmartLab). The analysis used Cu K, radiation, set at 45 kV and 200 mA, with a 20 range from

0° to 90°. The XRD results were analyzed using the MDI JADE 6 software.

2.3 Electrical conductivity analysis

To measure the electrical conductivity using the 4-probe method, powders of each
composition were compacted at a pressure of 1.8 x 10° kg/m?. The compacted powders were

then sintered in an air atmosphere at 1100 °C for 3 hours to produce dense bar-type samples.

The electrical conductivity of the prepared bar-type samples was measured using the DC 4-
probe method. The samples were connected to a Keithley 2400 source meter using Pt wires for
the measurements. Detailed information about the measurement equipment can be found in

papers previously published by our research group [12, 16].

In contrast to previously reported studies parameters like the partial pressure of oxygen,
measurement temperature and applied current were simultaneously varied during the
measurement of the electrical conductivity. The detailed measurement conditions are

summarized in Table 2.

As shown in Table 2, the heating process (increasing the temperature from 50 °C to 900 °C)
and the cooling process (decreasing the temperature from 900 °C to 50 °C) were carried out in
50°C intervals. To analyze the variation in electrical conductivity with repeated changes in
oxygen partial pressure, a series of 6 cycles was conducted to measure the electrical
conductivity. Cycles 1, 3, and 5 were conducted in an air atmosphere with applied currents of

0.1 A, 0.5A, and 1.0 A for each temperature during both the heating and cooling processes.



Cycles 2, 4, and 6 were carried out in a nitrogen atmosphere, with the same heating and cooling
temperature and applied current conditions as in the air atmosphere. The nitrogen atmosphere
was established using 99.95% pure nitrogen gas at a flow rate of 1 cc/min. Before the
measurements, the gas was introduced and maintained for 30 minutes to purge gases formerly
present and to ensure the formation of a sufficiently stable nitrogen atmosphere. In other words,
the electrical conductivity was measured in alternating air and nitrogen atmospheres to confirm
the stability of the cathode’s electrical properties under changing partial pressure of oxygen

conditions.

3. Result and discussion

3.1 XRD analysis

The results of the XRD analysis, used to determine the phase formation of the
SmBayg 5Sr0.48(Co1xFex)2.0505+4 (x=0, 0.3, 0.5, 0.7, 1.0) oxide system, are summarized in Figure

1.

The XRD patterns with distinctive peaks observed at 32.9°, 40.5°, 46.8°, and 58.5° indicate
that the SBSCF 2.05-0, 0.3, 0.5, and 0.7 cathodes synthesized via solid-state reaction exhibit a
layered perovskite structure. In contrast, SBSCF 2.05-1.0 was found to be non-single phase
due to the formation of secondary phases, such as Sm:0s; and SrFe:.Os. The cathode
composition SBSCF 2.05-1.0 was therefore excluded from the electrical conductivity analysis.
Thus, in this oxide system, the Co to Fe ratio (1-x/x) must be at least 0.429 to obtain a single-

phase structure.

XRD analysis indicated that the main peak shifted to the left as the amount of Fe substitution

increased, emerging at a 20 value of more than 33° for SBSCF 2.05-0 gradually decreasing to



a 20 value of less than 32.5° for SBSCF 2.05-0.7. This peak shift is attributed to the difference
in ionic radii between Fe*" (= 0.645A) and Co®" (1= 0.61A). As the amount of Fe substitution
increases, the lattice parameter and unit cell volume expand due to the larger ionic radius of
Fe** compared to Co** [17]. The formation of secondary phases in SBSCF 2.05-1.0 is likely
due to the instability of the perovskite lattice, which is too small to accommodate the large Fe**

ions, ultimately leading to the formation of these secondary phases.

SBSCF 2.05-0.3 exhibits XRD patterns with two peaks corresponding to (110) and (102)
around 33°, while SBSCF 2.05-0.5 and SBSCF 2.05-0.7 show only a single (110) peak. This is
consistent with findings in previous literature and indicates that the crystal structure of SBSCF
cathodes transitions from a tetragonal symmetry to a cubic symmetry as the amount of Fe

substitution increases [18].

Thus, in the SBSCF oxide system, single-phase structures can be achieved even in excess
non-stoichiometric compositions where the sum of Co and Fe at the B-site of the perovskite is

0.05 greater than the typical stoichiometric value, as long as the x value is 0.7 or less.

3.2 Electrical conductivity as a function of Fe substitution

Figure 2 summarizes the results of electrical conductivity as a function of Fe substitution

amount, with a current of 0.1 A applied.

Fe-substituted SBSCF 2.05-0.3, 0.5, and 0.7 exhibited an increase in electrical conductivity
from room temperature, reaching a maximum around 300 °C. Above this temperature the

electrical conductivity decreases, indicating a metal-insulator transition (MIT) behavior.



In addition, SBSCF 2.05-0.3, 0.5, and 0.7 showed higher electrical conductivity values
measured in an air atmosphere (triangle symbols) compared to those in a nitrogen atmosphere
(circle symbols), indicating the presence of p-type conductors, where electron holes serve as
charge carriers. This electrical conductivity behavior can be explained by the p-type small
polaron hopping mechanism. In the low temperature region below 300 °C, where the highest
electrical conductivity values are observed, the increase in conductivity is attributed to the
hopping of charge carriers through the (Co, Fe)**-O*-(Co, Fe)*" sites. However, in the high-
temperature region above 300 °C, thermal reduction of (Co, Fe)*" occurs with increasing
temperature, leading to the formation of a large number of oxygen vacancies. This interferes
with the mobility of electron holes, reducing electrical conductivity at high temperatures [19-
21]. Therefore, it can be concluded that the electrical conductivity properties of the SBSCF
2.05 oxide system are attributed to electron hole hopping in the low temperature region and the
limitation of charge carrier mobility due to oxygen vacancy formation in the high temperature

region.

It is interesting to observe that this behavior with a maximum conductivity at around 300 °C
is clearly a function of the amount of Fe substitution x. In the composition SBSCF 2.05-0, a
composition without Fe substitution, there is no conductivity local maximum at all, the
conductivity is very high at low temperatures and keeps decreasing with increasing temperature
in a way resembling the conductivity behavior of metals. The conductivity maximum is barely
visible for the composition SBSCF 2.05-0.3, while in the composition with the highest amount
of Fe substitution, SBSCF 2.05-0.7, the conductivity maximum at around 300 °C is very
pronounced and clearly visible. One possible explanation could be that the polaron hopping
mechanism described above is characteristic for the presence of plenty of Fe at the B-site of

SBSCF.



Comparing the electrical conductivity at 700 °C in air atmosphere, realistic working
conditions for an IT-SOFC cathode, SBSCF 2.05-0 exhibits the highest electrical conductivity
at 256.3 S/cm. SBSCF 2.05-0.3 shows a conductivity of 188.2 S/cm at the same temperature
during heating process, while SBSCF 2.05-0.5 exhibits 58.9 S/cm, and SBSCF 2.05-0.7 shows
23.6 S/cm. This indicates a trend where electrical conductivity decreases as the amount of
substituted Fe increases. These electrical conductivity values exhibited a behavior similar to
that of LSCF, a widely studied SOFC cathode material. Lee et al. reported that in LaSrsFes.
yCoyO10-5 (0<y<1.5), electrical conductivity increases as the Co substitution amount increases,
achieving around 200 S/cm at 700 °C for LaSr3Fe1.5Co1.5010-5 and around 160 S/cm at 700 °C
for LaSr3Fe>CoO10.5, quite similar conductivity values to SBSCF. Notably, comparing the most
Co-rich examples of LSCF and SBSCF, SBSCF 2.05-0 and SBSCF 2.05-0.3 exhibited slightly
higher electrical conductivity values (256.3 S/cm and 188.2 S/cm) than LaSr3Fe;5Co15010-5
and LaSr3Fe2CoOi0-5 (~200 S/cm and ~160 S/cm), respectively [22]. This behavior of the
SBSCF 2.05 oxide system is consistent with the tendency observed in stoichiometric
compositions, where electrical conductivity decreases with increasing Fe substitution. To
explain this tendency, it is worth mentioning that Fe*" has a larger ionic radius compared to
Co*", so when Fe*" is substituted for Co®" at the B-site, the amount of overlap between the
(Co/Fe)*"**: 3d orbital and the O>:2p orbital decreases, leading to an increase in the charge
transfer gap. Additionally, the covalency of the bonds between (Co, Fe) and oxygen decreases,
reducing the mobility of charge carriers and, consequently, electrical conductivity [10, 18, 22].
This mechanism apparently also applies to non-stoichiometric compositions with B-site excess,

like the SBSCF 2.05 compositions studied in this paper.

3.3 Electrical conductivity differences with applied current



Figure 3 compares the difference in electrical conductivity at 600 °C under applied currents
of 0.1 A, 0.5 A, and 1.0 A. Figure 3 (a) shows the electrical conductivity measurement during
the heating process of SBSCF 2.05-0 in an air atmosphere. The highest electrical conductivity
observed was 335.2 S/cm with a 0.1 A applied current, followed by 265.0 S/cm at 0.5 A and
259.5 S/cm at 0.1 A. Thus, the electrical conductivity was found to be inversely proportional
to the applied current. Figure 3 indicates that the electrical conductivity is highest at 0.1 A for
all compositions of the SBSCF oxide system. This behavior can be explained by the fact that,
as the applied current increases, the number of charge carriers moving through the same crystal
lattice also increases. As a result, the transport paths of the charge carriers within the lattice
become more obstructed, leading to the observed decrease in electrical conductivity for a
higher current [23]. Therefore, the relationship between the applied current and electrical
conductivity remained inversely proportional, regardless of changes in measurement

conditions such as oxygen partial pressure and temperature.

On the other hand, the difference in electrical conductivity with varying applied current
decreases as the amount of Fe substitution increases. The specific electrical conductivity values

measured at 600 °C during heating process in an air atmosphere are summarized in Table 3.

For SBSCF 2.05-0 without Fe substitution, the electrical conductivity at an applied current
of 0.1 A (335.2 S/cm) is approximately 1.3 times higher than the conductivity at 0.5 A (265.0
S/cm), as shown in Figure 3 (a) and Table 3. In contrast, for Fe-substituted SBSCF oxide system,
the difference in electrical conductivity decreased when the same currents were applied:
SBSCF 2.05-0.3 showed 109.7 S/cm at 0.5 A and 119.8 S/cm at 0.1 A (difference: 9.2%),
SBSCF 2.05-0.5 showed 37.3 S/cm at 0.5 A and 38.3 S/cm at 0.1 A (difference: 2.7%), and
SBSCF 2.05-0.7 showed 16.6 S/cm at 0.5 A and 17.0 S/cm at 0.1 A (difference: 2.4%).

Specifically, for SBSCF 2.05-0.7, very similar electrical conductivity values were observed



over the whole range of applied currents. The reason for these similar conductivity values at

0.1 A and 0.5 A with increasing Fe substitution can be explained as follows.

First, the difference in electrical conductivity due to Fe substitution arises from the reduction
in oxygen vacancies. The bond strength of Fe-O is stronger than that of Co-O, resulting in
fewer oxygen ions dissociating from Fe compared to Co. Consequently, the number of oxygen
ions leaving the lattice is relatively lower when bonded with Fe [24]. In other words, as the Fe
substitution increases, oxygen loss becomes more limited, leading to decrease in the

concentration of oxygen vacancies generated.

Second, the decrease in the electrical conductivity difference with increasing applied current
is due to oxygen vacancies in the cathode hindering the movement of charge carriers at higher
currents, leading to a reduction in conductivity. However, Fe substitution mitigates this
decrease in conductivity by reducing the concentration of oxygen vacancies in the lattice,
thereby making charge carrier transport more efficient. As a result, the concentration of oxygen
vacancies decreases with increasing Fe substitution. The difference in conductivity with
applied current is smallest in SBSCF 2.05-0.7, the composition with the highest level of Fe

substitution [25, 26].

This behavior of the differences in electrical conductivity between 0.1 A and 0.5 A due to
varying degrees of Fe substitution prove consistent across all other measurement conditions,
including air and nitrogen atmospheres, as well as during both heating and cooling processes,
as demonstrated in Figure 3. When measured during cooling in an air atmosphere, SBSCF 2.05-
0 showed the largest difference in electrical conductivity, as seen in Figure 3 (b). Furthermore,
as the amount of Fe substitution increases, the difference in electrical conductivity between 0.1

A and 0.5 A decreases significantly. This behavior is similar to the results observed during



heating in an air atmosphere, shown in Figure 3 (a). The same trend is also observed under a
nitrogen atmosphere for both heating and cooling conditions, as illustrated in Figures 3 (c) and
3 (d). These results demonstrate that the differences in electrical conductivity values at different
applied currents are not influenced by measurement conditions such as oxygen partial pressure
or temperature cycle variations. This behavior is inherent to the SBSCF 2.05 oxide system.
Therefore, the differences in electrical conductivity values when applying 0.1 A and 0.5 A
currents are characteristics intrinsic to the SBSCF 2.05 oxide system. Increased Fe substitution
leads to the formation of fewer oxygen vacancies, allowing charge carriers to move more freely.

As a result, the difference in electrical conductivity with varying applied current is reduced.

3.4 Electrical conductivity with changing oxygen partial pressure

According to the electrical conductivity analysis in Section 3.2, the non-stoichiometric
SBSCF 2.05 oxide system exhibits p-type conduction properties, with lower electrical
conductivity as oxygen partial pressure decreases. A common method for analyzing electrical
conductivity is to compare it under specific oxygen partial pressures. Studies have shown that
a decrease in oxygen partial pressure reduces the concentration of holes, which are the charge
carriers in p-type conductors, thereby decreasing electrical conductivity [27-29]. Therefore,
understanding the electrical conductivity characteristics in relation to oxygen partial pressure

is critical for elucidating the electrochemical mechanisms of cathodes.

To investigate the changes in electrical conductivity of the SBSCF 2.05 oxide system with
variations in oxygen partial pressure and thermal cycling, the electrical conductivity was
measured by alternating between air and nitrogen atmospheres from cycle 1 to cycle 6. During

each cycle both a heating process from 50 °C to 900 °C and a cooling process from 900 °C to



50 °C were performed, conductivity measurements applying currents of 0.1 A, 0.5 A, and 1.0
A were carried out in intervals of 50 °C. The measurement conditions are shown in Table 2.
Additionally, the values measured at 300 °C with a current of 0.1 A applied to each sample are
summarized in Table 4. As shown in Figure 4 (a) and Table 4, SBSCF 2.05-0 exhibited metallic
behavior in all cycles. In Cycle 1, measured in an air atmosphere, the electrical conductivity
was 787.4 S/cm at 300 °C during the heating process and 790.3 S/cm during the cooling process.
During the heating process in Cycle 2, measured in a nitrogen atmosphere, the electrical
conductivity was 717.2 S/cm, lower than in Cycle 1. During the cooling process, the
conductivity decreased significantly to 406.6 S/cm. However, when the air atmosphere was
restored in Cycle 3, the electrical conductivity increased to 646.3 S/cm during the heating
process and 714.7 S/cm during cooling, showing values similar to those in Cycle 1 at the same
temperature. This same behavior was observed in Cycles 4, 5, and 6 as well. Therefore, the
SBSCF 2.05-0 cathode demonstrates stable electrical conductivity in various oxygen partial
pressure environments. Additionally, the compositions synthesized with only Co present at the

perovskite B-site exhibited stability to thermal cycling.

The Fe-substituted SBSCF 2.05-0.3, SBSCF 2.05-0.5, and SBSCF 2.05-0.7 cathodes showed
a different conductivity behavior to SBSCF in some ways. For once, instead of the metal like
decrease of conductivity over the whole temperature range seen in SBSCF 2.05-0, the Fe
containing composites show a local maximum of conductivity around 300 °C, a phenomenon
described and explained by the polaron hopping mechanism in chapter 3.2. Secondly the
decrease of conductivity values with a decrease of oxygen partial pressure is much more
extreme in all Fe substituted compositions, especially at relatively low temperatures, reached

during the cool down phase under nitrogen atmosphere.



For SBSCF 2.05-0.3 (Figure 4 (b)), the electrical conductivity during the heating process to
300 °C in an air atmosphere (Cycle 1) was 248.8 S/cm, while during the cooling process, it
increased slightly to 262.0 S/cm. In Cycle 2, with a lower oxygen partial pressure, the electrical
conductivity was 248.6 S/cm during heating but decreased to 112.6 S/cm during cooling. In
Cycle 3, when the air atmosphere was reintroduced, the conductivity started at a value similar
to the lowest observed during cooling in Cycle 2 and gradually increased, recovering to 191.4

S/cm at 300 °C. Similar behavior was observed in subsequent cycles.

In Figure 4 (c), which summarizes the electrical conductivity of SBSCF 2.05-0.5, a decline
in electrical conductivity occurred in all cycles with nitrogen atmospheres during the cooling
processes. During heating in Cycle 1, the electrical conductivity at 300 °C was 38.4 S/cm,
while during the cooling process at the same temperature, it dropped slightly to 37.5 S/cm. In
a nitrogen atmosphere during Cycle 2, the electrical conductivity was measured to be 32.4 S/cm
during the heating process and 21.6 S/cm during the cooling process. As with previous results,
a decrease in electrical conductivity was observed during cooling in the nitrogen atmospheres
of Cycle 2 and Cycle 4. However, when the air atmosphere was reintroduced in Cycle 3 and

Cycle 5, an increase in electrical conductivity was observed.

In Figure 4 (d), SBSCF 2.05-0.7, a composition with relatively high Fe substitution,
exhibited the lowest electrical conductivity among all compositions. During the cooling
process in a nitrogen atmosphere, both metal-insulator transition (MIT) behavior and
semiconductor behavior were observed simultaneously. In Cycle 2 and Cycle 4, semiconductor
behavior was predominant during the cooling process. However, the electrical conductivity
results for Cycle 3 and Cycle 5 show that conductivity increased in the low-temperature range,

recovering around 300 °C.



In Figure 4, by repeatedly alternating between air and nitrogen atmospheres, the electrical
conductivity of the SBSCF 2.05 oxide system was analyzed in response to changes in oxygen

partial pressure, revealing the following characteristics:

(1) For all compositions, measurements in a nitrogen atmosphere resulted in a rapid decrease

in electrical conductivity, confirming that the SBSCF oxide system is a p-type conductor.

(2) The decrease in electrical conductivity observed during cooling in a nitrogen atmosphere
in Cycle 2 and Cycle 4 recovered after returning to an air atmosphere and heating to

temperatures near 300 °C, achieving values similar to those in Cycle 3 and Cycle 5.

(3) As the amount of Fe substitution increased, the electrical conductivity decreased even
more significantly during the cooling process in a nitrogen atmosphere. For SBSCF 2.05-0.7,
with the highest Fe substitution, semiconductor behavior was observed during the cooling
process in Cycle 2 and Cycle 4. Despite the low electrical conductivity in the nitrogen
atmosphere, subsequent measurements in an air atmosphere showed that the conductivity

recovered to values previously seen in air around 300 °C.

The mechanism of such “Reversible Electrical Conductivity Behavior” can be interpreted
using the p-type small polaron hopping mechanism described in Section 3.2. The electrical
conductivity of SBSCF decreases when cooling in a nitrogen atmosphere during Cycle 2, and
when the air atmosphere is reintroduced in Cycle 3, the electrical conductivity fully recovers
to the same level as in Cycle 1. In general, an air atmosphere has a high oxygen partial pressure,
leading to the oxidation of Co** and Fe*" into Co*" and Fe*'. This oxidation increases the
concentration of electron holes, which act as charge carriers, thereby resulting in relatively high
electrical conductivity. However, in a nitrogen atmosphere, oxygen ions are removed,

increasing the oxygen vacancy concentration and causing the reduction of Co*" and Fe*" back



to Co>* and Fe**. Consequently, the decrease in electron hole concentration leads to a reduction
in electrical conductivity. In particular, during the cooling process in a nitrogen atmosphere, in
addition to the lower concentration of electron holes, their mobility is further hindered by
oxygen vacancies, resulting in even lower electrical conductivity. However, when the oxygen
atmosphere is reintroduced, the previously removed oxygen is reinserted into the electrode,
restoring the electron hole concentration and consequently recovering the electrical
conductivity. Furthermore, since the recovery of electrical conductivity occurs around 300 °C,

it is inferred that the reinsertion of oxygen into the electrode proceeds gradually at temperatures

below 300 °C and is completed at 300 °C [30].

This mechanism indicates that the SBSCF 2.05 oxide system with a B-site excess non-
stoichiometric composition exhibits stable and recoverable electrical conductivity properties,
even in environments with fluctuating oxygen partial pressures. Consequently, it can be

concluded that the system demonstrates reversible electrical conductivity behavior.

4. Conclusion

In this study, the electrical properties of the SmBag 5S10.48(Co1-xFex)2.0505+ (x= 0, 0.3, 0.5,
0.7) oxide system, a non-stoichiometric layered perovskite structure with excess Co and Fe
substituted at the B-site, were analyzed based on the amount of Fe substitution, applied current,

and variations in oxygen partial pressure.

The SBSCF 2.05 oxide system, prepared by solid-state reaction, exhibits a single-phase,
layered perovskite structure. The range of Fe substitution that allows for a single-phase

structure is from 0 to 0.7 for x.



Comparing the electrical conductivity of the SBSCF 2.05 oxide system with different Fe
substitutions, all samples except SBSCF 2.05-0 exhibited metal-insulator transition (MIT)
behavior. Furthermore, due to the reduced covalency between (Co, Fe) and oxygen caused by
the larger ionic radius of Fe, electrical conductivity decreased as the amount of Fe substitution
increased. When electrical conductivity was measured with applied currents of 0.1 A, 0.5 A,
and 1.0 A, SBSCF 2.05-0.7 exhibited the smallest difference between the conductivity
measured at higher currents and the conductivity measured at lower currents. During electrical
conductivity measurements under varying oxygen partial pressures, all compositions showed a
decrease in conductivity in the nitrogen atmosphere of Cycle 2. However, after returning to the
oxygen atmosphere in Cycle 3, the electrical conductivity recovered to levels similar to those
in Cycle 1 at 300 °C. Thus, all compositions demonstrated adequate electrical conductivity at
operating temperatures, confirming that the excess non-stoichiometric composition of

SmBayg 5Sro.48(Co1-xFex)2.050s5+4 is suitable for use as cathode in solid oxide fuel cells.
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Figure captions

Figure 1. X-ray diffraction (XRD) results of different compositions of the SBSCF 2.05 oxide

system.

Figure 2. Electrical conductivity as a function of Fe substitution at 0.1 A.

Figure 3. Electrical conductivity measured with applied current measured at 600 °C under (a)
air during the temperature heating process, (b) air during the temperature cooling process, (c)

N> during the temperature heating process, and (d) N> during the temperature cooling process.

Figure 4. Electrical conductivity measured under alternating high oxygen partial pressure (air
atmosphere) and low oxygen partial pressure (nitrogen atmosphere) for (a) SBSCF 2.05-0, (b)

SBSCF 2.05-0.3, (c¢) SBSCF 2.05-0.5, and (d) SBSCF 2.05-0.7.



Table captions
Table 1. Abbreviations used in the SBSCF 2.05 oxide system.
Table 2. Electrical conductivity measurement conditions.
Table 3. Electrical conductivity values measured with applied current at 600 °C.

Table 4. Electrical conductivity values as a function of oxygen partial pressure changes (under

an applied current of 0.1 A and 300 °C).
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Fig 1. X-ray diffraction (XRD) results of different compositions of the SBSCF 2.05 oxide

system.
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Fig 2. Electrical conductivity as a function of Fe substitution at 0.1 A.
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air during the temperature heating process, (b) air during the temperature cooling process, (c)
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Table 1. Abbreviations used in SBSCF 2.05 oxide system.

X Composition Abbreviation

0 SmBayg 55r0.48C02.0505+4 SBSCF 2.05-0
0.3 SmBay.5Sr0.48(Co0.7F€0.3)2.0505+4 SBSCF 2.05-0.3
0.5 SmBay.5S10.48(Coo.5F€0.5)2.0505+4 SBSCF 2.05-0.5
0.7 SmBay.5S10.48(Co0.3F€0.7)2.0505+4 SBSCF 2.05-0.7
1.0 SmBay.5Sr0.4sF€2.0505+4

SBSCF 2.05-1.0




Table 2. Electrical conductivity measurement conditions.

(e 1 Atmosphere Appm(’g)c urrent Temperature (°C)

Cycle 3 Air atmosphere

Cvele 5 Heating process
= 0.1/0.5/ 1.0 (50 °C ~900 °C)

Cycle 2 / Cooling process

(900 °C ~ 50 °C)
Cycle 4 Nitrogen atmosphere
Cycle 6

Table 3. Electrical conductivity values measured with applied current at 600 °C.



SBSCF 2.05-0 632 6DA 1595

SBSCF 2.05-0.3 119.8 109.7 108.1
SBSCF 2.05-0.5 38.3 37.3 37.1
SBSCF 2.05-0.7 17.0 16.6 16.6

Table 4. Electrical conductivity values as a function of oxygen partial pressure changes

(under an applied current of 0.1 A and 300 °C).



SBSCF 2.05-0

SBSEEcriéallcdnductiBis (S 2m3-0.5

SBSCF 2.05-0.7

Up Down Up Down Up Down Up Down
Cycle 1 787.4 790.3 248.8 262.0 38.4 37.5 8.0 9.9
Cycle 2 717.2 406.6 248.6 112.6 324 21.6 6.3 6.5
Cycle 3 646.3 714.7 225.0 191.4 30.4 35.2 8.8 9.4
Cycle 4 694.8 658.8 257.8 251.2 32.7 22.5 6.7 5.5
Cycle 5 689.6 694.3 308.3 346.9 28.7 332 7.9 9.4
Cycle 6 659.3 557.7 2954 162.4 30.3 27.9 6.1 5.5




