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Abstract

In this study, the electrical conductivity characteristics of SmBaC020s+q4 (SBCO) and
SmBag 5Sro.5C0205+¢ (SBSCO) were measured and analyzed by changing the characteristics of
the microstructure from dense microstructure to porous microstructure for the cathode
application in solid oxide fuel cells. SBCO and SBSCO comprised of the dense microstructure
showed metal insulator transition (MIT) and metallic behavior, respectively. In SBCO, when
the oxygen partial pressure is reduced, the conductivity value decreases, and the conductivity
behavior changes to the behavior of a semiconductor. However, the electrical conductivity
behavior of SBSCO did not change even when the oxygen partial pressure was decreased. The
electrical conductivities of the porous cathodes were lower than those of the dense cathodes
due to the discontinuous electric path, but all porous cathodes showed semiconductor behavior.
The conductivity value decreases when the oxygen partial pressure decreases, but the general
conductivity behavior of the samples with a porous microstructure does not change under N>
atmosphere. The porous cathode showed the highest electrical conductivity when Pt lines were
led to the top of the cathode. In this case, a relatively high electrical conductivity was measured
using the method of measuring multiple conductivities at different temperatures while
decreasing the measurement temperature starting from a high temperature rather than the
method of measuring while raising the temperature starting from a low temperature. In the
dense cathode, higher electrical conductivities were measured when a low current was applied,
but in the porous cathode, the same electrical conductivity values were measured regardless of

the applied current values.
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Highlight

e All porous cathodes were shown to display semiconductor conductivity behavior.

e The electrical conductivity of the sample in which the Pt line was printed on the cathode
surface was the highest.

e Dense cathodes have higher electrical conductivity when a low current is applied.

e Porous cathodes have no difference in electrical conductivity with respect to the applied

current value.



1. Introduction

A Solid Oxide Fuel Cell (SOFC) is an energy device that generates electrical energy directly
from the chemical energy of oxygen and hydrogen [1]. The temperature characteristics
operating in the high temperature ranges (600 ~ 1000 °C) improve the power density of SOFC
and show the advantage of high efficiency compared to other fuel cells [2, 3]. However, the
high operation temperature does not only work as an advantage, but rather may also have a
disadvantageous effect. For example, during operation, problems such as the chemical reaction

between constituents, deterioration, Cr poisoning, and metal oxidation occur [4, 5].

To solve these problems, research and development on Intermediate Temperature-operating
Solid Oxide Fuel Cells (IT-SOFCs) is being conducted, which has recently successfully
demonstrated operation at a lower operating temperature of 500 ~ 800 °C. An IT-SOFC cell is
basically composed of cathode, anode and electrolyte. Among these units of electrodes and
electrolyte, the cathode is responsible for about 50 % of total polarization resistance, so it is an
important factor determining the performance of the SOFC [6]. However, since an IT-SOFC
operates at a relatively low temperature, the cathode performance reduction problems such as
slow oxygen reduction reaction (ORR) and activation loss occur to an even higher degree than
at a high temperature SOFC [7-9]. For this reason, recently many researchers have actively
been conducting research on the cathode with stable and high-performance characteristics [10-

12].

Conductivity is a factor representing the electrochemical properties of the cathode. The
conductivity of a cathode refers to the degree to which an electric current can pass easily and
an electric charge can be carried. The total conductivity (Giotar) is the sum of the conductivity
by charge carriers such as electrons or holes (Gelectron) and the conductivity by ions (Gion) as

shown in Equation 1 below.



Orotal = Oelectron T Oion T Oetc  (Equation 1)

When the cathode has superior electrical and ionic conductivities, the oxygen reduction
reaction (ORR) can easily occur on the entire surface of the cathode, which results in enhanced
electrochemical properties of the cathode itself and of the whole single cell. The electrical
conductivity of the cathode is generally measured through a sample with a dense microstructure
pressed into a bar-shape. Table 1 summarizes the electrical conductivities of various cathode

materials reported recently by applying this method. [13-21].

Many researchers have reported on various cathodes showing excellent electrical
conductivity using dense samples, but the cathodes for the actual SOFC are formed in the form
of porous thick film for maximal active triple phase boundary (TPB) length, maximization of
mass transport, and diffusion of gas [22-26]. In other words, although the electrical
conductivity measured using a general measurement method is measured in a cathode with
dense microstructure, there is a problem that it is different from the electrical conductivity
characteristic of the typically porous cathode of an actual SOFC cell [27, 28]. Therefore, in
order to compare and evaluate the electrical conductivity of the cathode used in an actual SOFC,
a porous microstructural cathode should be used. In this study, SmBaC020s+4 (SBCO) and
SmBao 5Sr0.5C0205+¢ (SBSCO) layered perovskite oxide systems, which have been reported to
show excellent performance [29, 30], were fabricated into porous microstructures using screen
printing, and their electrical conductivity was measured to compare with the conductivity of

dense microstructure samples.

2. Experimental

2. 1. Powder preparation and X-ray Diffraction (XRD) measurement

Sm>0s (Alfa Aesar), BaCO3 (Alfa Aesar), SrCOs3 (Samchun chemicals), and Co3O4 (Alfa



Aesar) powders were used for the synthesis of SBCO and SBSCO by using solid state reaction
(SSR). After each powder was precisely weighed according to its chemical composition, and
then uniformly mixed using an agate mortar with a pestle and ethanol. The mixtures were
placed in an oven and maintained at 78 °C for 24 hours to evaporate the ethanol and calcined
for 6 hours at 1000 °C in air atmosphere as a first calcination step. After that, the materials were
crushed, dried in an oven, and then secondary calcined for 8 hours at 1100 °C in air atmosphere

to complete the final SBCO and SBSCO layered perovskite oxide systems.

XRD patterns of SBCO and SBSCO powders were obtained on a Model D/Max 2500, Rigaku
(45Kv, 200 mA, Cu ka radiation); the obtained data were matched with reference data for the

phase synthesis and analyzed using the MDI JADE 6 program.

2. 2. Sample preparation with dense microstructure

The SBCO and SBSCO pellets for the measurement of electrical conductivity were prepared
by pressing 2 x 10* kg/m? of rectangular-shaped metal bars (25 mm x 6 mm x 4 mm). After
that, the pellets were sintered at 1100 °C for 3 hours to make sample bars with a dense

microstructure. The abbreviations for each dense sample were summarized in Table 2.

2. 3. Sample preparation with porous microstructure

Porous cathodes have structural characteristics that make self-sustaining impossible because
of the thin thickness (within 40 micrometers in thickness). Therefore, it is necessary to measure
the conductivity by coating it on electrolyte. Therefore, Ceo.9Gdo.102-a (CGO9I1) powders were
pressed at 1.5 x 10° kg/m? into rectangular-shaped metal molds (30 mm x 23 mm x 2 mm)

showing an aspect ratio lower than 1 for the electrolyte substrates and sintered at 1450 °C for



6 hours in air atmosphere to complete a CGO91 pellet.

For the cathode inks, SBCO and SBSCO powders were put in a Nalgene bottle with a
dispersant (KD-1) and acetone, respectively, and ball milled for 24 hours. Then, it was mixed
with the binder system vehicle and stirred at room temperature. The SBCO and SBSCO inks
were applied to the CGO91 pellets using screen printing to fabricate porous microstructural

cathodes, these samples were heat-treated at 1000 °C for 1 hour.

Pt paste (Ferro) was used as an electrical conductor for electrical conductivity measurement.
Pt paste was screen-printed on the cathode in the form of 4 probes to form Pt line circuits to
apply current and voltage. In order to compare the electrical conductivity characteristics
according to the location of the Pt line and the cathode, various positions of Pt line were printed.
For example, when the Pt lines were on the surface of the cathode, it was named as the upper
conductor (H). The middle conductor (M) sample was prepared in a form in which the Pt lines
were placed between the cathode layers. The lower conductor (L) sample was prepared by
depositing 4 Pt lines directly onto the electrolyte, and then screen printing the cathode paste
twice on top of the Pt lines. Schematic diagrams and abbreviations of H, M and L samples were

summarized in Fig. 1 and Table 3.

2. 4. Electrical conductivity analysis

The electrical conductivities of porous and dense samples were measured using DC 4 probe
method by connecting sample to Keithley 2400 source meter using Pt clamp and Pt wires. The
conductivity measurements were performed at temperatures between 50 °C and 900 °C in
increments of 50 °C. Two series of conductivity measurements were performed, one starting

measurements at 50 °C heating up to 900 °C (Heating cycle in air) and immediately afterwards



starting measurements at 900 °C decreasing the temperature to 50 °C (Cooling cycle in air) in

air atmosphere.

N> gas was fed into the quartz tube to generate low oxygen partial pressure. The electrical
conductivity under N> condition was measured through the same method as measured in air
atmosphere by first increasing the temperature from 50 to 900 °C (Heating cycle in N») and

subsequently decreasing the temperature from 900 to 50 °C (Cooling cycle in N»).

Currents of 0.05, 0.075, 0.1 and 0.3 A were applied in the air atmosphere. However, currents
0f0.01, 0.02, 0.03, 0.04 and 0.05 A were applied in the N> atmosphere to measure the electrical
conductivity. The reason for the difference in applied current was because porous cathodes
were destroyed by overvoltage when the same currents as that in air atmosphere were applied

in N2 atmosphere, so the lower current applied in N atmosphere.

2. 5. Microstructure analysis

The microstructures of the samples were observed at an acceleration voltage of 10 kV using
a Scanning Electron Microscope (SEM, Model: HITACHI SU-5000). In addition, the

microstructural properties, particle sizes and porosities were analyzed using ImagelJ software.

3. Results and discussions

3. 1. Electrical conductivities of dense microstructure samples

3. 1. 1. Electrical conductivities according to heating and cooling cycles

X-ray diffraction (XRD) results of SBCO (A) and SBSCO (B) are shown in Fig. 2. After

confirming that the XRD results of Fig. 2 are in good agreement with XRD results reported of



SBCO and SBSCO by our group as a single phase [31-33], the electrical conductivity was

measured.

The results of electrical conductivity of D-A and D-B in air atmosphere are shown in Fig. 3
with black scatter plots (heating cycle in air, m), and with white scatter plots (cooling cycle in
air, 0). According to Fig. 3. (a), D-A showed a typical metal insulator transition (MIT) behavior,
in which the electrical conductivity increases with increasing temperature at lower temperature
ranges and decreases with increasing temperature at a higher temperature range under both
experimental conditions of heating cycle and cooling cycle in air [34]. It can be seen in Fig. 3.
(b) that D-B showed metallic behavior in which the electrical conductivity decreases with
increasing temperature at the experimental condition of heating and cooling cycles in air [32].
There were no differences between the conductivity behaviors and values at the condition of
heating and cooling cycles in air. Numerically, D-A shows electrical conductivities of 1181.8
and 1157.2 S/cm at 100 °C and 438.3 and 428.8 S/cm at 700 °C measured during the heating
cycle and the cooling cycle in air respectively, as shown in Fig. 3. (a). D-B shows electrical
conductivities of 1216.8 and 1222.8 S/cm at 100 °C and 355.7 and 357.5 S/cm at 700 °C
measured during heating and cooling cycles in air respectively, as shown in Fig. 3. (b). Through
these measurement results, it can be seen that the electrical conductivity behavior of dense
cathodes does not change depending on the measurements performed during the heating or the
cooling cycles in air and there is no marked differences of the values. This is because the
thermal stability was maintained during the thermal cycling of dense samples [35]. The
characteristic of maintaining the same electrical conductivity in D-A and D-B from heating or
cooling cycles in air indicates that these cathodes are thermally stable without phase transitions
as long as they are dense without pores. In summary, the dense samples have no hysteresis

characteristics of electrical conductivity at the condition of heating and cooling cycles in air.



3. 1. 2. Electrical conductivities at reduced oxygen partial pressure

The red scatter plots (m) displayed in Fig. 3 indicate the electrical conductivity results of D-
A and D-B in heating cycle in N2, and can be compared with the conductivity in heating cycle
in air (m). The curves for D-A and D-B show that the conductivity measured during heating
cycle in N2 is lower than that measured during the heating cycle in air. For example, D-A in
Fig. 3. (a) showed values of 1073.0 and 152.7 S/cm at 300 °C during the heating cycle in air
and N respectively. In addition, D-B in Fig. 3. (b) showed values of 867.3 and 515.7 S/cm at
300 °C during the heating cycle in air and N. Since D-A and D-B are p-type conductors, the
electrical conductivity decreases as the oxygen partial pressure decreases. This behavior is

typically found in perovskites in which Co is substituted at the B-site [36].

Also, the conductivity behavior under atmospheres with different oxygen partial pressures
changed with the composition of the p-type conductor. The electrical conductivity behavior of
D-A was MIT in air atmosphere but changed to semiconductor behavior in N2 atmosphere [34,
37, 38]. However, as shown in Fig. 3. (b), D-B showed metallic conductivity behavior both
under air and N> atmosphere. The only difference was the electrical conductivity values, which
were generally higher at a higher oxygen partial pressure but there was no difference in the
electrical conductivity behavior. The reason for the change in conductivity behavior in D-B
could be understood as follows. Generally heating cycles and contact to reducing atmosphere
with the related low oxygen partial pressure change the bonding strength between the different
atoms in SBCO. A decomposition of the surface in contact with the N> atmosphere occurs
leading to a loss of thermal stability. In SBCO, this leads to both a decrease in electrical
conductivity values and to a complete change of the electrical conductivity behavior in N>

atmosphere. In D-B, the phenomenon of surface decomposition occurred as well, but to a lesser



extent. Conductivity values of D-B decreased in low oxygen partial pressure, but the metallic
behavior was maintained because the changes in the surface composition were not severe

enough to change the behavior [38, 41].

3. 2. Electrical conductivities of porous microstructure samples

3. 2. 1. Electrical conductivities according to microstructural change

As mentioned in Chapter 1, the conductivity measurement of dense samples can only provide
an incomplete picture about the performance of the cathode material. Under fuel cell operation
conditions, the porous structure of electrodes is essential. In Fig. 3, electrical conductivity
results of porous cathodes were summarized in the closed blue and pink scatter plots (m, m).
The H samples with the Pt probes located on cathode surface showed higher conductivity than
samples with the Pt probes embedded inside the cathodes (M) or between electrolyte and
cathode (L). For this reason, only the results of the H samples were included in Figures 3. (a)
and (b). The porous SBCO and SBSCO samples show lower electrical conductivity at the same
measurement conditions compared to dense cathodes in Fig. 3. For example, H-BG, which has
the highest electrical conductivity among porous cathode samples, showed value of 221.5 S/cm
at 700 °C respectively at the condition of heating cycle in air, as shown in Fig. 3. (b). That is,
the electrical conductivities of the porous samples at the same measurement condition were
lower than those of the dense samples in section 3.2.1. This is because the electrical
conductivity of the porous cathode, which is a p-type conductor, is decreased by the limitation

of the movement of the hole, which is the main charge carrier.

In addition, dense SBCO and SBSCO showed different conductivity behaviors such as MIT

and metallic in air atmosphere, but all porous cathodes showed semiconductor behavior in



which the electrical conductivity increases with increasing temperature despite the changes in
composition [34, 36-38]. In other words, when the microstructure is changed from dense to
porous even for the same cathode material, the electrical conductivity value and behavior
change, and the porous samples show semiconductor behavior regardless of the cathode
material or compositions at all atmospheric conditions. When the oxygen partial pressure
decreases by supplying N» gas, the electrical conductivity behavior of D-A changes from MIT
to Semiconductor behavior, but the porous sample does not. That is, the electrical conductivity

behavior of the porous cathode is not affected by the oxygen partial pressure.

3. 2. 2. Electrical conductivities according to the location of Pt lines

The electrical conductivities of the porous cathodes at the condition of heating and cooling
cycles in air and N> atmosphere were summarized in Fig. 4. The H sample showed excellent
electrical conductivity compared to the M and L samples under IT-SOFC operating temperature
range in Figures 4. (a) ~ (d). In particular, the H-BG sample showed the highest electrical
conductivity compared to all other porous samples at all measurement conditions. These results
are related to the leakage current. When measuring the electrical conductivity, the method used
is to measure the voltage, which is the electrochemical potential generated by the current
flowing on the surface. If any leakage current into the inside of the cathode and the electrolyte
under the cathode layer occurs, the movement of charge carriers can be limited. In the case of
H, the amount of leakage current into the cathode and the electrolyte is smaller than that of M
and L because the Pt paste, which is a conductor for applying current and measuring voltage,
is on the surface. Therefore, the H samples show superior electrical conductivity because the

electron conductivity in these samples is less limited [40].



3. 2. 3. Electrical conductivities according to oxygen partial pressure

Comparing the electrical conductivities at the experimental condition of heating cycle in air
(m) and heating cycle in N> (m) from Figures 4. (a) and (c), the electrical conductivities of all
porous samples were higher in the air atmosphere than N atmosphere in all temperature ranges.
This can be analyzed as follows through the conductivity results of H, M and L samples from

Figures 4. (a) and (c).

First, the electrical conductivities of H-BG were 136.7 and 221.6 S/cm at 300 and 700 °C in
the heating cycle in air, and 109.6 and 175.0 S/cm in the heating cycle in N2 at the same
temperature. Second, M-BG showed conductivities of 27.7 and 50.1 S/cm at 300 and 700 °C
in the heating cycle in air, and 15.1 and 42.0 S/cm at the same temperatures in the heating cycle
in N». Finally, in the case of L-BG, the conductivities were 47.1 and 84.9 S/cm at 300 and 700
°C in the heating cycle in air, and 42.9 and 77.4 S/cm at the same temperatures in the heating

cycle in N». As this result, the electrical conductivity showed higher value in air atmosphere.

Summarizing these results, it can be seen that in both the dense and the porous samples in
Figures 3 and 4, higher oxygen partial pressure always leads to higher electrical conductivity,
caused by an increase in the concentration of holes under oxidizing atmosphere, which are the
conduction carriers in p-type semiconductors [41]. Therefore, when linking the results of
electrical conductivity in terms of dense or porous microstructures, the electrical characteristics

of the p-type conductor are maintained.

3. 2. 4. Electrical conductivities according to heating and cooling cycles

Fig. 5 summarizes the electrical conductivity values of H-BG, which has the highest

electrical conductivity among all porous cathodes. The porous cathode shows difference in



electrical conductivity between heating cycle (m) and cooling cycle (0O) in the air atmosphere,
in contrast to the dense cathode. In particular, it can be seen that H-BG showed higher
conductivity values during cooling cycle than during heating cycle. For example, the values of
H-BG at heating cycle and cooling cycle in air were 223.1 and 236.8 S/cm respectively at 700
°C with applied current of 0.1A, so the electrical conductivity was higher at the cooling cycle.
This is because, when measuring while lowering the temperature after reaching the highest
measured temperature (cooling cycle), the thermal activation of the porous cathode is already
sufficiently achieved, and thus the charge carrier mobility present in the cathode is easier than

during the heating cycle [41].

3. 2. 5. Electrical conductivities according to applied currents

The characteristics of H-BG according to the applied currents at heating and cooling cycles
in air and N> were summarized in Fig. 6. It has been reported that in dense layered perovskite
cathode samples in which Co is substituted into the perovskite B-site an increase in electrical
conductivity can be achieved if a low current is applied [29, 30]. However, the porous cathodes
display almost the same electrical conductivity values regardless of the applied currents. For
example, the conductivities of H-BG in Fig. 6. (a) were 221.5, 223.1, 223.1 and 223.3 S/cm
with applied currents of 0.05, 0.075, 0.1 and 0.3 A respectively at 750 °C in heating cycle in
air, which are almost identical values. In summary, when the microstructure of the cathode is
dense, the electrical conductivity is greatly affected by the applied current, and on the other

hand when the microstructure of the cathode is porous, it is not affected by the applied current.

3. 2. 6. Small polaron conduction in porous cathodes



The activation energy (Ea) of dense and porous cathodes was calculated using Equation 2
using the slope of the conductivity graphs in temperature range between 400 and 650 °C, which
showed a linear electrical conductivity in all samples: 4 is a material constant containing the
carrier concentration term; Ea is the activation energy for hopping conduction; k is the

Boltzmann’s constant; 7 is the absolute temperature [42, 43].
A Ea .
o= Eexp(— ﬁ) (Equation 2)

Since the porous cathodes had little difference of the electrical conductivity value by applying
various currents, the Tmax Was calculated using conductivities when 0.05 A current was applied

using Equation 3 and shown in Table 4 [42, 43].
Thox = — (Equation 3)

The calculated Tmax in Table 4 is higher than the actual Tmax (600 ~ 900 °C) in Fig. 4 of the
porous microstructure. In other words, it implies that there are other factors for reducing
electrical conductivity in addition to small polaron hopping in the high-temperature range. This
is due to an increase in oxygen vacancies as the amount of oxygen loss in the oxide increases
at high temperatures [42, 43]. Accordingly, the electrical conductivities of all porous samples
in Fig. 4 increase linearly at the medium/low temperature ranges, and although there is a
difference in the exact temperature of the turning point for each sample, the electrical
conductivity decreases in the high temperature range. It can be concluded that the electrical
conductivity decreased because oxygen vacancies increased at high temperature ranges. Table
5 shows the calculated Tmax of the dense cathode. As a result, the calculated values of Timax of
the dense sample are lower than those of the porous sample. However, compared to the actually
observed values for Tmax of D-A as 100 °C and that of D-B as 50 °C (Figures 3. (a) and 3. (b)),

it can be seen that the phenomenon that the calculated Tmax is higher than actual Tmax also



appears in dense samples. The activation energies of the porous and dense cathodes were
summarized in Tables 5 and 6. Tables 5 and 6 show that generally the dense samples with
higher electrical conductivity have lower activation energy than the porous samples. Most of
the porous samples have a low activation energy of 0.1 to 0.3 eV, because the mobility of the

hole as the main charge carrier in cathodes is similarly high like in dense samples [44].

In summary, the charge carriers in dense and porous cases are holes with high mobilities even
at low temperatures. In addition, the phenomenon that the calculated Tmax Was higher than the
actual Tmax occurred in both the dense and the porous cathodes, and it was confirmed that these

characteristics did not change even when the microstructure was changed.

3. 3. Microstructural properties

The SEM results of dense and porous samples were summarized respectively in Figures 7 and
8. Fig. 7 shows that D-A and D-B have average particle sizes of 3.15 and 1.21 um. The particles
seem strongly connected to each other in a form of bonding between the particles established
during the sintering process. In addition, the porosities of D-A and D-B were 3.8 and 3.2 %,

which means that the density is relatively high.

When comparing the porous cathodes in Figure 8 with the D-A and D-B, the microstructures
of the H, M, and L samples have an average particle size of 3 um and an average porosity of
25 %. In the porous cathodes, the particles seem less connected than dense samples, they show
the property of inter-particle bonding typical for porous structures with a low density. In
addition, the reason that the particles are separated from each other rather than bonding between
the particles is that the materials added when making the cathode paste for screen printing were

removed during sintering. Although there is no significant difference in particle size between



the porous cathode and the dense cathode, it can be seen that there is a significant difference in

density.

Figures 9. (a) and (b) compare the mobility of charge carriers in dense and porous cathodes
according to the contact area. The dense cathode has a large contact area between particles or
grains, so the amount of charge bottlenecks is minimized. Because of that the pressure applied
to the charge carriers decreases, making it easier for them to move, as shown in Fig. 9. (a).
However, in the porous cathode as shown in Fig. 9. (b), charge bottlenecks occur because the
contact area is small. Due to the charge bottlenecks, the pressure for the charge carrier to move
is increased, and the movement is limited [45]. Figures 9. (¢) and (d) show the electric path of
the charge carriers in the dense and porous cathodes. In the dense cathode, the effective contact
area increases and internal blocking decreases, forming a continuous electric path, as shown in
Fig. 9. (¢). However, in the porous cathode of Fig. 9. (d), internal blocking between particles
occurs due to pores. As a result, the electric path becomes discontinuous and the electrical
conductivity decreases. In other words, since the effective contact area between the particles
of the porous cathode is smaller than that of the dense cathode, the movement of charge carriers

is limited, thereby reducing electrical conductivity [46, 47].

In summary, the difference in electrical conductivity between the dense cathode and the
porous cathode is caused by density. It can be seen that the dense sample has high electrical
conductivity because a continuous electric path is formed between the particles, but the porous
sample has low electrical conductivity due to the discontinuous electric path caused by internal

blocking.

4. Conclusion



In this study, the electrical conductivity characteristics of SBCO and SBSCO both in their
dense and porous microstructures were studied, and several important characteristics were

discovered and analyzed.

The dense SBCO and SBSCO showed MIT and metallic behavior in air atmosphere,
respectively. However, in porous SBCO and SBSCO, the conductivity behavior changed to
semiconductor. In the porous cathode, internal blocking of the charge carrier path occurs
between the particles, generating discontinuous electric path. The electrical conductivity of the
porous cathode with the upper conductor showed the highest electrical conductivity value

under the same experimental conditions compared to the middle and lower conductor samples.

The dense cathodes showed little difference in conductivity under the heating and cooling
cycle in air, but the porous cathodes showed relatively higher conductivity during cooling cycle
than heating cycle due to thermal activation. The characteristic of the p-type conductor was
seen in all dense and porous samples regardless of microstructure. In addition, the dense
samples had high conductivity as the applied current decreased, but the porous sample had

almost the same conductivity values regardless of the applied current.
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Figure captions

Fig. 1. Schematic diagrams of (a) upper conductor, (b) middle conductor and (c) lower

conductor samples

Fig. 2. X-ray diffraction (XRD) results of SmBaCo020s+4 (A) and SmBag 5Sr0.5C0205+4 (B)

oxide systems.

Fig. 3. Electrical conductivity results of (a) D-A and H-AG and (b) D-B and H-BG. In this
figure, heating cycle indicates that measurements were carried out while raising the
temperature and cooling cycle indicates that measurements were carried out while lowering the

temperature starting from a temperature maximum

Fig. 4. The electrical conductivities of porous microstructural cathodes; under air atmosphere
(a) at heating cycle and (b) cooling cycle, under nitrogen atmosphere (c) at heating cycle and

(d) cooling cycle

Fig. 5. The electrical conductivities of H-BG porous microstructural cathodes with upper

conductor

Fig. 6. The electrical conductivities of H-BG sample according to applied currents; under air
atmosphere at (a) heating cycle and (b) cooling cycle and under nitrogen atmosphere at (c)

heating cycle and (d) cooling cycle

Fig. 7. Surface microstructural properties of D-A and D-B

Fig. 8. Surface microstructural properties of (a) upper conductor, (b) middle conductor and (c)

lower conductor samples

Fig. 9. Comparison of small area contact and large area contact between particles in cathodes;

Charge transport pathways arising from (a) large-area contacts of dense cathodes and (b) small-



area contacts of porous cathodes and conceptual depictions of an electric path (red lines) of (c)

dense cathodes and (d) porous cathodes



Table captions

Table 1. Electrical conductivities of cathodes in literature

Table 2. Abbreviation of dense microstructure samples

Table 3. Abbreviation of porous microstructural samples

Table 4. Calculated Tmax from activation energies (listed in Table 4) of porous microstructural

samples by applying current of 0.05 A

Table 5. Calculated Tmax from activation energies of dense microstructural samples

Table 6. Calculated activation energies for the electrical conductivities at 400 ~ 650 °C of all

samples
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Fig. 6. The electrical conductivities of H-BG sample according to applied currents; under air

atmosphere at (a) heating cycle and (b) cooling cycle and under nitrogen atmosphere at (c)

heating cycle and (d) cooling cycle



Fig. 7. Surface microstructural properties of D-A and D-B



(b)



Fig. 8. Surface microstructural properties of (a) upper conductor, (b) middle conductor and (c)

lower conductor samples



Electric path

Fig. 9. Comparison of small contact area and large contact area between particles in cathodes;
Charge transport pathways arising from (a) large-area contacts of dense cathodes and (b) small-
area contacts of porous cathodes and conceptual depictions of an electric path (red lines) of (c)

dense cathodes and (d) porous cathodes



Table 1. Electrrical conductivities of cathodes in literature

Chemical compositions Electrical conductivities Refer.
PrBaCo0s+4 1323 and 310 S/cm at 100 and 900 °C [13]
SmBaCo0205+4 570 and 170 S/cm at 250 and 900 °C [13, 14]

SmBag 8Ca02C0205+4 329.7 S/cm at 700 °C [15]
SmBa 5Sr0.5C0205+4 1280 and 280 S/cm at 50 °C and 900 °C [14]
Lag.6Sr0.4Co0.2Fe0sO3 176 and 1867 S/cm at 300 and 800 °C [16, 17]

Lag.sBao.sCo00.9F€0.103.4 800 S/cm at 227 °C [18]

Pr.4S10.6(Co0.2F€0.8)0.95sM00.0503-d 128.8 S/cm at 850 °C [19]
GdBaCo020s+4q 512 — 290 S/cm between 500 - 800 °C [20]
Pro.8Sr02FeO3 300 and 78 S/cm at 550 and 800 °C [21]
Ndo.5Sr0.5Fe0.8C00.2034 124 S/cm at 700 °C [22]

Table 2. Abbreviation of dense microstructure samples

Chemical composition Abbreviation
SmBaCo,0s+4 (SBCO) D-A
SmBayg.5Sr0.5C0205+4 (SBSCO) D-B




Table 3. Abbreviation of porous microstructural samples

Pt line Cathode material Abbreviation

SmBaCo0,0s+4 (A) H-AG

Upper conductor (H)
SmBag5Sro5C020s5+4 (B) H-BG
A M-AG

Middle conductor (M)
B M-BG
A L-AG

Lower conductor (L)
B L-BG

Table 4. Calculated Tmax from activation energies (listed in Table 4) of porous microstructural

samples by applying current of 0.05 A

Tmax (°C)
Atmosphere

H-AG H-BG M-AG M-BG L-AG L-BG

Heating cycle

1281 1283 1595 1402 910 1213
in air
Cooling cycle
1061 1334 3389 2197 1084 1365
in air
Heating cycle
1518 1314 4649 2190 1477 1414
in N>
Cooling cycle
1432 1451 4113 3471 1054 1684

in N»




Table 5. Calculated Tmax from activation energies of dense microstructural samples

Sample Atmosphere Ea (eV) Tmax (°C)
Heating cycle in air 0.062 727
D-A Cooling cycle in air 0.066 760
Heating cycle in N» 0.080 928
Heating cycle in air 0.051 589
D-B Cooling cycle in air 0.053 613
Heating cycle in N» 0.079 915




Table 6. Calculated activation energies for the electrical conductivities at 400 ~ 650 °C of all

samples

Ea (eV)
Atmosphere Current
H-AG H-BG M-AG M-BG L-AG L-BG
0.05 0.110 0.111 0.137 0.121 0.078 0.105
Heating 0.075 0.111 0.109 0.138 0.121 0.078 0.104
cycle in air 0.1 0.111 0.108 0.140 0.121 0.078 0.104
0.3 0.112 0.108 0.140 0.121 0.078 0.104
0.05 0.091 0.115 0.292 0.189 0.094 0.118
Cooling 0.075 0.091 0.115 0.296 0.190 0.095 0.119
cycle in air 0.1 0.091 0.116 0.294 0.193 0.096 0.120
0.3 0.091 0.116 0.249 0.191 0.095 0.118
0.01 0.133 0.114 0.414 0.179 0.129 0.119
0.02 0.133 0.114 0.410 0.181 0.128 0.120
Heating

0.03 0.132 0.113 0.406 0.183 0.128 0.121

cycle in N»
0.04 0.131 0.113 0.415 0.185 0.128 0.122
0.05 0.131 0.113 0.401 0.189 0.127 0.122
0.01 0.099 0.125 0.362 0.325 0.091 0.148
0.02 0.100 0.125 0.361 0.314 0.092 0.148

Cooling

0.03 0.102 0.125 0.361 0.311 0.092 0.146

cycle in N
0.04 0.124 0.125 0.358 0.31 0.092 0.146

0.05 0.123 0.125 0.354 0.299 0.091 0.145




