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Abstract

In this study, the electrical conductivity of SmBaCo0,0s+4 (SBCO) is measured and analyzed
with respect to the microstructure of the analyzed samples. The microstructure is influenced by
the sintering temperature and by the precise composition of the composite cathode. Difference
in the electrical conductivity at different applied current is investigated. The value of the
electrical conductivity of SBCO sintered at 1150 °C was about 1024 S/cm at 600 °C, which
was the highest compared to other samples sintered at lower temperatures. The electrical
conductivities of porous microstructural SBCO sintered at 1150 °C with an addition of 10 wt%
carbon black and of a composite cathode comprised of SBCO and Ceo.9Gdo.102 (CGO91) at a
ratio of 1.9:0.1 were 256 and 525 S/cm at 600 °C. The electrical conductivities of SBCO
samples increase when relatively low currents are applied. This trend can be observed at all
pure SBCO and samples mixed with carbon black. However, these properties are not found in

composite cathodes comprised of SBCO and CGO91.
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Introduction

Solid Oxide Fuel Cells (SOFCs) are energy devices that generate electrical energy directly
from the chemical energy of oxygen and fuel gases like hydrogen, methane or the reformates
of higher hydrocarbons. SOFCs have the advantages of high efficiency, low carbon emissions
and fuel flexibility due to their high operating temperature (500 ~ 1000 °C) and materials used
[1-7]. The single cell in SOFCs consists of cathode, electrolyte and anode. Especially, the
cathode is often the part that determines the performance of SOFCs, because typically around
50% of the total polarization resistance stems from the cathode [8-11]. To summarize the
electrochemical properties of cathode materials, the oxygen reduction reaction (ORR) affects
the cathode performance at the surface. The better the electron and ionic conductivity, the better
the reduction reaction of oxygen molecules. On the other hand, the low electrical conductivity
of the cathode reduces the efficiency of the electrochemical reaction [12, 13].

When the ionic conductivity is extremely low in cathode materials, the availability of ions
generated through the ORR reaction is limited to the interface between the electrolyte and the
cathode because of a lack of ion mobility, which leads to a decrease in efficiency and
performance as the reaction active sites become insufficient. In addition to conductivity-
dependent properties, SOFCs show differences in electrochemical properties depending on the
lattice structure of cathodes [14-16]. For example, perovskite oxide materials showing the
complex perovskite structure can display a wide variation of physical and chemical
characteristics depending on the degree of atomic substitution of each lattice site. By
optimization of these characteristics, it is possible to improve not only physical properties but
also electrochemical properties [17].

However, when various materials are substituted, dislocations according to the coulomb

potential and elastic potential act on the cathode lattice due to disorder, preventing oxygen ion



movement [18]. To solve these problems, many researchers have focused on the development
of layered perovskites having a chemical composition of AA'B,Os+4 (A: lanthanide Ln, A’: Ba
or Sr, B: Co) as cathode materials for SOFCs [20-27]. In layered perovskite, specific
crystallographic characteristics have been reported in the case of Ba substituted for the A-site.
For example, when Ba is substituted into the A'-site, a crystal structure is formed according to
the staking [CoO:]-[BaO]-[Co0:]-[LnO¢] layers [19]. Especially in layered perovskites, this
material has excellent oxygen mobility and surface kinetics due to many vacancies in the lattice
structure, because of oxygen atoms are removed partially or completely in the [Ln-Os] layer
[17]. Table 1 summarizes the characteristics of the LnBaCo020s+q composition of layered
perovskite cathode materials. Many research groups reported that the cathode of SOFCs show
excellent electrochemical properties whenever the cathode material displays high electrical

conductivity [20-27].

Chemical
Properties Refer.

compositions
= Electrical conductivity [20]

GdBaCo020s5+4
655 and 163 S/cm at 100 and 900 °C
= Electrical conductivity [21]
1323 and 310 S/cm at 100 and 900 °C

PrBaCo20s+4 . _
= Area Specific Resistance (ASR)
0.233 Qcm? at 700 °C
= Electrical conductivity [21,22]
570 and 170 S/cm at 250 and 900 °C

SmBaCo0,05+4 . _
= Area Specific Resistance (ASR)
0.131 Qcm? at 700 °C
= Electrical conductivity [23]

LaBao.5Sr0.5C01.5Fe0.505+4

1400 S/cm at 400 °C

PrBaCuCoOs+4 = ASR values [24]




0.047 Qcm? at 700 °C

= Electrical conductivity [25]
51.92 S/cm at 545 °C

NdBay 5Sro5C00s:4q

= Electrical conductivity [26]
329.7 S/em at 700 °C

= Area Specific Resistance (ASR)
0.26 Qcm? at 700°C

SmBay gCap2C020s5+4

= Electrical conductivity [27]
1280 and 280 S/cm at 50 °C and 900 °C
= Area Specific Resistance (ASR)

0.244 and 0.044 Qcm? at 600 and 700 °C

Smo2Ndo.sBag.sSro.sC0205+4

Table 1. Layered barium cobaltate perovskites with different lanthanide substitution at the A-

site and their electrochemical benefits in literature

The electrical conductivities displayed in Table 1 have been generally measured through
experimental conditions using dense sample. However, in actual cathodes of SOFCs, half-cell
and single cell experiments are performed using porous samples to ensure smooth gas diffusion
and a well developed triple phase boundary (TPB) [28, 29]. In other words, the values and
behaviors of electrical conductivity have been known to be inherent properties and were
measured in samples with a dense microstructure. However, all electrochemical properties such
as area specific resistance (ASR) and power density are observed in samples having porous
microstructures [29, 30]. Therefore, for proper comparison and evaluation of overall
conductivity, the porosity and pore microstructure of a perovskite sample used as the SOFCs
cathode has to be taken into consideration as well as its chemical composition. Two samples
with exactly identical chemical composition might still display values for conductivity

differing by several orders of magnitude if porosity and microstructure are different. Based on



these research objectives, our research group investigated the electrical conductivity properties
of SmBaCo,0s+4 (SBCO) layered perovskites as a function of microstructural changes.

In this study, the electrical conductivity characteristics of SBCO with changes in
microstructure after using various sintering temperatures, addition of carbon black and
Ce0.9Gdo.102-¢ (CGO91) were analyzed. In addition, the current-voltage-power (I-V-P) curve is
a method to measure the electrochemical properties of the SOFCs as a function of current
density in the various ranges. Electrical conductivity is affected by different applied current
density values, but generally published research papers report the electrical conductivity values
and characteristics at only one specific applied current [17, 22, 31]. Taking into consideration
the influence of both microstructure of the cathode and the current density at the cathode, the
characteristics of the electrical conductivity of SBCO providing different preparation
conditions leading to different sample microstructure and different applied current were

simultaneously investigated in this study.

2. Experimental

2.1. Sample preparation and synthesis

Samarium Oxide (Sm203, 99.9%, Alfa Aesar), Barium Carbonate (BaCOs3, 99.8%, Alfa Aesar)
and Cobalt Oxide (Co30s4, 99.7%, Alfa Aesar) powder were used for the synthesis of
SmBaCo020s+4 (SBCO) layered perovskite oxide system by solid state reaction (SSR). Each
powder was accurately weighed according to its chemical composition, and mixed using an
agate mortar with a pestle and ethanol. The powder mixtures were placed in an oven and
maintained at 78 °C for 12 hours to evaporate the ethanol. Mixtures were calcined for 6 hours

at 1000 °C with ramping rate of 5°C/min as a first calcination step. After that, materials were



crushed, then, a secondary calcination step was carried out for 8 hours in an electric furnace at
1100 °C with ramping rate of 5 °C/min in air atmosphere [17].
X-ray diffraction (XRD) patterns of the synthesized SBCO powder were obtained on a Model

D/Max 2500, Rigaku (45Kv, 200mA, Cu ka radiation).

2.2 Electrical conductivity analysis

2.2.1 SmBaCo020s5+4 (SBCO) specimens for electrical conductivity

SmBaCo020s+4 (SBCO) pellets for the measurement of electrical conductivity were prepared
by pressing 2 x 10° kg/m? of rectangular-shaped bars (25 mm x 6 mm x 4 mm).
Then, pellets were sintered at 1000 °C, 1050 °C, 1100 °C or 1150 °C for 3 hours.
The sintering temperatures and abbreviations of the different SBCO samples for use as

cathode materials are summarized in Table 2.

Sintering Temperature (°C) Abbreviation
1000 SBCO_1000
1050 SBCO 1050
1100 SBCO 1100
1150 SBCO 1150

Table 2. Abbreviations of SBCO samples sintered at the various temperatures

2.2.2 SmBaCo020s5+ (SBCO) with 10wt% Carbon black specimens for electrical

conductivity



To research electrical conductivity of samples with an advanced porous microstructure, 10 wt%
carbon black was mixed with SBCO 1150 powder (showing the highest electrical conductivity
of the samples fabricated at various sintering temperatures) and with SBCO_ 1000 powder
(showing the lowest electrical conductivity of the samples fabricated at various sintering
temperatures ) powder. Carbon black was selected as a representative pore former because it
can form small, uniform, and spherical pores [32, 33]. Rectangular bars with the dimensions
25 mm x 6 mm x 4 mm were prepared by pressing SBCO10C 1150 and SBCO10C 1000
mixtures with a pressure of 2 x 10° kg/m? and sintering them at 1150 °C and 1000 °C. However,
the composite cathode heat-treated at 1000 °C was not completely sintered and showed
insufficient mechanical stability for conductivity tests, instead a sample bar sintered at 1050
°C, SBCO10C 1050 was prepared and used for the testing procedure.

The sintering temperatures and abbreviations in SBCO with additional 10 wt% carbon black

of cathode materials are summarized in Table 3.

Sintering temperature (°C) Abbreviation
1050 SBCO10C 1050
1150 SBCO10C _1150

Table 3. Abbreviations of SBCO samples sintered after adding an additional 10 wt% Carbon

Black (CB) to SBCO

2.2.3 SmBaCo020s5+a (SBCO) with Ce09Gdo10:2 (CGO91) specimens for electrical

conductivity



SBCO powder was mixed with Ceo9Gdo.102 (CGO91, Rhodia) powder at a mass ratio of
0.5:1.5, 1:1, 1.5:0.5 and 1.9:0.1 . The mixed powders were charged into the metal mold and
then were pressed with 2 x 10° kg/m? pressure. The pellets (25 mm x 6 mm x 4 mm) for the
electrical conductivity measurement were sintered at 1150 °C for 3 hours to investigate the
composite effect on the SBCO_1150 sample, a sample showing higher conductivity values than
other pure SBCO samples sintered at lower temperatures.

The composition ratio and abbreviations in SBCO with CGO91 cathode materials are

summarized in Table 4.

Composition ratio

Abbreviation
(SBCO : CGO91)
05:1.5 SBCO 0.5
1:1 SBCO 1
1.5:0.5 SBCO 1.5
1.9:0.1 SBCO 1.9

Table 4. Abbreviation of SBCO with CGO91 by composition ratio

2.2.4 Instrumentation and setup of electrical conductivity measurements

The electrical conductivities of all sample bars fabricated according to descriptions in 2.2.1

to 2.2.3 were measured using a DC 4 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. At each



temperature three different 4 terminal conductivity measurements were performed applying

currents of 0.1, 0.5 and 1 A.

2.3 Microstructure analysis

After completion of the conductivity tests each sample was sputtered with Pt (Platinum), and
the microstructures of the samples were observed at an acceleration voltage of 10 kV using a
Scanning Electron Microscope (SEM, Model: HITACHI SU-5000) analyzing the images with

the EM Wizard software. In addition, the particle size was calculated using the SEM images.

3. Results and discussion

3.1 Microstructural properties

X-ray Diffraction (XRD) results of SmBaCo020s+4 (SBCO), which was synthesized by using
Solid-State Reaction (SSR), are the same as those of SBCO reported by our group as a single
phase [22]. Then, SmBaCo020s+4 samples were sintered at 1000 °C (SBCO_1000), 1050 °C
(SBCO _1050), 1100 °C (SBCO _1100) and 1150 °C (SBCO_1150) and microstructural
properties of these samples were analyzed using a Scanning Electron Microscope (SEM)

The SEM results given in Fig. 1 show that the particle sizes of particles on the sample surface
and of particles inside the sample increase with the sintering temperature applied to the samples,
the increase in particle size results in an increased density of the microstructure. For example,
the particle sizes of SBCO 1000, SBCO 1050, SBCO 1100 and SBCO 1150 were measured

to be 2.89, 4.58, 4.71 and 6.54 um in average, respectively.



Fig. 1. Surface microstructural properties of (a) SBCO 1000, (b) SBCO_1050, (c) SBCO_1100,

and (d) SBCO_1150.

Samples were prepared by adding excess Carbon Black (CB) to intentionally prepare porous
structures while maintaining the bar-type shape. However, it was found that the mechanical
strength of sample was so low that it was impossible to move and measure the sample when
electrical conductivity samples using additional 10 wt% CB were sintered at 1000 °C.
Therefore, the samples mixed with SBCO and carbon black were sintered at 1050 °C
(SBCO10C _1050) instead of 1000 °C

The surface SEM images of SBCO10C 1050 and SBCO10C 1150 are summarized in Fig. 2.



Fig. 2. Surface microstructural properties of (a) SBCO10C 1050 and (b) SBCO10C 1150. 10C

in the sample name means that an additional 10wt% CB was included relative to the weight of

SBSCO.

Even after mixing SBCO with CB, the microstructures become more dense as sintering
temperature increases, as shown in Figures 2. (a) and (b). When comparing the results of Fig.
1. (b) with Fig. 2. (a), it can be seen that the microstructure becomes more porous when 10 wt%
of CB are added to the sample under the same sintering temperature condition. Even when Fig.
1. (d) and Fig. 2. (b) are compared, the same characteristics can also be found. Generally, CB
is known to be pyrolyzed at 1000 °C [43] and these samples were sintered at 1050 °C, which
show the characteristics of the porous microstructure.

Fig. 3 shows SEM images of the surfaces of SBCO 1.5 and SBCO 1. The comparison of
the two pictures shows microstructural changes occurring with an increasing share of CGO91

within the SBCO/CGO composite.



Fig. 3. Surface microstructural properties of (a) SBCO 1.5 and (b) SBCO 1.

According to Fig. 3. (a), a distinctive CGO91 phase can not be clearly identified in SBCO 1.5,
a composition in which the ratio of SBCO is higher than that of CGO91. In this way Fig. 3. (a)
appears very similar to the image of pure SBCO sintered at 1150 °C depicted in Fig. 1. (d).
However, if the composition ratio of CGO91 is equal or greater than 1:1, it can be seen that a
large change appears in the microstructure and a lot of CGO91 can observed in the SEM image
of SBCO 1 in Fig. 3. (b). As an additional observation related to this, the samples with a large
amount of CGO91 (SBCO 1 and SBCO 0.5) showed similar electrical conductivity behavior
as that of CGO91.

The electrical conductivity characteristics with respect to the various microstructures shown
in Fig. 1, Fig. 2 and Fig. 3 will be explained in more detail in connection with the electrical

conductivity results in Section 3.2.

3.2. Electrical conductivity properties

3.2.1 Electrical conductivities of SmBaCo020s5+a (SBCO) sintered at various

temperatures



The electrical conductivities of SBCO_1000, SBCO_1050, SBCO 1100 and SBCO_1150
were measured to find out how the sintering related microstructure affects the electrical
conductivity; the results are shown in Fig. 4. The electrical conductivities were also measured
by applying currents of 1 A, 0.5 A and 0.1 A to the outermost two lines of the DC 4 probe.

The maximum and minimum electrical conductivity values of applying 1 A with respect to

the temperature are summarized in Table 5.
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Fig. 4. (a) Electrical conductivity results of applying 1, 0.5 and 0.1 A to the SBCO samples. (b)
shows the summarized electrical conductivities of SBCO measured at a temperature of 50 °C
and in the temperature ranges of 500 ~ 800 °C when a current of 1 A is applied to the SBCO

samples.



Maximum Minimum

Samples conductivity Temperature(°C) conductivity Temperature(°C)
(S/em) (S/cm)
SBCO 1000 430.3 150 112.1 900
SBCO 1050 554.7 150 144.2 900
SBCO_1100 862.1 150 229.6 900
SBCO_1150 962.6 150 249.1 900

Table 5. Maximum and minimum electrical conductivities of SBCO_ 1000, 1050, 1100, and

1150 measured at 150 and 900 °C.

The overall electrical conductivity behaviors were summarized in Fig. 4; all samples show
typical metal insulator transition (MIT) behavior, in which the electrical conductivity increases
with increasing temperature at lower temperature ranges (50 ~ 300 °C) and decreases with
increasing temperature at a higher temperature range (300 ~ 900 °C) [17]. This is mainly caused
by the changed charge states of Co substituted into the B-site in the perovskite and can be
explained with respect to the effect of temperatures. For example, the electrical conductivity
increases in the low temperature range by increasing the concentration of Co*" from the
oxidation of Co*" to Co*". However, the electrical conductivity decreases at temperatures above
150 °C because the representative Co** charges, which increase the electrical conductivity, are
saturated and at the same time the concentration of oxygen vacancies generated as a function
of temperature increases which can also result in decrease of electrical conductivity [34].

According to the Table 5, the temperatures to show the maximum and minimum electrical
conductivity were the same for all samples at 150 and 900 °C. The maximum electrical

conductivity was measured at a value of 962.6 S/cm in SBCO 1150 with the highest sintering



temperature. It can be determined that the higher the sintering temperature not only increases
the density in samples, but also decreases the concentrations in grain boundary along with the
growth of grains increasing the particle size through the sintering process.

According to results mentioned in Fig. 1 again, the particle sizes of SBCO_1000, SBCO 1050,
SBCO 1100 and SBCO_1150 are 2.9, 4.6, 4.7 and 6.5 um; the particle size of sample sintered
at higher temperature is bigger than that of sample sintered at lower temperature. In other words,
since the process of particle size growth is directly related to the decrease of grain boundary,
the electrical conductivity increases because of a reduction of the length of the movement path
of holes as the main charge carriers in Co substituted into B-site of layered perovskite or
complex perovskite [35].

However, in the case of the lower sintering temperatures, the density of the grain boundaries
is relatively increased, which results in a limited hole movement in the porous microstructure.
Therefore, it can be determined that the lower sintering temperature, the lower the maximum
electrical conductivity value in Fig. 3. (d). For example, SBCO 1000 sintered at the lowest
temperature has the lowest minimum electrical conductivity at about 112.1 S/cm at 900 °C.

To investigate the difference of electrical conductivity caused by different applied current
densities, SBCO 1150 and SBCO 1000 were exposed to current strengths of 1 A, 0.5 A and
0.1 A using the DC 4 probe arrangement for electrical conductivity measurement; the results

are shown in Fig. 5.
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Fig. 5. Summaries of electrical conductivity of SBCO 1000 and SBCO 1150 when currents

of 1 A, 0.5 A and 0.1 A were applied.

The values of electrical conductivity of SBCO 1150 with applied currents of 1 A, 0.5 A and
0.1 Awere 445.1,521.3 and 1024 S/cm at 600 °C. At the same temperature and the same applied
current conditions, SBCO 1000 showed electrical conductivities of about 197, 185 and 503
S/cm. These values show an inverse relation between the applied current strength and the
measured conductivity values, a lower the applied current leads to a higher electrical
conductivity. It can be determined that the measured voltage increase according to the applied
current in the Co-substituted sample affects the electrical conductivity. According to Baek et al
the decrease of electrical conductivity observed at higher current density can be explained by
a reduction of the flux of internal charge carriers [36]. In the case of SBCO these charge carriers

are electron holes created by the oxidation of Co™ to Co*>. At a higher current a larger number



of these charge carriers have to move through the same crystal lattice, the movement of the

charge carriers is limited by the number of pathways in the lattice and the overall electrical

conductivity is reduced.

3.2.2 Electrical conductivity of SmBaCo020s5+ (SBCO) with 10 wt% Carbon black

To investigate the effect of a porous microstructure on the electrical conductivity, SBCO and

10 wt% carbon black were mixed and sintered at 1050 °C (SBCO10C 1050) and 1150 °C

(SBCO10C _1150). The conductivity results at different current strengths are summarized in

Fig. 6.
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Fig. 6. Electrical conductivities of SBCO_1050, SBCO_1150, SBCO10C 1050, and

SBCO10C 1150 when currents of 1, 0.5 and 0.1 A were applied.



3.2.2.1 Conductivity of porous samples

In summary, SBCO10C 1150 and SBCO10C 1050 artificially changed a dense structure into
a porous structure suitable as a fuel cell electrode by addition of carbon black. As expected the
added porosity results in a general decrease of electrical conductivity of the samples, with the
extent of this decrease depending on the applied current.

As can be seen in Fig. 6, the porous samples SBCO10C 1150 and SBCO10C 1050 also
showed the same MIT behavior as the dense samples SBCO 1150 and SBCO_1050, in which
the electrical conductivity showed conductivity values increasing with increasing temperature
at lower temperature ranges from 50 °C to 150 °C and decreasing conductivity values from 300
to 900 °C. For most compositions and current strengths there is a plateau of maximum
conductivity between roughly 150 °C and 300 °C, showing in Fig. 6 for porous samples in the
same way as in Fig. 4 and Fig. 5 for dense samples .

The values for the electrical conductivity of SBCO_ 1150 were 499.0, 397.5 and 313.8 S/cm
and those of SBCO10C 1150 were 256.6, 214.2 and 170.4 S/cm at 600, 700 and 800 °C in the
case of an applied current of 1 A. The value of electrical conductivity of SBCO 1150 at 600
°C, 1s better than the values of PrBag.sCao2C0205+4 (197 S/cm), GdBaCo020s+4 (about 400 S/cm),
PrBaCo20s+4 (about 200 S/cm) and YBaCo020s+4 (20 S/cm) [34, 37-39]. In addition, the values
of electrical conductivity of SBCO 1050 were 284.8, 228.2 and 179.1 S/cm and those of
SBCO10C 1050 were 97.0, 79.1 and 64.6 S/cm at 600, 700 and 800 °C with an applied current
of 1 A.

These values show that the electrical conductivity decreases from the dense microstructure of
the pure SBCO samples to the porous microstructure achieved by the addition of carbon black.
This decrease of conductivity in porous samples is no surprise since the movement of charge

carriers is limited by the pores in the porous structure [35]. The same trend is also shown in



Fig. 6 for smaller applied currents.

3.2.2.2 Suitable conductivity for IT-SOFC cathodes

Fig. 6 shows that the values of electrical conductivity in the temperature ranges of 600 ~ 800
°C of SBCO10C_1150, which has the porous microstructure, are higher than 100 S/cm, which
is the minimum electrical conductivity required for IT-SOFC cathodes [27, 40, 44]. On the
other hand, the values of the electrical conductivity for SBCO10C 1050 were about 71 ~ 97
S/cm at 600 ~ 800 °C, which does not satisfy the required minimum electrical conductivity for
IT-SOFCs.

The porous sample sintered at higher temperature, SBCO10C_1150 and the dense sample
sintered at lower temperature, SBCO 1050 exhibit similar electrical conductivity values. These
conductivity values suggest that the decline in conductivity from the porous structure can be
compensated by the increase of sintering temperature and grain size. Considering that cathodes
of SOFCs need the microstructural characteristics of the porous structure for their functionality
in gas transport, sufficient electrical conductivity values can be achieved by controlling the
sintering temperature of the porous sample.

When applying various currents to SBCO10C 1050 and SBCOI10C 1150, the same
characteristics observed in Fig. 5 were also found in Fig. 6, namely that a lower current load
generally results in better conductivity, no matter if the sample is dense or porous.

For the SBCO10C 1150 sample the values of electrical conductivity measured at applied
currents of 1 A and 0.5 A were very similar 257 and 268 S/cm at 600 °C . However, when a
current of 0.1 A was applied to SBCO10C 1150, the value of electrical conductivity increased
a lot to 375 S/cm at 600 °C. This characteristic was also found in SBCO10C_1050. However,

the electrical conductivity was generally lower lower than that of SBCO10C 1150.



3.2.2.3 The effect of porosity on the relation between sintering temperature and

conductivity

On the first impression of the optical inspection of Fig. 6, the difference in electrical
conductivity values between SBCO 1150 and SBCO 1050 seems smaller than between
SBCOI10C 1150 and SBCO10C 1050 in the diagram, but this is a deceptive effect of the
logarithmic scale of the conductivity axis.

At the lower temperature (300 °C), the electrical conductivity of the dense samples
SBCO 1150 and SBCO 1050 were 911.8 and 515.0 S/cm, which shows a conductivity
difference of 396.8 S/cm. The porous samples SBCO10C 1150 and SBCO10C_1050 with their
porous microstructure show 474.9 and 155.0 S/cm with a conductivity difference of only 319.9
S/cm at the lower temperature 300 °C, all values measured at an applied current of 1A. So,
regarding to the absolute values, the positive effect of a higher sintering temperature is slightly
less prominent in the samples with a porous microstructure.

The same trend shows at a relatively higher temperature (600 °C). Electrical conductivity
values of SBCO 1150 and SBCO 1050 were 499.0 and 284.8 S/cm showing a difference of
214.2 S/cm, the conductivities of SBCO10C 1150 and SBCO10C 1050 were measured to be

256.6 and 97.0 S/cm with a difference of 159.6 S/cm at an applied current 1A.

3.2.2.4 The effect of porosity on the relation between measured temperature and

conductivity

As mentioned in chapter 3.2.2.1, a maximum conductivity of dense and porous SBCO

samples can generally be achieved measuring the conductivity in the temperature range



between 150 °C and 300 °C. These temperatures are too low for electrode application in IT-
SOFCs, a temperature of 600 °C is more realistic, but under these higher temperatures the
conductivity decreases.

Increasing the application temperature from 300 °C to 600 °C, will decrease the electrical
conductivity of the SBCO 1150 sample by 412.8 S/cm or 45% of the maximum 911.8 S/cm
and the electrical conductivity of SBCO 1050 by 230.2 S/cm or 45% of the maximum
conductivity of 515 S/cm. The porous samples SBCO10 1150 and SBCO10 1050 shows
218.3 S/cm and 58 S/cm, 46% and 37% of their plateau conductivity, respectively, if you heat
them from 300 °C to 600 °C. That is, the ranges of electrical conductivity values measured over
different temperatures with dense samples is larger than those of the electrical conductivity
values with porous samples in absolute numbers, but similar or even slightly smaller in

percentage of the maximum conductivity .

3.2.3 Electrical conductivity of composite cathodes comprised of SBCO and

Ce0.9Gdo.102 (CGO91)

Fig. 7 shows the electrical conductivity results of composite cathodes comprised of SBCO
and Cep9Gdo.102 (CGO91) at a mass ratio 0.5:1.5 (SBCO 0.5), 1:1 (SBCO 1), 1.5:0.5
(SBCO _1.5), and 1.9:0.1 (SBCO _1.9) at the temperature ranges between 50 and 900 °C with

interval of 50 °C.
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Fig. 7. Electrical conductivities of SBCO 1.9, SBCO 1.5, SBCO 1, and SBCO 0.5 when

currents of 1, 0.5 and 0.1 A were applied.

As can be seen in Fig. 7, the SBCO 1.9 sample shows the typical MIT behavior with a plateau
of maximal conductivity in the temperature range between 150 °C and 300 °C, the same as the
pure SBCO samples [17, 31]. It is not a surprise that this sample behaves similar to SBCO,
since this sample has the highest SBCO content of 95%. However, the temperature dependence
of electrical conductivity changes with increasing content of CGO91. SBCO 0.5, the sample
with the lowest SBCO content (25%) and highest CGO content (75%), showed a similar
conductivity behavior to CGO91, with significantly lower conductivities at lower temperature
ranges measured [41, 42]. As the content of SBCO increases in composite cathodes, the
temperature dependency of conductivity behavior of the composite cathode is close to that of

single phase SBCO, but as the content of CGO91 increases, the conductivity behavior



increasingly follows the conductivity behavior of CGO91.

From Fig. 7, the values of electrical conductivity of SBCO 0.5, SBCO 1, SBCO 1.5 and
SBCO 1.9 were measured to be 0.213, 9.59, 62.7 and 90.9 S/cm at 300 °C, and 1.725, 20.82,
98.89 and 272.9 S/cm at 900 °C based on the applied current of 1A. Fig. 7 clearly shows that
the electrical conductivity of composite samples consisting of SBCO and CGO91 decreases
with increasing CGO91 content, this is true for all temperatures and for all current loads applied.
The electrical conductivity values are particularly bad if the composition ratio of CGO91 is
greater than 0.5.

In the case of a composite cathode comprised of CGO91 as the ionic conductor on SBCO as
the mixed ion-electron conductor (MIEC), the movements of the holes, which are the main
charge carrier in these materials, are hindered by CGO91, and at the same time, the activation
energy increases with increasing CGO content, which results in the decreased electrical
conductivity value [41, 42].

When comparing only the electrical conductivity values measured to the minimum electrical
conductivity (100 S/cm) for IT-SOFCs, SBCO 1.9 exceeds 100 S/cm in all measured
temperature ranges and SBCO 1.5 exceeds 100 S/cm at temperatures above 700 °C. SBCO 0.5
and SBCO 1 do not satisfy the minimum electrical conductivity value at any temperature [44,
45], and once further decrease because of porosity is taken into account, also SBCO 1.5
doesn’t seem suitable as cathode material for IT-SOFCs.

Comparing data of Fig 7, SBCO 0.5, SBCO 1 and SBCO 1.5 showed low electrical
conductivity values at all currents applied and the conductivity dependency on the applied
current was found insignificant, in other words the conductivity values were similarly low
whether 0.1A, 0.5A or 1A current loads were applied. However, SBCO 1.9 shows a large
dependence of the electrical conductivity value on the applied current in the way that the

conductivity is much higher at a lower current load. For example, SBCO 0.5 shows electrical



conductivities of 0.48, 0.51, and 0.53 S/cm at applied currents of 0.1, 0.5 and 1 A at 600 °C as
summarized in Fig. 7. However, SBCO 1.9 shows high electrical conductivity values of 884.00,
559.60, and 525.37 S/cm at the same temperature and applied current condition, conductivity
showing a clear current dependency.

Through this, there is a big difference between the conductivity result of the single phase
summarized in Sections 3.2.1 and 3.2.2 and the conductivity tendency of the composite phase
presented in this section 3.2.3. In summary, the conductivity value does not significantly

improve in the composite cathode mixed with CGO91 under a low current condition.

Conclusion

In this research work SmBaCo20s+4 (SBCO) was investigated as a material for IT-SOFC
cathodes, both as a single phase and as a component in a composite material with CGO91.
Microstructural changes as a result of different sintering temperatures and of induced porosity
by adding 10% carbon and their effect on the overall electrical conductivity values were studied.

With increasing sintering temperature of SBCO the particle size generally increases and the
microstructure becomes denser and coarser.

The conductivity of samples sintered at 1000, 1050, 1100 and 1150 °C showed metal
insulator transition (MIT) behavior. The values of electrical conductivity of SBCO 1150 and
SBCO 1000 were measured at 445.1 and 196.7 S/cm at 600 °C. SBCO of the same composition
shows an increase of electrical conductivity by about a factor two or more as the sintering
temperature increases because the main charge carriers can move freely without being isolated
in the denser microstructure.

Electrical conductivities of SBCO10C 1150 and SBCO10C 1050, which increased porosity

by mixing CB, were measured at 256.6 and 97.0 S/cm at 600 °C, which shows that the electrical



conductivity generally decreases as porosity increases.

SBCOI10C 1150 and SBCO 1050 are different in porosity and density but show similar
electrical conductivity values. Clearly electrical conductivity values can be controlled by both
changing the sintering temperature and the porosity of the sample.

The values of electrical conductivity of SBCO_1.9 were 909.31 and 272.89 S/cm at 300 and
900 °C (applied current 1A), better than the values of SBCO 0.5, SBCO 1 and SBCO 1.5
samples. Also, the electrical conductivity of SBCO 1.9 is higher than 100 S/cm at all relevant
temperatures, exceeding the minimum electrical conductivity required for IT-SOFC. However,
with the ratio of CGO91 increasing in the SBCO/CGO composite cathodes, the value of
electrical conductivity rapidly decreases.

Generally the electrical conductivity improved as the applied current decreased, this effect
could be observed at dense and porous SBCO samples of all sintering temperatures. On the
other hand, the above-mentioned phenomenon did not appear in composite cathodes of SBCO

and CGO91 with a CGO content higher than 5%.
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