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Abstract 

In this study, the unusual microstructure and electrical properties of SmBa0.5Sr0.5Co2O5+d 

(SBSCO) layered perovskite cathodes with dense and porous microstructures were analyzed 

by changing the applied current.  

Unique nanostructure shapes were observed when a high current was applied to a cathode 

with both dense and porous microstructures of the same chemical composition for electrical 

conductivity measurement. Nanoflower and nanoneedles, which are types of nanoseeds, were 

discovered. The nanoneedles were found on the entire surface of the SBSCO cathode, whereas 

nanoflowers were only present on part of the cathode surface.  

Results from an Energy Dispersive Spectrometer (EDS) analysis revealed that the 

nanoneedles generated on the SBSCO matrix had a chemical composition of SmBaCo2O5+d 

(SBCO). 

The electrical conductivity of the porous cathode with SBCO nanoneedles (nanoneedle 

cathode) was 238 S/cm at 700 oC under decreasing temperature in an air atmosphere (Air Down) 

during the experiment. In comparison, the electrical conductivity of the porous cathode without 

nanoneedles (normal cathode) was 136 S/cm at the same experiment condition (700 oC, Air 

Down). This indicates that the electrical conductivity of the nanoneedle cathode was 

significantly higher than that of the normal cathode. 
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1.Introduction 

A Solid Oxide Fuel Cell (SOFC) is a device that directly converts chemical energies of H2 

and O2 into electrical energy. It is an environmentally friendly power generation device that 

reduces CO2 emissions by using hydrogen as an energy source instead of fossil fuels [1, 2]. 

Compared to other fuel cells, SOFCs have the advantages of high electrical efficiency and high 

power density due to their ability to operate at high temperatures ranging from 600 oC to 1000 

oC [3-5]. However, the advantage of the high operating temperature can also be seen as a 

disadvantage. For example, due to its high-temperature operating characteristics, there are 

problems such as chemical reactions and phase instability between the materials constituting 

the SOFC, as well as reduced stability and performance degradation of cells and stacks due to 

thermal degradation [6, 7]. 

Therefore, as a key area of research, Intermediate Temperature-operating SOFCs (IT-SOFCs) 

with relatively lower operating temperature ranges have been studied [8-11]. By reducing the 

operating temperature to 500 oC ~ 700 oC, various material and operating issues at high 

temperatures can be addressed [12, 13]. This brings the advantages of reducing system 

operating costs and increasing the life of the stack. However, the main disadvantage of an IT-

SOFC is that the cathode resistance contributes more than 50% of the total resistance of all the 

components [5, 14, 15]. Improving the cathode performance is therefore crucial to enhance the 

overall performance of the IT-SOFC [16]. 

Many research methods have been proposed to improve the cathode performance of IT-

SOFCs. In particular, many types of research are currently underway to increase the diffusion 

of oxygen ions and enhance the surface properties by changing the structure of the cathode 

from an ABO3-type complex perovskite structure to an AA/B2O5+d type layered perovskite 

structure. In particular, the layered perovskite structure, which has the order of [CoO2]-[BaO]-
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[CoO2]-[LnO6] and is aligned along the c-axis, can improve oxygen ion diffusion through the 

distribution of oxygen vacancies [17-20]. 

 In addition, studies on the electrochemical properties in relation to the materials and amounts 

substituted for each site of layered perovskite are also actively underway. For example, 

regarding the effect of the A-site substitution amount of LnBa0.5Sr0.5Co2O5+d (A: Lanthanide, 

A/: Ba, Sr), Sm0.2Nd0.8Ba0.5Sr0.5Co2O5+d has an electrical conductivity of 516 S/cm and ASR of 

0.043 Ωcm2 at 700 oC. Therefore, a strategic approach of substitution and varying the 

substitution amount of the substance for the A-site can effectively improve the performance of 

the IT-SOFC cathode [21]. 

In addition to these studies, various studies have been conducted to improve the performance 

of the cathode, such as exposing particles that play a role in the oxygen reduction reaction 

(ORR) of the cathode to the surface by changing the microstructure of the cathode [22]. 

Our research group reported that SmBa0.5Sr0.5Co2O5+d (SBSCO) with a layered perovskite 

structure, where the A-site is substituted with Sm, the A/-site with Ba and Sr, and the B-site 

with transition metal Co, had an electrical conductivity of 427.8 S/cm and an ASR of 0.09 

Ωcm2 at 700 oC. The ASR of the composite SBSCO with 50 wt% of Ce0.9Gd0.1O2-d (CGO91) 

also had an excellent electrochemical property of 0.013 Ωcm2 at 700 oC [23].  

In addition, a SBSCO cathode with these characteristics was fabricated with two 

microstructures (dense and porous cathode) and the relationship between the electrochemical 

properties and microstructure was analyzed. It has been reported that there is a difference in 

the movement of charge carriers between a porous and a dense cathode due to a difference in 

the microstructure, which results in differences in electrical conductivity [24].  

In this study, the relationship between microstructure and electrical conductivity in a layered 

perovskite SBSCO cathode was investigated by varying the conditions of oxygen partial 
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pressure and applied current, resulting in changes in the microstructure. Particles with unique 

shapes that formed during the microstructural changes were closely studied, and an electrical 

conductivity analysis was conducted to determine their impact on the cathode performance. 

 

2.Experimental 

2.1. Phase Synthesis 

Sm2O3 (Alfa Aesar, 99.9%), BaCO3 (Samchun, 99.0%), SrCO3 (Aldrich, 99.9%), and Co3O4 

(Alfa Aesar, 99.7%) were utilized as the primary raw materials to synthesize a 

SmBa0.5Sr0.5Co2O5+d (SBSCO) layered perovskite cathode.  

To synthesize SBSCO single phase through the traditional solid-state reaction method (SSR), 

each raw material powder was weighed accurately to the third decimal place and mixed 

uniformly in an agate mortar. In this process, ethanol was added to prevent the loss of fine 

powder and scattering.  

The mixed material was dried at 78 oC for 24 hours to evaporate ethanol fully, and underwent 

the first calcination. The first calcination was performed with a temperature increase rate of 

5 °C per minute, reaching 1000 °C and held for six hours. In this process, BaCO3 was reduced 

to BaO and SrCO3 to SrO, forming a single phase simultaneously. The secondary calcination 

was performed at 1100 °C for eight hours, synthesizing all unreacted remaining raw material 

powders into a single phase. The powder was then pulverized to produce SBSCO cathode 

powder with a layered perovskite structure. 

 

2.2. Sample preparation 

2.2.1. Dense and porous samples for microstructure analysis 



7 

 

A dense cathode sample was made by putting 2.5 g of synthesized cathode powder into a 

rectangular metal mold (25 mm x 6 mm x 4 mm) and pressing with 2x103 kg/m2. It was then 

sintered at 1100 °C for three hours in an air atmosphere. 

The porous cathode sample was produced using an electrolyte substrate because of two 

reasons. Firstly the electrical conductivity of the porous cathodes used in this research with a 

thickness of 20-30 micrometers cannot be measured without the use of an electrolyte support 

and secondly the porous cathode in the form of a thin film requires mechanical support from 

the electrolyte substrates. Therefore, the following process is required [24, 25]. First, 9 g of 

Ce0.9Gd0.1O2-d (CGO91) powder was compressed into a rectangular metal mold (30 x 23 x 2 

mm) with 1.5 x 103 kg/m2 pressure to form the electrolyte substrate. The substrate was then 

heat-treated for six hours at 1450 °C to produce a dense sintered body. The cathode ink was 

made by mixing 5 g of cathode powder, 0.1 g of KD-1 dispersant, and 100 ml of acetone solvent 

in a Nalgene bottle. The cathode powder and dispersant were mixed through ball milling at 160 

rpm for 24 hours. The zirconia beads were removed from the slurry and the remaining part was 

stirred at room temperature to form a cathode ink paste. The specific process can be found in a 

previously published study by our research group [23-28]. The cathode ink was thinly screen-

printed on the sintered CGO91 electrolyte substrate using a mesh (23 x 6 mm). Platinum paste 

was used to print voltage and current lines on the cathode, following the DC 4 probe method. 

The sample was then heat-treated at 1000 oC for three hours. 

 

2.2.2. Phase and microstructure analysis  

An X-ray diffraction (XRD) analysis was performed to determine the phase of the 

synthesized powder. The equipment used was a Model D/Max 2500 from Rigaku (45 kV, 200 

mA) with Cu Kα radiation. The data obtained confirmed the synthesis of layered perovskite 
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and the crystallographic information was analyzed using the MDI JADE 6 program [29]. 

The microstructure of the prepared cathode was analyzed using a scanning electron 

microscope (SEM, Model: JEOL JSM-IT500). A gold coating was applied to the cathode using 

the sputtering method to address the surface charging effect and ensure stable SEM 

measurements. The gold layer was deposited for 40 seconds with an ion current value set at 10 

mA. After microstructure observation, Energy Dispersive Spectrometer (EDS, Model: Oxford 

Ultim Max) measurement was performed to confirm the composition. In this process, 

transmission electron microscopy (TEM, Model: HITACHI HF5000) images were used. 

 

2.3. Electrical conductivity measurement  

In this study, the impact of different current values on the microstructure characteristics of 

the cathode was analyzed. 

When a high current value is applied to the porous cathode, an overvoltage may occur, 

potentially leading to destruction of the cathode. Thus, a lower current value was applied to the 

porous cathode compared to the dense cathode because the porous cathode has high porosity, 

resulting in lower conductivity than the dense cathode.  

In addition, the current value at which the porous cathode was destroyed differed in the air 

atmosphere and nitrogen atmosphere. For example, when assuming that currents corresponding 

to a high current are applied in a nitrogen atmosphere, an overvoltage may occur in a P-type 

cathode with low conductivity due to a low oxygen partial pressure, and the porous cathode 

may be destroyed [24]. Thus, in this condition, the applied current value differed according to 

the atmosphere condition. Therefore, the electrical conductivity measurement conditions for 

the porous cathode were referenced from a previous study reported by our research group [24]. 

That is, in the case of the electrical conductivity measurement experiment conducted by our 
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research group, currents of 0.05, 0.075, 0.1, and 0.3 A were applied in an air atmosphere and 

currents of 0.01, 0.02, 0.03, 0.04, and 0.05 A were applied in a nitrogen atmosphere, 

respectively. For standardization, the total current values for each atmosphere were divided by 

minutes and set as the high current value. 

A Keithley 2400 source meter was used to measure the electrical conductivity of the porous 

cathode. The sample was connected using a Pt wire and a Pt clamp, and the DC 4 probe method 

was used. The temperature range was from 50 oC to 900 oC with an increment of 50 oC. Both 

a heating process (measuring while rising from 50 °C to 900 °C) and a cooling process 

(opposite of the heating cycle) were performed. During the conductivity measurements, the 

atmosphere was controlled by supplying air and nitrogen gases, respectively. 

To observe the electrical conductivity caused by changes in the microstructure according to 

applied current values, electrical conductivity measurements were performed by halving the 

applied current value. For example, the experiment was conducted by setting the applied 

current values to 0.025, 0.0375, 0.05, and 0.15 A (air atmosphere) and 0.005, 0.01, 0.015, 0.02, 

and 0.025 A (nitrogen atmosphere), which are half of the previously applied values.  

 

3. Results and discussion 

The X-ray diffraction (XRD) results for the SBSCO powder prepared by the solid phase 

synthesis (SSR) method showed the same results as the SBSCO layered perovskite structure 

reported by our group [20, 23-26]. Therefore, the microstructure analysis was carried out as the 

SBSCO was considered to be well compounded. 

3.1. Microstructural characteristics according to various experimental conditions 

3.1.1. The effect of oxygen partial pressure in dense and porous cathodes  

By using two types of cathodes, dense and porous, the microstructural characteristics of each 
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cathode were evaluated through a SEM analysis. In these experiments, 0.1 A/min was applied 

when measuring the electrical conductivity of the dense cathode in air and nitrogen 

atmospheres. On the other hand, in the porous cathode, 0.03 A/min was applied in an air 

atmosphere and 0.005 A/min was set in a nitrogen atmosphere. 

Figure 1 summarizes the microstructural differences between the dense and porous cathode 

types where the current was applied in air and nitrogen atmospheres. Figure 1 (a) shows the 

microstructural features of dense SBSCO exposed to air without currents. Particles do not exist 

on the grain and grain boundary surface of the cathode, and as seen in Figures 1 (b) and (c), 

when the current was applied to the dense cathode, the surface of the cathode does not show a 

significant difference from the microstructure of the existing dense SBSCO cathode when 

compared with Figure 1 (a).   

In contrast, Figures 1 (e) and (f) show that when current was applied to the porous cathode, 

fine particles formed on its surface, unlike the microstructure of the porous SBSCO cathode 

without applied current shown in Figure 1 (d). These particles are about 0.1 μm in size in an 

air atmosphere (Figure 1 (e)) and 0.15 μm in a nitrogen atmosphere (Figure 1 (f)). 

The growth of fine particles on the surface of the porous cathode is due to its differing 

porosity. The porosity of a dense cathode was about 3% when measured at the same 

magnification, while the porosity of a porous cathode was about 16%. The dense cathode had 

a relative density of around 85% and the porous cathode had a relative density of approximately 

52.5% when the relative density was measured. The dense microstructures of the dense cathode 

restrict the diffusion of oxygen and nitrogen gas into the bulk because of its high density. But 

the porous cathode with high porosity allows for easy diffusion of oxygen and nitrogen, leading 

to surface and internal gas diffusion [30]. Hence, the difference in gas flow diffusion around 

the bulk affects the generation of surface particles in the porous cathode. 
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In addition, Figures 1 (e) and (f) show a clear difference in microstructure when current was 

applied to the cathode surface in air and nitrogen atmospheres. It can be observed that when 

the current was applied in an air atmosphere, a higher number of fine particles are generated 

compared to in a nitrogen atmosphere.  

 

 

Figure 1. Microstructural differences in cathodes under air and nitrogen atmospheres with 

applied electrical current: Dense cathode (a) no current, (b) low current in air, and (c) low 

current in nitrogen atmosphere. Porous cathode (d) no current, (e) low current in air, and (f) 

low current in nitrogen atmosphere.  

 

3.1.2. The effect of applied current in dense and porous cathodes  

To assess the impact of the current value on the microstructure, dense and porous cathodes 

were analyzed with different currents applied. The corresponding applied current values can 

be found in Table 1. 
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Table1. Applied current levels for cathode microstructure and atmosphere 

Microstructure 
of cathode Atmosphere Current Amount of current 

Dense type 

Stagnant air No current - 

Air, N2 Low current 0.1 A/min 

Air, N2 High current 1 A/min 

Porous type 

Stagnant air No current - 

Air 
Low current 0.03 A/min 
High current 0.13 A/min 

N2 
Low current 0.005 A/min 
High current 0.038 A/min 

 

Figure 2 shows a SEM image of the cathode compared between the air and nitrogen 

atmospheres, focusing on the difference in the applied current value on the dense 

microstructure. Figure 3 presents the SEM images of the cathode according to applied current 

values comparing the porous microstructure between the air and nitrogen atmospheres. 

Compared to the microstructures of the cathode without an applied current (as seen in Figures 

2 (a) and 3 (a)), distinct changes can be observed in the microstructure of the cathode with a 

current applied (as seen in Figures 2 (b ~ e) and 3 (b ~ e)). Specifically, when a relatively large 

amount of current was applied, the surface roughness of the microstructure increased, as shown 

in (c) and (e) of Figures 2 and 3. That is, as more current applied, more oxides generated on 

the surface can be observed. It can be concluded that elements inside the cathode exsolution to 

the surface and form oxides due to the influence of a large amount of current. 

As mentioned in Part 3.1.1, when a relatively low current was applied, fine oxides appearing 

on the cathode surface grew more actively in an air atmosphere with a high oxygen partial 

pressure, which was remarkable at the porous cathode. However, as shown in (c) and (e) of 

Figures 2 and 3, when a high current was applied, many oxide particles were generated 
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regardless of the porosity and oxygen partial pressure. Therefore, the difference in the 

microstructure to the low and high current values can be summarized as follows. At a low 

current, it is affected by oxygen partial pressure and porosity. On the other hand, it can be seen 

that at a high current, the effect of the amount of applied current is greater than the influence 

of oxygen partial pressure and porosity condition. 

In particular, as shown in Figure 2 (e), the exsoluted and grown particles can be seen to exist 

as a uniquely shaped oxide. Specifically, fine oxide exsolution particles were generated 

intensively in a specific part of the matrix, forming a cluster. The nanoseed particles found in 

this study can appear in various forms, with sizes ranging from a nanometer. In particular, 

Figure 2 (e) shows a nanoseed that emerged as a fine, flower-like structure with a length of 

approximately 400 nm, referred to as a “nanoflower”. 

 

 

Figure 2. Characteristics of dense SBSCO microstructure cathode under different current 

conditions in air and nitrogen atmospheres: (a) no current (b) low current in air, (c) high current 

in air, (d) low current in nitrogen, and (e) high current in nitrogen.  
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Figure 3. Characteristics of porous SBSCO microstructure cathode under different conditions 

in air and nitrogen atmospheres: (a) no current, in air (b) low current, (c) high current, in 

nitrogen (d) low current, and (e) high current. 

 

Nanoseeds were also found in the porous cathode used in the electrical conductivity 

measurement conducted and are presented in Figure 4. These nanoseeds were named 

“nanoneedles” by our research group due to their shape, which resembles a needle among the 

various forms of nanoseeds in this research.  

Unlike the clustered distribution of the nanoflower shown in Figure 2 (e), the nanoneedles 

of Figure 4 were dispersed evenly across the entire surface of the porous SBSCO matrix, and 

they exhibit various lengths ranging from 100 nm to 600 nm. 

The microstructure of the SBSCO matrix can explain the variation in the distribution 

characteristics of nanoflowers and nanoneedles. The differences in their respective 

microstructures can be compared in Figure 2 (a) and Figure 3 (a). The dense cathode in Figure 

2 (a) has a large contact area between the particles and the crystal grains due to the high degree 
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of connection between the particles. Therefore, the charge carriers can move easily, and the 

electric path can be formed continuously without obstruction. In contrast, the porous cathode 

in Figure 3 (a) has a small contact area between the particles and the crystal grain due to the 

low connect characteristic between the particles. This causes a charge bottleneck and also 

results in the restriction of charge carriers. In addition, the internal blocking caused by the pores 

between the particles hinders the formation of the electric path, resulting in a discontinuous 

electric path [24, 25, 31-33]. Therefore, it can be determined that the nanoflowers found in the 

dense microstructure are partially generated along the continuously formed electric path and 

are characteristic of the dense microstructure, and the nanoneedles found in the porous 

microstructure are generated in the entire cathode along the discontinuously constructed 

electric path and are characteristic of the porous microstructure. 

As seen in Figure 5 and Table 2, the composition of the nanoneedles was SmBaCo2O5+d 

(SBCO) oxide, made from Sm, Ba, Co, and O. In addition, a small amount of gold was detected 

due to the gold coating during SEM measurements. The SBCO exhibited an excellent electrical 

conductivity with a value of 570 S/cm at 200 oC, and ASRs of approximately 0.1 Ωcm2 at 700 

oC. When used in a 5:5 weight ratio with Ce0.9Gd0.1O2−d (CGO91), the ASR reduced to 0.05 

Ωcm2 at 700°C [36]. After observation of the formation of SBCO nanoneedles with these 

unique characteristics, the electrical conductivity results of the cathode with and without 

nanoneedles are summarized in section 3.2. 
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Figure 4. Nanoneedles in porous microstructure cathode 

 

Figure 5. EDS analysis of nanoneedles: (a) Nanoneedle TEM image, and (b ~ i) result of EDS 
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Table 2. Atomic percentage of nanoneedles analyzed by EDS 

Element Atom% 
O 61.89 
Co 14.66 
Ba 7.56 
Sm 15.88 

Total 100.00 
 

 

As such, nanoseeds exhibit a range of shapes and sizes. The different types of nanoseeds are 

summarized in Figure 6, including nanosheets [34] and nanocubes [35] found in previous 

literature, as well as the nanoflowers and nanoneedles found in this study.  

The nanoflowers (Figure 2 (e)) in this study were formed under a nitrogen atmosphere and 

high current in the dense cathode. Meanwhile, a high current in the porous cathode generated 

nanoneedles (Figure 4) under both air and nitrogen conditions. As such, both the nanoflowers 

and nanoneedles were forms of nanoseeds, but their shape characteristics and formation 

conditions were distinct from each other.   
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Figure 6. Types of nanoseed: (a) nanosheet [34] and (b) nanocube [35]. (c) nanoflower, and (d) 

nanoneedle found in this study. 

 

3.2. Electrical conductivities with respect to the applied current 

Comparing the microstructural characteristics with respect to the applied current, nanoseeds 

were not generated when a low current value was applied. On the other hand, the generation of 

nanoseeds was confirmed when a high current value was applied, and the electrical 
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conductivity was measured to verify the effect of this microstructural difference on the cathode. 

As shown in Figure 4, it was determined that the nanoneedles generated on most of the 

cathode surface would directly affect the cathode performance. Therefore, porous cathodes 

with nanoneedles (nanoneedle cathode) and porous cathodes without nanoneedles (normal 

cathode) were used for the electrical conductivity measurement. This experiment confirmed 

that no nanoneedles were produced when a low current was applied, but they were found on 

the cathode used in the electrical conductivity experiment when a high current was applied. 

Therefore, in the case of the porous cathode, it was determined that a difference in electrical 

conductivity due to the presence of nanoneedles could be confirmed through the experimental 

results showing the same conductivity regardless of the amount of applied current [24], and 

electrical conductivity measurement and analysis were conducted. 

Regarding the overall electrical characteristics, electrical conductivity exhibits typical 

semiconductor behavior, with increased conductivity as the temperature rises, regardless of the 

presence of nanoneedles. The electrical conductivity values measured during the cooling 

process (Down) were higher than those measured during the heating process (Up). For example, 

in the case of the nanoneedle cathode under an air atmosphere at 700 oC, the conductivity value 

measured during the cooling process (■) was approximately 238 S/cm. In contrast, the value 

measured during the heating process (■) was about 222 S/cm. The difference in the electrical 

conductivity value is due to the measurement being conducted after sufficient thermal 

activation at a high temperature of 900 oC to allow for the movement of charge carriers in the 

cathode [37]. 

The difference in electrical conductivity due to the change in oxygen partial pressure 

indicates that it is a typical P-type conductor, as it shows higher electrical conductivity in an 

air atmosphere compared to a nitrogen atmosphere. For example, in the case of the nanoneedle 
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cathode that underwent a heating process, the electrical conductivity measured in an air 

atmosphere (■) was approximately 222 S/cm at 700 oC. In contrast, the conductivity measured 

in a nitrogen atmosphere (■) was about 175 S/cm at 700 oC. Therefore, the nanoneedle cathode 

has higher electrical conductivity in the air atmosphere. 

Additionally, the electrical conductivity varies based on the presence of nanoneedles. At 

700 °C, under a cooling process and air atmosphere, the electrical conductivity of the 

nanoneedle cathode (■) was approximately 238 S/cm, while the conductivity of the normal 

cathode (□) was about 136 S/cm. 

Accordingly, Figure 7 shows that the nanoneedle cathode exhibits higher electrical 

conductivity values than the normal cathode in all the measured conditions. 

The Arrhenius equation [σ = A/kT exp(-Ea / kT) ] was employed to calculate the activation 

energy using the measured electrical conductivity. From the results of electrical conductivity 

measurement, the slope in the ranges of 350 oC to 650 oC, which is linear in all conditions, was 

used and the activation energy values with respect to the presence of nanoneedles are 

summarized in Figure 7, and Table 4. The activation energy values of the nanoneedle cathode 

ranged from 0.111 eV ~ 0.126 eV across all experiments. On the other hand, the activation 

energy values for the normal cathode varied from about 0.133 eV to 0.177 eV in all conditions. 

This indicates that the nanoneedle cathode exhibits an enhanced electrochemical reaction on 

its surface compared to the normal cathode. This implies that the mobility of holes, which act 

as the primary charge carrier, is more efficient in the nanoneedle cathode than in the normal 

cathode. The formation of nanoneedles increases the total surface area of the cathode, providing 

more pathways for hole mobility, resulting in an overall increase in hole movement [38, 39]. 

Therefore, it was confirmed that the presence of nanoneedles directly affects the 

performance of the cathode, leading to a significant improvement in electrical conductivity due 
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to the increase in hole mobility.  

 

Figure 7. Electrical conductivities with respect to the presence of nanoneedles. 

 

Table 3. Electrical conductivity variation with respect to the presence of nanoneedles 

Sample Atmosphere 
Electrical conductivity (S/cm) 

600oC 650oC 700oC 750oC 800oC 

W/ 
Nanoneedle 

Air Up 212.75 218.54 221.55 221.55 220.22 
Air Down 217.22 230.28 237.52 232.21 224.25 

N2 Up 156.30 165.80 174.96 178.15 175.20 
N2 Down 168.18 174.14 178.34 180.02 175.29 

W/O 
Nanoneedle 

Air Up 69.83 78.74 95.67 104.35 122.13 
Air Down 120.54 136.18 136.18 133.78 132.64 

N2 Up 60.48 71.30 84.30 84.49 85.27 
N2 Down 64.38 74.01 89.42 87.77 84.30 
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Table 4. Activation energies with respect to the presence of nanoneedles (350 oC ~ 650 oC) 

Sample Atmosphere Activation Energy(eV) 

W/ 

Nanoneedle 

Air Up 0.111 
Air Down 0.113 

N2 Up 0.111 
N2 Down 0.126 

W/O 

Nanoneedle 

Air Up 0.133 
Air Down 0.177 

N2 Up 0.156 
N2 Down 0.149 

 

 

4.Conclusion 

The main goal of this research was to investigate the relationship between microstructural 

changes and electrical conductivity in a layered perovskite SBSCO cathode when different 

levels of current (no current, low current, high current) were applied. 

When applying a low current to the two types of cathodes (dense and porous SBSCO cathode), 

it was found that finer particles formed on the surface of the porous cathode compared to the 

dense cathode. Additionally, more fine particles were formed in an air atmosphere compared 

to a nitrogen atmosphere.  

Differences in microstructure were also observed under different current values. It was 

confirmed that the number of particles increased and grew in the order of no current, low 

current, and high current. In this case, nanoseeds were discovered when a high current was 

applied to the dense and porous cathode. The appearance of nanoneedles, a type of nanoseed, 

was observed across the entire surface of the cathode. It was found that the nanoneedles were 

composed of the chemical compound SmBaCo2O5+d (SBCO). 

The electrical conductivities of the nanoneedle cathode and the normal cathode were 238 S/cm 



23 

 

and 136 S/cm at 700 oC, in the case of the porous cathodes. This clearly indicates that the 

nanoneedles contribute to improved electrical conductivity. Furthermore, when the activation 

energies were calculated through the measured electrical conductivity value, the activation 

energy value of the nanoneedle cathode was 0.111 eV (Air Down) and that for the normal 

cathode was 0.133 eV. These results also suggest that nanoneedles aid the movement of holes, 

which are the primary charge carriers of the cathode. 
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