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Abstract 

In this study, layered perovskites were synthesized using a non-stoichiometric synthesis 

strategy that allowed the variation of the amount of Co substitution in the basic composition of 

SmBa0.5Sr0.5Co2O5+d (SBSCO), used as a cathode material for Intermediate Temperature-

operating Solid Oxide Fuel Cells (IT-SOFCs). 

SmBa0.5Sr0.5CoxO5+d (x=1.9~2.1, SBSCO-1.9~2.1), B-site non-stoichiometric layered 

perovskites, were analyzed to characterize the electrical and electrochemical properties with 

respect to the Co substitution. Among them, SmBa0.5Sr0.5Co2.05O5+d (SBSCO-2.05) exhibited 

the best electrical and electrochemical properties with an ASR of 0.082 Ωcm2 and an electrical 

conductivity of 268.42 S/cm at 700 oC (measured in air within a series of measurements of 

increasing measuring temperature). Therefore, B-site non-stoichiometric perovskite 

compositions with increased Co substitution on their B sites represent a key strategy for 

achieving high performance cathodes compared to cathodes with stoichiometric compositions. 
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Highlight 

● Layered perovskites with controlled non-stoichiometric compositions achieved by variation 

of the Co amount at their B-site were selected. 

● SmBa0.5Sr0.5Co2.05O5+d shows the lowest ASR of 0.082 Ωcm2 at 700 oC. 

● SmBa0.5Sr0.5Co2.05O5+d shows the highest electrical conductivity of 268.42 S/cm at 700 oC. 

● Non-stoichiometric compositions with increased Co substitution can enhance both 

electrochemical and electrical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

A solid oxide fuel cell (SOFC) is a device that directly converts chemical energy into electrical 

energy. It serves as an environmentally friendly power generation device utilizing hydrogen 

and oxygen as chemical fuels to generate electricity without carbon emissions [1-3]. From the 

aspects of SOFC operating conditions, SOFCs operate at high temperatures between 600 °C 

and 1000 °C, which gives them the advantage of offering the highest power conversion 

efficiency and power density of all conventional fuel cells [4-6]. In addition, operating at high 

temperatures makes it possible to promote the reaction without requiring expensive catalysts, 

unlike low-temperature fuel cells. Since they do not use a liquid electrolyte, they have the 

advantage of not having the problem of electrolyte loss compensation [7]. 

On the other hand, the benefits of operating in a high temperature range can sometimes come 

with drawbacks, such as chemical and physical instability between key components and 

thermal degradation, which can reduce the stability and performance of single cells and stacks 

[8-10]. 

Therefore, intermediate temperature-operating SOFCs (IT-SOFCs) with a lower operating 

temperature range of 500 oC to 700 oC are being studied. IT-SOFCs can overcome the problems 

that occur at high temperatures and offer the benefits of reducing system operating costs and 

increasing the lifetime of the stack [11]. However, IT-SOFCs have a drawback in that the 

resistance of each component increases as the operating temperature decreases, especially the 

polarization resistance of the cathode, which increases significantly by over 50 % of the total 

resistance [12, 13]. This means that developing an excellent cathode is important to improve 

the performance of IT-SOFCs. 

Consequently, studying the cathodes with layered perovskite structures has been actively 

underway to achieve high catalytic activity properties for the oxygen reduction reaction (ORR). 

Layered perovskites with an AA/B2O5+d structure are characterized by the ordering of the A-



site cations and have a layered structure with [BO2]-[AO]-[BO2]-[AO] layers stacked along the 

c-axis [14]. This layered structure has the advantage of reducing the oxygen binding strength 

of the [AO] layer and providing disordered ionic transport channels, which can increase the 

diffusivity of oxygen ions and cause excellent surface properties [15-19]. 

A study of performance based on A-site substituents in layered perovskite showed that 

amongst LnBaCo2O5+d (Ln=La, Pr, Nd, Sm, Gd, and Y) the perovskites with Sm as A-site 

cation (SBCO) exhibited excellent electrical performance of 570 S/cm at 200 oC, and a 1:1 

composite of CGO91 and SBCO was reported to exhibit an ASR value as low as 0.05 Ω cm2 

[20]. Especially, the composition SmBa0.5Sr0.5Co2O5+d (SBSCO) with simultaneous 

substitution of Ba and Sr at the A-site exhibits excellent electrical conductivity properties of 

427.8 S/cm at 700 oC and ASR as low as 0.09 Ω cm2 [21]. 

 Various transition metal elements substituted at the B-site can change the catalytic properties 

of the cathode, and the most commonly used elements are Cu, Co, Ni, Mn, and Fe. These 

elements can adopt a range of charge values, resulting in good electrical properties [22]. In 

particular, the Co-based layered perovskite has disadvantages such as high thermal expansion 

coefficient and high cost. However, it has the advantage of excellent electrical properties and 

low ASR due to optimal catalytic properties [23, 24, 27]. For example, the material 

LaBaCo2O5+d with Co substitution at the B-site is 457 S/cm at 700 oC, and LaBaCuFeO5+d with 

Cu and Fe simultaneous substitution is 93.7 S/cm at 700 oC [25, 26]. 

Therefore, in this study, cobalt (Co) was utilized as the transition metal at the B-site, and 

various layered perovskite compositions of SmBa0.5Sr0.5CoxO5+d (x=1.9, 1.95, 2, 2.05, and 2.1; 

Abbreviation: SBSCO-1.9~2.1) were employed to analyze the properties of cathodes with 

different levels of Co substitution, aiming for their direct application in IT-SOFCs. 

 

 



2. Experiment 

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 synthesis 

SmBa0.5Sr0.5CoxO5-d layered perovskites. For the traditional solid-state reaction (SSR) method, 

each raw powder was accurately weighted to the third decimal place for chemical composition, 

and an agate mortar was used for uniform mixing. During this process, ethanol was added in 

small amounts to prevent the loss of fine powder and powder scattering. 

The mixed material was dried at 78 oC for 24 hours to evaporate ethanol before proceeding to 

the first calcination. For the first calcination, a heating rate of 5 oC per minute was maintained 

to reach 1000 oC and then the temperature was held at 1000 oC for 6 hours. During the first 

calcination, BaCO3 and SrCO3 were reduced to BaO and SrO, respectively, and a partially 

single phase was formed simultaneously. The secondary calcination was carried out at 1100 oC 

for 8 hours with a heating rate of 5 oC/min, during which all the unreacted raw material powders 

were converted into a single phase. After the secondary calcination, the powder was uniformly 

pulverized to prepare the cathode powder using the SSR method. 

 

2.2. Sample characteristics analysis 

2.2.1. Synthesis and X-ray diffraction (XRD) 

X-ray diffraction (XRD) analysis was performed to confirm the structural characteristics of 

the synthesized cathodes. This analysis method provides information on the crystal structure 

and chemical composition by applying X-rays to the sample and obtaining diffracted X-rays 

specific to the material. As the peak position and intensity in XRD analysis may vary based on 

the condition of the sample, the cathode was finely powdered using an agate mortar prior to 

analysis to ensure precise measurements. 



In addition to the synthesized single-phase cathode, a composite cathode, consisting of a 

mixture of electrolyte and single-phase cathode, was produced for XRD analysis. This XRD 

analysis aimed to identify the suitable electrolyte, as a secondary phase may emerge during the 

chemical reaction between the electrolyte and cathode, potentially leading to performance 

decrease. The composite cathodes with Yttria-stabilized zirconia (YSZ) or Ce0.9Gd0.1O2-d 

(CGO91) electrolytes were mixed using agate mortar after being weighed in a 1:1 mass ratio. 

After mixing, three different composite cathodes were fabricated of each of the YSZ/SBSCO 

and CGO91/SBSCO mix combinations by heat treatment at different temperatures of 900, 1000, 

and 1100 oC for 3 hours (heating rate: 5 oC/min). XRD analysis of the composite cathode 

reveals the reactivity between the cathode and electrolyte depending on the heat treatment 

temperature. 

The equipment employed for XRD analysis utilized Cu ka radiation (Model D/Max 2500, 

Rigaku (45 Kv, 200 mA, Cu kα radiation)). XRD analysis was performed in the 2 theta (2θ) 

range from 10 to 90 o and the data were analyzed using the MDI JADE 6 program. 

 

2.2.2. Thermogravimetric analysis (TGA) 

Thermogravimetric Analysis (TGA) is a measurement method that analyzes the weight 

change in a sample. When maintained at a given temperature ramp rate, the weight changes of 

the sample can be observed as a function of both temperature and time change. 

In this study, a Labsys Evo model was employed, and the analysis was conducted within a 

temperature range of 50 to 900 oC with a temperature increase of 5 oC per minute. To ensure 

precise measurements, the powders underwent 2 hours of heat treatments at 200 oC to eliminate 

any remaining moisture. The TGA analysis enables the accurate measurement of weight 

changes in the range of 50 to 900 oC for all compositions. 

 



2.2.3. X-ray photoelectron spectroscopy (XPS) analysis 

X-ray photoelectron spectroscopy (XPS) is a method that obtains the surface chemical 

structure by analyzing the photoelectrons emitted from the surface. Consequently, XPS analysis 

can be utilized to analyze the chemical bonding state and surface properties. 

The selected compositions were processed into fine powders for XPS analysis. For XPS 

analysis, three compositions were chosen: the stoichiometric composition SBSCO-2, the non-

stoichiometric composition SBSCO-1.9 with decreased Co amount as an example for a B-site 

deficient perovskite, and the non-stoichiometric composition SBSCO-2.05 with increased Co 

amount as an example for a B-site excess perovskite. 

XPS measurements were performed using a Sigma Probe model (Thermo VG Scientific, Al 

Kα Source). The spectra were obtained across the entire binding energy range (0-1400 eV) and 

within specific ranges for each element (C1s=275-295 eV, O1s=520-550 eV, Co2p=770-820 eV). 

After the measurements, the data were analyzed using PeakFit version 4. Each binding energy 

was calibrated with respect to a C1s peak (284.4 eV), and then the peaks were separated and 

analyzed using Gaussian and Lorentzian functions. 

 

2.3. Electrochemical property measurements and analysis 

A half cell with a cathode coated on the top and bottom of the electrolyte support was 

fabricated to analyze the electrochemical properties. To prepare the electrolyte support, 2.5 g 

of CGO91 powder was loaded into a circular metal mold and compressed at a pressure of 2 x 

103 kg/m2. The pressed CGO91 pellet was heat treated at 1450 oC for 6 hours using a heating 

rate of 5 oC/min. 

Screen printing was used to coat the electrolyte support with the cathodes. 5 g of cathode 

powder, 0.1 g of KD-1 dispersant and 100 ml of acetone used as a solvent were mixed in a 

Nalgene bottle by ball mill process to fabricate the required cathode ink. At this point, ball 



milling was performed at 160 rpm for 24 hours. After removal of the zirconia beads the slurry 

was stirred at room temperature to prepare a cathode ink. The cathode ink was screen printed 

on top and bottom of the sintered CGO91 electrolyte. The printed samples were heat treated at 

1000 oC for 1 hour to complete the half cell.  

The resistance measurements of the half cell were performed using a multi-channel chemical 

analyzer (Model nStat, HS Technologies) in the temperature range of 500-900 oC. The 

measurements were started at 900 oC reducing the measurement temperature in decrements of 

50 oC finishing with a measurement at 500 oC, using a frequency range of 0.05-250000 Hz. 

The measured resistance was multiplied by the screen-printed cathode area of 0.785 cm2 to 

calculate the area specific resistance (ASR). 

 

2.4. Electrical conductivity measurements and analysis 

To fabricate dense cathode samples, 2.5 g of cathode powder was pressed into a rectangular 

metal mold (25 mm x 6 mm x 4 mm) at a pressure of 2x103 kg/m2. After molding the slabs 

were sintered by heat treatment at 1100 oC for 3 hours in an air atmosphere. The dense cathode 

samples were wound with Pt wires along the voltage and current lines using the DC 4 probe 

method. Pt paste was additionally applied to contact the Pt wire with the sample. The prepared 

sample was then connected to a Keithley 2400 source meter and the resistance was measured. 

The temperature range was from 50 oC to 900 oC, measured in 50 oC steps. In two series of 

measurements the temperature was first elevated (from 50 oC to 900 oC) and then decreased 

(from 900 oC to 50 oC). Air and nitrogen (N2) atmospheres were used for the measurements. 

The current applied to measure the resistance was 0.1 A, 0.5 A, and 1 A. 

A second set of conductivity measurements was performed using porous cathode material 

comparable to a condition used in SOFCs. Unlike the dense cathodes, the porous structure 

makes it impossible to directly measure the electrical conductivity due to its fragile structure, 



so the porous cathodes were applied on top of an electrolyte support using a coating method. 

Specifically, the method of screen printing a thin layer of cathode ink on the electrolyte was 

used. To prepare the electrolyte substrate, 9 g of CGO91 electrolyte powder was loaded into a 

rectangular metal mold (30 mm x 23 mm x 2 mm) and compacted under a pressure of 1.5 x 103 

kg/m2. Then, a dense CGO91 electrolyte was produced by heat treatment at 1450 oC for 6 hours. 

Cathode ink was screen printed onto the sintered CGO91 electrolyte, and voltage and current 

lines were printed onto the cathode layer using Pt paste by the DC 4 probe method. The printed 

samples were then heat treated at 1000 oC for 3 hours.  

Carefully choosing the applied current values is important because cathodes with a porous 

microstructure have a lower conductivity than those with a dense microstructure. The 

respective applied current values were 0.05, 0.075, 0.1, and 0.3 A for air atmosphere and 0.01, 

0.02, 0.03, 0.04, and 0.05 A for N2 atmosphere. The reason for setting a lower current value for 

a porous microstructure than a dense microstructure is as follows. Porous microstructure 

cathodes have a lower conductivity than cathodes with a dense microstructure due to their many 

porosities. Therefore, high current values can cause overvoltage and destroy the porous cathode. 

The reason for the different current application values between conductivity measurements of 

cathodes with a porous microstructure in air and N2 atmospheres is similar. The effect of a N2 

atmosphere and related low oxygen partial pressure on a P-type conductor is a further decrease 

of conductivity. Overvoltage and destruction of the cathode can occur at lower current values 

compared to measurements in air atmosphere. The choice of the current range for the 

measurements aims to avoid overvoltage and destruction while at the same time provide 

currents high enough for optimal measurement conditions [28]. 

The measurement equipment and temperature range are the same as those used for measuring 

electrical conductivity of the dense cathodes, also the method for calculating the electrical 

conductivity is the same. However, since it is difficult to measure the thickness of the screen-



printed cathode layer directly, a scanning electron microscope (SEM) was used to obtain 

detailed information about the thickness of the cathode layer. 

 

3. Results and discussion 

3.1. Phase synthesis characteristics 

3.1.1. X-ray diffraction (XRD) 

In Figure 1, all compositions SBSCO-1.9 to 2.1 display characteristic layered perovskite 

peaks at 23, 33, 41, 47, 59, 69, and 78 o, indicative of an orthorhombic crystal structure, as 

evidenced by the peak splitting observed at 23, 47, and 59 o [20, 29-31]. However, in the case 

of SBSCO-1.9 and SBSCO-1.95, it was observed that during the synthesis process, a secondary 

phase, identified as Sr3Co2O6.13 (JCPDS #83-0375) by the peaks (▼) at 24.68, 27.08, 32.3, 

43.42, and 45.1 o in the XRD patterns, occurred. These results indicate that secondary phases 

appear in non-stoichiometric compositions with less Co substitution compared to 

stoichiometric compositions. Therefore, SBSCO-2, 2.05, and 2.1 are compositions in which a 

single phase can be synthesized. 

After analyzing the synthesis properties, the electrolyte and cathode were mixed in a 1:1 mass 

ratio and heat treated for 3 hours at 900 oC, 1000 oC, and 1100 oC, respectively to investigate 

the chemical reactivity of the electrolyte and cathode as a function of heat treatment 

temperature. YSZ and CGO91 were used as electrolyte materials. These materials are 

commonly employed in SOFCs as electrolytes, with YSZ known for high-temperature stability. 

Furthermore, CGO91 exhibits excellent ionic conductivity even at relatively low temperatures, 

making it suitable as an electrolyte for IT-SOFCs [32-35]. 

The XRD results of the composite cathodes with YSZ and CGO91 are shown in Figure 2. In 

Figure 2. (a), the XRD results of the heat treatment of composite SBSCO-2.05 with CGO91 

composite showed that no additional peaks appeared, which indicates that SBSCO-2.05 and 



CGO91 do not react at 900 oC, 1000 oC, and 1100 oC. On the other hand, secondary phases 

such as SrZrO3 (JCPDS #23-0561), Co3O4 (JCPDS #43-1003), Sm2Zr2O7 (JCPDS #24-1012), 

and Y2O3 (JCPDS #43-0661) occurred when SBSCO-2 and SBSCO-2.05 were heat treated in 

composite with YSZ, as shown in Figures 2. (b) and 2. (c) respectively. For example, SBSCO-

2, when mixed with YSZ, exhibited secondary phases such as SrZrO3, Co3O4, and Sm2Zr2O7 

at all temperatures of 900 oC, 1000 oC, and 1100 oC. Similarly, SBSCO-2.05 showed secondary 

phases including SrZrO3, Co3O4, and Sm2Zr2O7 at 900 oC, and additional peaks of another 

secondary phase identified as Y2O3 when heat treated at 1000 oC and 1100 oC. Therefore, to 

use the electrolyte with the cathode applied in this study, either CGO91 electrolyte should be 

used, or a buffer layer should be used on top of the YSZ electrolyte to prevent the occurrence 

of secondary phases through chemical reactions. 

In addition, relative intensity of the secondary phase peaks was calculated to accurately 

analyze the number and concentration of secondary phases in the YSZ/SBSCO composite 

cathode. Relative intensity is the ratio of the main peak of each secondary phase peak to the 

YSZ peak (2θ=30.2 o), which is the main peak of the YSZ phase in the composite cathode and 

is set to 100 %. The main peak positions of secondary phases such as SrZrO3, Co3O4, Sm2Zr2O7, 

and Y2O3, can be observed at 30.220 o, 36.845 o, 29.257 o, and 29.409 o, respectively [36]. The 

results of the calculated relative intensities are shown in Figure 2. (d) and Table 1. 

Figure 2. (d) illustrates the number and concentration of secondary phases generated by the 

reaction of SBSCO-2 and SBSCO-2.05 with YSZ with respect to the different temperatures of 

the heat treatment. For example, when SBSCO-2 and YSZ are reacted, the secondary phase of 

Y2O3 does not occur at all temperatures, and the concentration of SrZrO3 and Co3O4 increases 

with increasing heat treatment temperature, while the concentration of Sm2Zr2O7 decreases at 

1100 oC. When SBSCO-2.05 was mixed with YSZ, no secondary phase of Y2O3 was observed 

at 900 oC, while Y2O3 occurred at 1000 oC and 1100 oC. In addition, the concentration of all 



secondary phases increases with increasing temperature, and the concentration of the secondary 

phase Sm2Zr2O7 increases markedly at 1000 oC and 1100 oC. Finally, the higher concentration 

and number of secondary phases observed in SBSCO-2.05 compared to SBSCO-2 imply that 

SBSCO-2.05 exhibits a higher chemical reactivity with YSZ. 

 

3.1.2. Thermogravimetric analysis (TGA)  

Figure 3. (a) shows the results of thermogravimetric analysis (TGA) to show the change of 

thermogravimetric weight with temperature for SBSCO formulations with different 

substitution amounts of Co. Figure 3. (b) shows graphs depicting the change in oxygen content 

(d) of the different layered perovskite formulations. These calculated values are derived from 

the equation: Formula weight ×1.4
15.9994 ×100

 . Even though the general chemical formula for the layered 

perovskites is SmBa0.5Sr0.5CoxO5+d, the average amount of oxide ions in a unit cell of the 

layered perovskites is far higher than 5. To obtain the average amount of oxide ions in a unit 

cell of the layered perovskites at RT, the charge states of Sm, Ba, Sr, Co, and O are considered 

to be +3, +2, +2, +3, and -2. According to standard stoichiometry, their chemical compositions 

at RT are considered to be SmBa0.5Sr0.5Co2O5.5 for SBSCO-2. The average amount of oxide 

ions can be increased or decreased depending on the change in thermogravimetric weight 

according to the TGA analysis in Figure 3. (a) [38]. For example, the average number of oxide 

ions per unit cell in the SBSCO-2.05 composition is about 5.575 at RT. Using this value as a 

starting point and adding 0.047 oxide ions from the TGA indicated weight gain with the rise in 

temperature from RT to 300 oC the conclusion for the average oxide ion number per unit cell 

in SBSCO-2.05 at 300 oC is around 5.622. Generally, after an increase in oxygen content 

between RT and 300 oC the oxygen content is decreased at temperatures higher than 300 oC by 

the formation of oxygen vacancies in the lattice, the difference in oxygen content between the 

values of room temperature and the values at higher temperatures are denoted as d (see Table 



2), this d-value can function as an indicator of how many oxygen vacancies have formed in the 

perovskite lattice during the process of heating above 300 oC. Using the thermogravimetric 

results in Figure 3. (a), the decrease in oxygen content (d) in the layered perovskite was 

calculated and summarized in Figure 3. (b). As shown in Figure 3. (a), a decrease in the weight 

with increasing temperature is evident for all compositions, with a particularly significant 

decrease at 300 oC. This decrease indicates that the generation of oxygen vacancies in the lattice 

occurs at temperatures above 300 oC [20]. The calculated decrease in oxygen content d 

(creation of oxygen vacancies) by composition are summarized in Table 2.  

Figure 3 and Table 2 show that, with the exception of SBSCO-1.95, the weight loss at high 

temperature is proportional to the increase in Co substitution. This shows that the amount of 

oxygen vacancies created with rising temperature increases as the amount of Co substitution 

increases. Therefore, the amount of oxygen vacancies per unit cell created in SBSCO-2.1 is 

0.59 at 900 oC, which is the largest amount of oxygen vacancies in all compositions. The 

oxygen content can also affect the electrical and electrochemical performance, the reason for 

this is discussed in the following sections 3.2 and 3.3. 

 

3.2. Electrochemical characteristics  

The electrochemical properties as a function of the amount of Co substitution are shown in 

Figure 4 and Table 3. As shown in Figure 4. (a), the ASR values of SBSCO-1.9 to 2.1 at 700 

oC were found to be 0.16, 0.13, 0.18, 0.08, and 0.12 Ωcm2, respectively. It is noteworthy that 

SBSCO-2.05 exhibited the lowest ASR among them. Moreover, the activation energy of 

SBSCO-2.05 was calculated to be 0.985 eV, showing that it is the lowest among the different 

compositions. When comparing the electrochemical performance through the ASR values of 

all the compositions, the stoichiometric composition SBSCO-2 shows the highest ASR values. 

Both B-site deficient layered perovskites SBSCO-1.9 and SBSCO-1.95 and B-site excess 



layered perovskites SBSCO-2.05 and SBSCO-2.1 with Co non-stoichiometric compositions 

have enhanced electrochemical properties compared to the stoichiometric layered perovskite 

SBSCO-2.  

In particular, the SBSCO-2.05 composition exhibits the most excellent electrochemical 

properties. This observation can be correlated with the XPS analysis shown in Figure 5. The 

O1s spectra of SBSCO-2 and SBSCO-2.05 are shown in Figure 5. (a, b), and Table 5. High 

binding energy (HBE) is related to the surface properties that oxygen molecules can adsorb [37, 

39-41]. The area % values of the HBE corresponding to SBSCO-2 and SBSCO-2.05 are 

determined to be 78.96 % and 80.19 %, respectively. The higher HBE area % in SBSCO-2.05 

indicates advanced electrochemical characteristics (=lower ASR characteristics). 

The electrochemical properties can also be assessed by examining the TGA results depicted 

in Figure 3. In Figure 3. (b), the generation of oxygen vacancies varies with the Co substitution 

level, as the amount of Co substitution increases, a significant number of oxygen vacancies are 

generated, enhancing the Oxygen Reduction Reaction (ORR) characteristics. However, an 

excessive concentration of oxygen vacancies caused by defects can impede oxygen mobility 

by scattering oxygen vacancies, thereby reducing ORR properties [44]. Therefore, among the 

compositions ranging from SBSCO-1.9 to 2.1, SBSCO-2.05 exhibits the best electrochemical 

properties. 

Electrochemical impedance spectroscopy (EIS) allows the division of the total resistance into 

ohmic resistance and polarization resistance and furthermore the distinction between high 

frequency and low frequency parts of the polarization resistance. Polarization resistance 

occurring at a high frequency (2.5x105 Hz to 1 Hz) is denoted as R1, signifying the resistance 

encountered as oxygen ions migrate from the cathode interface into the electrolyte. Polarization 

resistance occurring at a low frequency (1 Hz to 0.05 Hz) is denoted as R2, signifying the 

adsorption of oxygen molecules on the cathode and their diffusion into the cathode [42]. The 



R1 and R2 values of an EIS of all SBSCO compositions are depicted in Figure 4. (b) for 

measuring temperatures between 600 oC and 900 oC enabling us to identify the rate determining 

step (RDS) of the ORR reaction. R1 exhibits a significantly larger value than R2 for all samples 

and at all measuring temperatures. For example, SBSCO-2.05 at 700 oC shows an R1 value of 

0.076 Ωcm2 and an R2 value of 0.006 Ωcm2. Consequently, the RDS of all samples is 

determined by R1, the resistance that occurs when oxygen ions move from the cathode interface 

into the electrolyte. 

Figure 4. (b) and Table 4 present the fitted impedance results for SBSCO-2.05, which has the 

lowest ASR values. The values of R1 are larger than those of R2 at all measured temperatures. 

Therefore, the ASR characteristics of SBSCO-2.05 are dependent on R1, but the relative ratio 

of R2 increased within the temperature range from 600 oC to 900 oC. In other words, at the low 

temperature of 600 oC, the value of R1 constitutes a larger proportion of the total resistance, 

whereas at the high temperature of 900 oC, the values of R1 and R2 are similar. This implies 

that the resistance of oxygen ions moving into the electrolyte at the cathode interface is similar 

to the resistance caused by the adsorption of oxygen molecules and their movement in the 

cathode bulk if the sample is measured at a temperature of 900 oC. 

The ASR values and activation energy of the composite cathode (SBSCO-2.05 with CGO91) 

are compared to that of the SBSCO-2.05 single phase in Figure 4. (a). Both the ASR values 

and the activation energy of the composite cathode are decreased compared to that of the 

SBSCO-2.05 single phase. This indicates that the addition of CGO91 effectively decreases the 

resistance of the cathode by expanding the triple phase boundary (TPB) [43]. For example, 

comparing the ASR values of SBSCO-2.05 single-phase and of the CGO91/SBSCO-2.05 

composite at various temperatures, the ASR of single-phase SBSCO-2.05 at 600, 700, and 800 

oC is 0.499 Ωcm2, 0.082 Ωcm2, and 0.032 Ωcm2, while the ASR of the CGO91/SBSCO-2.05 

composite is 0.257 Ωcm2, 0.052 Ωcm2, and 0.019 Ωcm2. 



 

3.3. Electrical conductivities 

For all samples with the compositions of SBSCO-1.9~2.1, both dense microstructure (Bar-

type samples) and porous microstructure (Porous-type samples) samples were prepared to 

analyze the electrical conductivity characteristics as a function of their microstructure. 

 

3.3.1. Electrical conductivities of dense microstructure cathodes 

The electrical conductivity measurement results of SBSCO-1.9~2.1 with dense microstructure 

are shown in Figure 6. The measurements of electrical conductivity as a function of temperature 

were performed varying three main conditions: first, the process involved measuring 

conductivities during the heat up phase, while increasing the temperature (closed symbol, 

hereafter Up), but conductivities were also measured during the cool down phase, while 

decreasing the temperature (open symbol, hereafter Down); second, in different atmospheres, 

including air (□, square) and N2 (○, circle); and finally, under applied current conditions of 0.1 

A, 0.5 A, and 1 A. 

First, when comparing the Up and Down conditions, electrical conductivity values measured 

in the Down condition are generally higher compared to the electrical conductivity values 

measured in the Up condition. Measuring the electrical conductivity during the cool down 

phase after the heat plateau of 900 oC means that the samples have already gone through 

sufficient thermal activation, which improves the movability of charge carriers in the cathode 

[45]. For example, in Figure 6. (a), for SBSCO-1.9 measured under the condition of air 

atmosphere and 0.1 A, the electrical conductivity values are 216.32 S/cm, 186.43 S/cm, and 

157.60 S/cm at 500, 600, and 700 oC for the Up condition (■) and 241.60 S/cm, 197.87 S/cm, 

and 163.17 S/cm at 500, 600, and 700 oC for the Down condition (□). Therefore, the electrical 

conductivity values are higher for the Down condition. 



Secondly, when comparing the conductivities of samples under air and N2 atmospheres, 

higher electrical conductivity values can be observed in the air atmosphere, indicating that all 

samples are typical P-type conductors [45, 46]. For example, in Figure 6. (c) for SBSCO-2, the 

measured electrical conductivity values under the condition of Up process and 0.1 A are 287.45 

S/cm, 240.37 S/cm, and 196.63 S/cm at 500, 600, and 700 oC for air atmosphere (■), and 227.75 

S/cm, 182.01 S/cm, and 144.90 S/cm at 500, 600, and 700 oC for N2 atmosphere (●). 

Third, a lower current value results in a higher electrical conductivity compared to the 

conductivity values achieved under a higher applied current. Therefore, among the three 

applied current values of 0.1 A (black color), 0.5 A (blue color), and 1 A (magenta color), the 

highest electrical conductivity value is observed at 0.1 A. For example, in Figure 6. (d) for the 

SBSCO-2.05, measured under the condition of Up process and air atmosphere, the electrical 

conductivity values are 385.26 S/cm, 326.87 S/cm, 268.42 S/cm at 500, 600, and 700 oC for 

the applied current value of 0.1 A (■); 372.75 S/cm, 315.47 S/cm, and 260.52 S/cm at 500, 600, 

and 700 oC for the applied current value of 0.5 A (■), and 373.25 S/cm, 314.40 S/cm, and 

260.25 S/cm at 500, 600, and 700 oC for the applied current value of 1 A (■). As mentioned 

above, the electrical conductivity values at an applied current value of 0.1 A are superior, 

however, the conductivity values at applied current values of 0.5 A and 1 A are very similar, 

even if the electrical conductivity values at the applied current value of 0.5 A are slightly higher 

than those at the applied current value of 1 A. The trend of higher electrical conductivity values 

at a lower applied current remains consistent. Therefore, with a dense microstructure, a lower 

applied current value results in a higher electrical conductivity, attributed to difference in the 

movement of the holes, which serve as the main charge carrier [46-49]. In other words, when 

a lower current value is applied, the flow of holes increases, which results in a high electrical 

conductivity characteristic. 

Additionally, the conductivities measured during the Down process in N2 atmosphere (○, ○, 



○) under all applied current conditions show the behavior of a semi-conductor with increasing 

conductivity as the temperature increases. In contrast, excluding the results obtained from the 

Down process measured under N2 conditions, under all other conditions it is observed that 

conductivity decreases with increasing temperature, originating from metallic behavior. This 

difference in these behaviors can be explained by variations in the atmosphere and the 

differences in the Up and Down processes. The starting point for all the measurements during 

the Down process is a high plateau temperature of 900 °C, together with concurrently 

maintaining N2 atmosphere this is creating a very low oxygen partial pressure. Under these 

conditions, all measured P-type samples do not maintain thermal stability due to the high 

temperature and low oxygen partial pressure, which leads to a change in the surface bonding 

property [49-51]. Therefore, the behavior changes from metallic to semi-conductor. 

The electrical conductivity values for all compositions SBSCO-1.9 to 2.1 were compared in 

Figure 6. (f) under the conditions of the Up process and in the presence of air, applying the 

same current value of 0.1 A. The conductivity values of SBSCO-1.9, SBSCO-1.95, SBSCO-2, 

SBSCO-2.05 and SBSCO-2.1 under these conditions are 157.60 S/cm, 186.21 S/cm, 196.63 

S/cm, 268.42 S/cm, and 213.37 S/cm at 700 °C. This indicates that SBSCO-2.05 exhibits the 

most superior electrical characteristics among them. This superiority in conductivity of 

SBSCO-2.05 over all other measured SBSCO compositions can be observed at all temperatures, 

measured at 600, 650, 700, 750, and 800 °C, it consistently shows the same trend in electrical 

conductivity values. 

These electrical properties can be correlated and analyzed with the TGA results in Figure 3. 

The mobility of charge carriers, holes, is recognized to play a crucial role in determining the 

electrical characteristics. If the amount of oxygen vacancies generated by increasing the 

amount of Co substitution is too large, this breaks the Co-O-Co bonds through which these 

charge carriers move [44], which deteriorates the electrical properties. The decrease in 



conductivity at temperatures above 300 oC, as depicted in Figures 6. (a-e), can be attributed to 

the rapid generation of oxygen vacancies observed at temperatures above 300 oC in Figure 3. 

(b). SBSCO-2.05 exhibits the highest electrical conductivity value despite the increased Co 

substitution, as can be seen in Figure 6. (f). The composition SBSCO-2.05 seems to inhabit a 

“sweet spot”, an optimal amount of both Co at the B-site of the perovskite and of the number 

of oxygen and of oxygen vacancies. This is because the existing oxygen content is higher in 

SBSCO-2.05 due to the chemical composition difference. At the lowest temperatures the 

oxygen content in SBSCO-2.05 is higher than in most SBSCO compositions, and after increase 

of temperature, reduction and formation of oxygen vacancies, the final oxygen content of 

SBSCO-2.05 also has the second largest value of all investigated SBSCO compositions, as 

shown in Table 2. Despite the occurrence of oxygen vacancies the oxygen content in SBSCO-

2.05 remains high enough to leave the Co-O-Co bonds unbroken, enhancing the mobility of 

holes and contributing to excellent electrical properties. 

The outstanding electrical properties of SBSCO-2.05 can also be explained by the XPS 

analysis results shown in Figure 5. In Figure 5. (c, d) and Table 6, which displays the results of 

Co2p spectra, the first satellite peak, ranging from 787.36 eV to 787.46 eV, originated from the 

mixture of Co2+ and Co4+, while the second satellite peak, spanning from 804.08 eV to 804.2 

eV, is assigned to the interaction of Co3+ and Co4+ [37, 39, 40]. The area % values of the first 

satellite peak in SBSCO-2 and SBSCO-2.05 are 6.03 % and 3.9 %, respectively. However, the 

values of the second satellite peak are 9.76 % and 11.66 %. Consequently, SBSCO-2.05, 

characterized by a larger coexistence area of Co3+ and Co4+, exhibits the highest electrical 

conductivity value. 

 

3.3.2. Electrical conductivities of cathodes with a porous microstructure  

 SBSCO-2.05 exhibits the best conductivity values among all the compositions with a dense 



microstructure. Therefore, as described at the end of section 2.4., this composition was also 

prepared as a sample with a porous microstructure to investigate the influence of a porous 

microstructure on the electrical conductivity of a cathode sample. The electrical conductivity 

measurement result of the porous-type sample of SBSCO-2.05 is presented in Figure 7. 

 The dense bar-type sample exhibits metallic behavior in most conditions, whereas the porous-

type sample exhibits semi-conductor behavior in all conditions. Additionally, the difference in 

electrical conductivity values with applied current is significant for the dense bar-type sample, 

while the porous-type sample does not show a significant difference of conductivity with a 

different applied current. For example, the porous-type sample exhibits almost the same 

conductivity value at all applied current levels, as shown in Figure 7. (a, b), because the charge 

carriers are restricted by the pores within the porous sample under all conditions. 

In addition, under the same conditions of air atmosphere, Up process, and 0.1 A, the maximum 

value of electrical conductivity for the SBSCO-2.05 bar-type sample is 663.42 S/cm at 50 oC, 

while the maximum value of electrical conductivity for the porous-type sample is 388.89 S/cm 

at 900 oC. The change from a dense microstructure to a porous microstructure results in a 

discontinuous electrical path due to the density difference and, therefore a decrease in 

conductivity attributed to the restriction of charge carrier movement [46, 47, 49]. 

 

4. Conclusion 

In this study, SmBa0.5Sr0.5CoxO5+d (x=1.9~2.1) with a layered perovskite structure was 

utilized to characterize the properties of cathodes depending on the amount of Co substitution. 

Among these compositions, SBSCO-2.05 was identified as a composition that satisfied the 

conditions for synthesizing a single phase based on XRD analysis, and it was expected to 

exhibit no performance degradation due to the absence of secondary phases. 

It also exhibited the lowest ASR property of 0.082 Ωcm2 and the lowest activation energy 



value of 0.985 eV at 700 oC due to its excellent surface adsorption property, as evidenced by 

the highest HBE area % in the O1s spectra of XPS analysis. When composited in a 1:1 ratio 

with the electrolyte material CGO91, better electrochemical properties of 0.052 Ωcm2 and 

0.832 eV at 700 oC could be achieved due to an increase in TPB area and little difference in the 

thermal expansion coefficient. 

In the Co2p spectra of the XPS analysis, the highest area % of corresponds to satellite peaks 

with coexisting Co3+ and Co4+, indicating excellent electrical properties. Consequently, the 

dense microstructure cathode exhibits outstanding electrical conductivity values of 268.42 

S/cm at 700 oC (measured in air).  

The excellent electrochemical properties (i.e., low ASR and activation energy) of the material 

can contribute to the reduced degradation and fast ORR reaction in SOFC cathodes. In addition, 

the high electrical conductivity values can facilitate the occurrence of the ORR reaction across 

the entire cathode surface. For all these reasons this study identifies the SBSCO-2.05 

composition as the optimal cathode material for an IT-SOFC amongst all studied compositions 

SmBa0.5Sr0.5CoxO5+d (x=1.9~2.1). The increased Co substitution compared to the 

stoichiometric composition SBSCO-2 was identified as the main reason for the superiority of 

SBSCO-2.05. 
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Figure captions 

Figure 1. X-ray diffraction (XRD) patterns of synthesized SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1). 

Figure 2. XRD patterns of (a) the composite of SBSCO-2.05 with CGO91, (b) SBSCO-2 with 

YSZ, (c) SBSCO-2.05 with YSZ, and (d) Characteristics of secondary phases in SBSCO-2 

with YSZ and SBSCO-2.05 with YSZ. 

Figure 3. TGA results of SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1). (a) Thermogravimetric results 

with increasing temperature, and (b) temperature dependent decrease in oxygen content. 

Figure 4. (a) ASR of SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1) and of the composite cathode of 

SBSCO-2.05 with CGO91, (b) Nyquist plots of the impedance of SBSCO-2.05. 

Figure 5. Oxygen spectra of (a) SBSCO-2 and (b) SBSCO-2.05, and cobalt spectra of (c) 

SBSCO-2 and (d) SBSCO-2.05. 

Figure 6. (a~e) Electrical conductivities of dense SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1) and (f) 

Total electrical conductivities of SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1) with respect to various 

amounts of Co at the perovskite B-site. 

Figure 7. Electrical conductivities of the porous-type SBSCO-2.05 cathode: conductivity 

results under applied current (a) in an air atmosphere, (b) in a N2 atmosphere, and (c) in air 

and N2 with an applied current of 0.05 A. 

 

 

 

 

 



Table captions 

Table 1. Relative intensity of the secondary phase peaks in a composite of SBSCO-2 with YSZ 

and SBSCO-2.05 with YSZ. 

Table 2. Oxygen contents and d values of SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1). 

Table 3. ASR results for SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1). 

Table 4. Summarized results R1 and R2 of the SBSCO-2.05 cathode. 

Table 5. The results of the O1s spectra for SBSCO-2 and SBSCO-2.05. 

Table 6. The results of the Co2p spectra for SBSCO-2 and SBSCO-2.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig 1. X-ray diffraction (XRD) patterns of synthesized SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1). 
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Fig 2. XRD patterns of (a) the composite of SBSCO-2.05 with CGO91, (b) SBSCO-2 with 

YSZ, (c) SBSCO-2.05 with YSZ, and (d) Characteristics of secondary phases in SBSCO-2 

with YSZ and SBSCO-2.05 with YSZ. 
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Fig 3. TGA results of SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1). (a) Thermogravimetric results with 

increasing temperature, and (b) temperature dependent decrease in oxygen content. 
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Fig 4. (a) ASR of SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1) and of the composite cathode of SBSCO-

2.05 with CGO91, (b) Nyquist plots of the impedance of SBSCO-2.05 
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Fig 5. Oxygen spectra of (a) SBSCO-2 and (b) SBSCO-2.05, and cobalt spectra of (c) SBSCO-

2 and (d) SBSCO-2.05. 
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Fig 6. (a~e) Electrical conductivities of dense SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1) and (f) Total 

electrical conductivities of SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1) with respect to various amounts 

of Co at the perovskite B-site. 
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Fig 7. Electrical conductivities of the porous-type SBSCO-2.05 cathode: conductivity results 

under applied current (a) in an air atmosphere, (b) in a N2 atmosphere, and (c) in air and N2 

with an applied current of 0.05 A. 
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Table 1. Relative intensity of the secondary phase peaks in a composite of SBSCO-2 with YSZ 

and SBSCO-2.05 with YSZ. 

 Relative intensity (%) 

 Temperature (oC) SrZrO3 Co3O4 Sm2Zr2O7 Y2O3 

SBSCO-2 
with YSZ 

900 27.7 4.6 7.1 - 

1000 62.1 9.3 13.9 - 

1100 94.6 13 10.9 - 

SBSCO-2.05 
with YSZ 

900 42.4 5.9 5.7 - 

1000 82.7 18.8 58.1 35.6 

1100 100 20.6 85.1 48.8 

 

Table 2. Oxygen contents and d values of SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1). 

 SBSCO-1.9 SBSCO-1.95 SBSCO-2 SBSCO-2.05 SBSCO-2.1 

Oxygen contents  
at RT 

5.35 5.425 5.5 5.575 5.65 

d values 
at 900 oC  -0.30 -0.59 -0.51 -0.52 -0.59 

Oxygen contents  
at 900 oC 5.05 4.835 4.99 5.055 5.06 

 

 

 

 

 

 



Table 3. ASR results for SmBa0.5Sr0.5CoxO5+d (x = 1.9~2.1). 

 ASR of various composition (Ω·cm2) 

Temperature(oC) SBSCO-1.9 SBSCO-1.95 SBSCO-2 SBSCO-2.05 SBSCO-2.1 

600 0.7515 0.6513 0.8331 0.4990 0.5930 

650  0.3167 0.2691 0.3683 0.1893 0.2452 

700 0.1555 0.1274 0.1806 0.0818 0.1170 

750 0.0861 0.0697 0.0958 0.0499 0.0628 

800 0.0509 0.0407 0.0549 0.0320 0.0373 

850 0.0336 0.0283 0.0344 0.0239 0.0233 

900 0.0219 0.0214 0.0232 0.0163 0.0170 

 

Table 4. Summarized results R1 and R2 of the SBSCO-2.05 cathode. 

 ASR of SBSCO-2.05 (Ω·cm2) 

Temperature (oC) R1 R2 

600 0.385  0.114  

650  0.175  0.014  

700 0.076  0.006  

750 0.041  0.009  

800 0.025  0.006  

850 0.017  0.006  

900 0.009  0.007  

 

 

 



Table 5. The results of the O1s spectra for SBSCO-2 and SBSCO-2.05. 

 SBSCO-2 SBSCO-2.05 

LBE 
BE (eV) 528.17 528.26 

Area (%) 12.55 16.75 

IBE 
BE (eV) 529.33 529.19 

Area (%) 8.48 3.06 

HBE 
BE (eV) 531.23 531.25 

Area (%) 78.96 80.19 

 

 

Table 6. The results of the Co2p spectra for SBSCO-2 and SBSCO-2.05. 

 SBSCO-2 SBSCO-2.05 

Co 2p3/2 
BE (eV) 779.75 779.85 

Area (%) 51.70 53.64 

Co2+, Co4+ 
BE (eV) 787.36 787.46 

Area (%) 6.03 3.9 

Co 2p1/2 
BE (eV) 795 795.04 

Area (%) 29.84 26.49 

Co3+, Co4+ 
BE (eV) 804.08 804.2 

Area (%) 9.76 11.66 

 

 


