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Abstract 

In this study, the composition of the layered perovskite SmBa0.5Sr0.5Co2O5+d was changed to 

different non-stoichiometric compositions by changing the substitution amount of Ba and Sr. 

SmBa0.45Sr0.5Co2O5+d (SBSCO-0.45/0.5) showed the lowest area specific resistance (ASR) 

because the area % caused by high binding energy (HBE) of O1s in the X-ray photoelectron 

spectroscopy (XPS) analysis was the largest compared to all other tested compositions and also 

the unit cell volume was smaller than that of other samples. 

The dense SmBa0.5Sr0.48Co2O5+d (SBSCO-0.5/0.48) showed the highest electrical 

conductivity. This is because SBSCO-0.5/0.48 has the smallest decrease in oxygen contents 

compared to other samples when subject to temperature increase. Also, through XPS analysis, 

it was found that the area % of the Co3+ and Co4+ coexistence regions of Co2p of SBSCO-

0.5/0.48 was the largest. The electrical conductivity values and behaviors of the porous 

SBSCO-0.45/0.5 and SBSCO-0.5/0.48 were not significantly different. 

Comparing the single-cell performance with composite cathodes comprised of SBSCO-

0.45/0.5 and SBSCO-0.5/0.48 with CGO91, the results show that the single-cell with the 

SBSCO-0.45/0.5 and CGO91 cathode showed higher maximum power density.  
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1. Introduction 

Recently, an abnormal climate caused by global warming has become a problem worldwide. 

The main cause of global warming is an increase of the CO2 concentration in the atmosphere. 

One of the main causes of CO2 generation is the use of fossil fuels [1, 2]. Accordingly, the use 

of a fuel cell was suggested as an alternative way of conversion of chemical energy to electrical 

energy instead of burning fossil fuels [1-4]. One type of the fuel cells for power generation is 

the SOFC (Solid oxide fuel cell) in which the cathode, the electrolyte and the anode are all 

made of ceramic materials [5]. An SOFC has the advantage of high efficiency and output power 

compared to other fuel cells due to its high operating temperature of 600 ~ 1000 oC. However, 

long-term performance degradation occurs in SOFCs due to problems such as chemical 

reactions between components, Cr poisoning and metal oxidation [6-10]. 

Since the problems described for the SOFC are caused or worsened by very high operation 

temperatures, one way to solve these problems could be the conduction of research aiming for 

the development of on Intermediate Temperature-operating Solid Oxide Fuel Cell (IT-SOFC), 

operating at a lower temperature range of 500 ~ 800 oC. Since an IT-SOFC operates at a 

relatively low temperature, problems of reduced cathode performance caused by slow oxygen 

reduction reaction (ORR) and activation loss occur [11-13]. The cathode is responsible for 

about 50 % of total polarization resistance, so it is an important factor determining the overall 

performance of an SOFC. Therefore, it is necessary to study cathode materials which show fast 

ORR even in the mid-low temperature range [14-16].  

Our research groups recently reported the excellent electrochemical properties of the layered 

perovskite SmBa0.5Sr0.5Co2O5+d (SBSCO) as an SOFC cathode. The single phase SBSCO 

showed an area specific resistance (ASR) value of 0.092 Ωcm2 at 600 oC. A composite cathode 
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comprised of SBSCO and Ce0.9Gd0.1O2 (CGO91) at a ratio of 1:1 showed ASR values of 0.013 

Ωcm2 , which is even lower than the ASR of the single phase SBSCO at same temperature [17]. 

When a non-stoichiometric composition is applied to the different sites of a layered 

perovskite (A, A/ or B), various changes occur in the electrochemical properties of the layered 

perovskite. Therefore, our research team conducted a previous study in which a non-

stoichiometric composition was applied to the Sm cations situated at the A-site. As a result of 

this previous study, the Sm0.95Ba0.5Sr0.5Co2O5+d layered perovskite showed excellent 

electrochemical properties such as an ASR value of 0.118 Ωcm2 at 700 oC and a maximum 

power density of 2.84 W/cm2 at 850 oC [18]. 

While studies on the non-stoichiometric composition of SBSCO layered perovskite oxide 

system have not been conducted at other research institutes, this present study investigates 

perovskites with a non-stoichiometric composition of Ba and Sr cations at the A/-site, partially 

removing these ions caused structural deficiency at the A/-site. More specifically, in this study, 

SmBa0.5-xSr0.5Co2O5+d, SmBa0.5Sr0.5-xCo2O5+d and SmBa0.5-xSr0.5-xCo2O5+d (x = 0.01 ~ 0.05) 

were selected as non-stoichiometric compositions. Thermal analysis, electrochemical 

characterization and microscopic microstructure investigation were performed for each of the 

different compositions of the A/-site deficient layered perovskites in this study with the goal to 

investigate the correlation between the nature and degree of non-stoichiometry on the one side 

and electrical conductivity and ASR on the other side. 

 

2. Experimental 

2. 1. Powder preparation 

Sm2O3 (99.9%, Alfa aesar), BaCO3 (99.8%, Alfa aesar), SrCO3 (99.8%, Samchun chemicals) 

and Co3O4 (99.7%, Alfa aesar) powders were used for the synthesis of non-stoichiometric 
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SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and SmBa0.5-xSr0.5-xCo2O5+d (x=0.01 ~ 0.05) 

layered perovskite oxide systems by solid state reaction. For each composition the different 

powders were accurately weighed and mixed using an agate mortar with a pestle and 100 ml 

ethanol. The powder mixtures were heated to 1000°C using a ramping rate of 5°C/min and 

calcined for 6 hours at 1000 oC as a first calcination. After that, a secondary calcination was 

carried out in an electric furnace heated to 1100 oC with a ramping rate of 5 oC/min, holding 

the calcination temperature for 8 hours. 

The abbreviations of the synthetic materials are summarized in Table 1. 

 

Table 1. Abbreviations of SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and SmBa0.5-xSr0.5-

xCo2O5+d (x=0.01 ~ 0.05) layered perovskite oxide systems 

Chemical 
composition 

Abbreviation Chemical 
composition 

Abbreviation 

SmBa0.5Sr0.5Co2O5+d +d SBSO-0.5/0.5 SmBa0.47Sr0.5Co2O5+d SBSCO-0.47/0.5 

SmBa0.5Sr0.49Co2O5+d SBSCO-0.5/0.49 SmBa0.46Sr0.5Co2O5+d SBSCO-0.46/0.5 

SmBa0.5Sr0.48Co2O5+d SBSCO-0.5/0.48 SmBa0.45Sr0.5Co2O5+d SBSCO-0.45/0.5 

SmBa0.5Sr0.47Co2O5+d SBSCO-0.5/0.47 SmBa0.49Sr0.49Co2O5+d SBSCO-0.49/0.49 

SmBa0.5Sr0.46Co2O5+d SBSCO-0.5/0.46 SmBa0.48Sr0.48Co2O5+d SBSCO-0.48/0.48 

SmBa0.5Sr0.45Co2O5+d SBSCO-0.5/0.45 SmBa0.47Sr0.47Co2O5+d SBSCO-0.47/0.47 

SmBa0.49Sr0.5Co2O5+d SBSCO-0.49/0.5 SmBa0.46Sr0.46Co2O5+d SBSCO-0.46/0.46 

SmBa0.48Sr0.5Co2O5+d SBSCO-0.48/0.5 SmBa0.45Sr0.45Co2O5+d SBSCO-0.45/0.45 

 

2. 2. X-ray diffraction (XRD) and High temperature-XRD (HT-XRD) 
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X-ray diffraction (XRD) patterns of the synthesized SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-

xSr0.5Co2O5+d, and SmBa0.5-xSr0.5-xCo2O5+d (x=0.01 ~ 0.05) were obtained on a Model 

Rigaku/SmartLab (45 Kv, 200 mA, Cu kα radiation) at 10 ~ 90 o (2θ). In order to analyze the 

crystal structure change and phase stability with respect to the temperature, a high temperature-

XRD (HT-XRD) experiment was carried out using SmBa0.45Sr0.5Co2O5+d (SBSCO-0.45/0.5) 

powder with the lowest ASR. In case of the HT-XRD, the SBSCO-0.45/0.5 was heated to 5 

oC/min using the Rigaku/SmartLab model, and XRD spectra were obtained within a 

temperature range of 50 ~ 900 oC at steps of 100 oC. The obtained data were analyzed using 

the MDI JADE 6 software. In addition, the miller indices were found through the obtained 

XRD data, and the lattice parameters were calculated using the MDI JADE 6 program. 

 

2. 3. Thermal expansion coefficient (TEC) and Thermogravimetric analysis (TGA) 

A SBSCO-0.5/0.5 (SBSCO-0.5/0.5) pellet for the measurement of the TEC was prepared in 

a uniaxial hydraulic press applying a pressure of 2 x 103 kg/m2 to create a rectangular-shaped 

bar with the dimensions 25 mm x 6 mm x 3 mm. Subsequently this pellet was heated to 1100°C 

using a ramping rate of 5°C/min and sintered at 1100 oC for 3 hours. The TEC results of 

SBSCO-0.5/0.5 were observed using a thermomechanical analyzer of the model 

NETZSCH/TMA 402 F1 within a temperature range of RT ~ 900 oC, which is the same 

temperature range electrical conductivity measurements and ASR measurements were 

conducted in. Based on the electrical conductivity and ASR results, samples of the 

compositions SBSCO-0.5/0.48, SBSCO-0.45/0.5, SBSCO-0.45/0.45 and SBSCO-0.46/0.46 

were selected for TGA analysis. TGA measurement of each sample was performed using a 

thermal analysis platform of the model LABSYS Evo within a temperature range of RT ~ 900 

oC. 
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2. 4. Electrochemical characterization 

For the fabrication of the electrolytes, individual samples of 2.5 g of Ce0.9Gd0.1O2-d (CGO91, 

Rhodia) powder were pressed into disc shapes using a uniaxial hydraulic press at a maximum 

pressure of 2 x 103 kg/m2. The CGO91 pellets were heated to 1450 oC with a ramping rate of 5 

oC/min and sintered at this temperature for 6 hours and the final geometry of the sintered pellets 

was cylindric with approximately 22 mm in diameter and 0.95 mm in thickness. For the cathode 

inks, samples of approximately 5 g SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and SmBa0.5-

xSr0.5-xCo2O5+d (x=0.01 ~ 0.05) powders fabricated as described in chapter 2.1 were put in a 

150 ml Nalgene bottle with 0.1 g of a polyester/polyamide copolymer dispersant of the model 

KD-1 and 125 ml of acetone, and ball milled for 24 hours. Then, it was mixed with the binder 

system vehicle (a-Terpineol 95 wt% + Butvar 5 wt%) and stirred at room temperature. 

For the composite cathode ink, SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and SmBa0.5-

xSr0.5-xCo2O5+d (x=0.01 ~ 0.05) powders were mixed with CGO91 at a mass ratio of 1:1. After 

weighing 5 g of the mixed powder, the fabrication of the composite cathode ink was completed 

using the above-mentioned method. After the prepared inks were applied to the electrolytes 

using screen printing, samples were heated to 1000 oC with a ramping rate of 5 oC/min and 

sintered for 1 hour. The ASR of the symmetric half-cells were measured using nStat/HS 

technologies model; the measurements were performed in a frequency range of 0.05 Hz ~ 2.5 

MHz in air atmosphere, decreasing the temperature from a starting measurement at 900 oC to 

a final measurement at 650 oC using 50 oC increments. 

 

2. 5. Conductivity measurements 

2. 5. 1. Conductivity measurements of SBSCO with dense microstructure 
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The SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and SmBa0.5-xSr0.5-xCo2O5+d (x=0.01 ~ 0.05) 

pellets for the measurement of electrical conductivity were prepared using a uniaxial hydraulic 

press applying a maximum pressure of 2 x 103 kg/m2 to create rectangular-shaped bars (25 mm 

x 6 mm x 3 mm). After that, the pellets were heated to 1100 oC with a ramping rate of 5 oC/min  

and sintered for 3 hours to create sample bars with a dense microstructure. 

The electrical conductivities of the dense samples were measured using a DC 4 probe method, 

connecting the samples to a Keithley 2400 current source meter using Pt wires. Two series of 

conductivity measurements were performed, one starting measurements at 50 oC heating up to 

900 oC (Heating cycle in air) in incremental steps of 50 oC, followed immediately by a second 

series of measurements, decreasing the temperature in 50 oC increments from 900 oC to 50 oC 

(Cooling cycle in air) in air atmosphere. For measurements under lower oxygen partial pressure 

99.99% N2 gas (100 cc/min) was fed into the quartz tube used as measurement environment. 

The electrical conductivity under thin N2 atmosphere was measured through the same method 

as measured in air atmosphere by first increasing the temperature from 50 oC to 900 oC (Heating 

cycle in N2) and subsequently decreasing the temperature from 900 oC to 50 oC (Cooling cycle 

in N2). Conductivity under different load conditions was investigated applying currents of 0.1 

A, 0.5 A and 1 A at each temperature. 

 

2. 5. 2. Conductivity measurements of SBSCO with porous microstructure 

Since the cathodes for the actual SOFCs are designed in the form of a porous thick film, a 

porous microstructural cathode was prepared and compared with a dense cathode. The CGO91 

and 8YSZ powders were pressed at 1.5 x 103 kg/m2 into rectangular-shaped metal molds (30 

mm x 23 mm x 2 mm) and heated to 1450 oC with a ramping rate of 5 oC/min and sintered for 

6 hours in air atmosphere to complete a dense CGO91 and a dense 8YSZ pellet. The cathode 
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inks were applied to the CGO91 and to the 8YSZ pellets using screen printing to fabricate 

porous microstructural cathodes, these samples were heated to 1000 oC using a ramping rate of 

5 oC/min and sintered at 1000 oC for 1 hour [19]. Pt paste was used as an electrical conductor 

for the electrical conductivity measurement. For this purpose, Pt paste was screen printed onto 

the cathode in the form of 4 probes to form Pt line circuits to apply current and voltage.  

The schematic diagram and abbreviations for the porous cathodes were summarized in Figure 

1 and Table 2. 

 

 

Figure 1. Schematic diagrams of porous cathode 

 

Table 2. Abbreviation of porous cathode samples 

Cathode material electrolyte Abbreviation 

SmBa0.45Sr0.5Co2O5+d 

(SBSCO-0.45/0.5) 

8YSZ (Y) H-0.45/0.5Y 

CGO91 (G) H-0.45/0.5G 

SmBa0.5Sr0.48Co2O5+d 

(SBSCO-0.5/0.48) 

Y H-0.5/0.48Y 

G H-0.5/0.48G 

 

The electrical conductivities of porous samples were measured using a DC 4 probe method 

connecting them to a Keithley 2400 current source meter using Pt clamp and Pt wires. The 

conductivities were measured in heating cycle in air, cooling cycle in air, heating cycle in N2 
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and cooling cycle in N2 using the same experimental setup as for the conductivity measurement 

of the dense cathodes. 

Currents of 0.05 A, 0.075 A, 0.1 A and 0.3 A were applied in the air atmosphere and currents 

of 0.01 A, 0.02 A, 0.03 A, 0.04 A and 0.05 A were applied in the N2 atmosphere to measure the 

electrical conductivity under various load conditions. 

 

2. 6. Scanning electron microscopy (SEM) 

SEM images were obtained from the very same samples used for the conductivity 

measurements reported in section 2.5. After completion of the conductivity tests each sample 

was sputtered with Pt (Platinum), the microstructures of the samples were observed at an 

acceleration voltage of 10 kV using a SEM (HITACHI SU-5000 model). 

 

2. 7. X-ray photoelectron spectroscopy (XPS) 

Based on the results of electrochemical analysis, SBSCO-0.5/0.48, SBSCO-0.45/0.5, 

SBSCO-0.45/0.45 and SBSCO-0.46/0.46 were selected for XPS analysis. A Thermo VG 

Scientific/Sigma probe model was used in the XPS experiments and Al Ka radiation (1486.6 

eV) was used as the excitation source for the narrow scan and the wide scan. The binding 

energy of the elements was calibrated with respect to the C1s peak fixed at 284.4 eV. The data 

was analyzed using the PeakFit version 4 software [20]. 

 

2. 8. Single cell test 

The single-cell performances of SBSCO-0.45/0.5 and SBSCO-0.5/0.48 composite cathodes 

were analyzed for power density measurement. Measurement was performed using an anode 
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supported cell of cylindrical shape in which the YSZ electrolyte was thinly coated (around 2 

μm) on top of a NiO/YSZ composite porous anode of 200 μm thickness. To prevent a chemical 

reaction between YSZ and the cathode, a CGO91 buffer layer with a thickness of around 5 μm 

was coated onto the cathode side of the YSZ electrolyte using screen printing, and then this 

combination of anode, electrolyte and buffer layer was heated to 1300 oC with a ramping rate 

of 5 oC/min and sintered at 1300 oC for 2 hours. 

After screen printing of the composite cathode layer on top of the CGO91 buffer layer, 

heating to 1000 oC with a ramping rate of 5 oC/min and sintering for 1 hour completed the 

SBSCO-0.45/0.5 (NiO-YSZ/YSZ/Buffer layer/SBSCO-0.45/0.5 composite cathode) single-

cell and the SBSCO-0.5/0.48 (NiO-YSZ/YSZ/Buffer layer/SBSCO-0.5/0.48 composite 

cathode) single-cells. H2 gas (99.99 %, 100 cc/min) was fed into the anode, and air gas (99.99 %, 

100 cc/min) was fed into the cathode. The power density was measured at different 

temperatures by decreasing the temperature from 850 oC to 600 oC at 50 oC steps using a 

Biologic/SP-240 potentiostat. 

 

3. Results and discussions 

3. 1. X-ray diffraction (XRD) analysis of layered perovskite oxide systems 

XRD results of SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and SmBa0.5-xSr0.5-xCo2O5+d (x 

= 0.01 ~ 0.05) are shown in Figure 2. (a). All cathodes were identified as single-phase layered 

perovskite structures because typical peaks were found at about 23.0, 33.1, 40.7, 47.1, 59.4, 

69.6 and 78.4 o [21, 22]. The peak splittings measured at 23, 47 and 59 o in the XRD diagrams 

of SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and SmBa0.5-xSr0.5-xCo2O5+d (x = 0.01 ~ 0.05) 

oxide systems indicate that their crystalline structure is orthorhombic [22-24]. 

The calculated lattice parameters and unit cell volumes are summarized in Figure 2. (b) and 
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Table S1. Lattice parameters of a, b and c-axis were calculated to be in the ranges of 3.851 ~ 

3.868, 3.800 ~ 3.818, and 7.636 ~ 7.672 Å, respectively. Changes of these lattice parameters 

as a consequence of deficiency of different A/ site cations can be analyzed as follows. 

First, the lattice parameters of a, b, and c-axis of SBSCO-0.5/0.45 with reduced Sr in ① in 

Figure 2. (b) were 3.860, 3.803, and 7.670 Å, respectively. That shows that as the substitution 

of Sr decreased, there was no significant change in a and b-axis lattice parameters, but the c-

axis lattice parameter increased. The a, b and c-axis lattice parameters of SBSCO-0.45/0.45 in 

② in Figure 2. (b) with both reduced Ba and reduced Sr were 3.860, 3.807 and 7.672 Å, 

respectively, which are similar to the a and b-axis of SBSCO-0.5/0.5. However, as the non-

stoichiometric properties increase in the order of SBSCO-0.5/0.5 < SBSCO-0.49/0.49 < 

SBSCO-0.48/0.48 < SBSCO-0.47/0.47 < SBSCO-0.46/0.46 < SBSCO-0.45/0.45, the c-axis 

lattice parameters increase. Finally, the a and b-axis lattice parameter of SBSCO-0.45/0.5 in 

③ in Figure 2. (b) were similar to SBSCO-0.5/0.5, but the c-axis lattice parameter was 7.636 

Å, showing the lowest value for the c-axis among all compositions, even smaller than the c-

axis in the SBSCO-0.5/0.5 unit cell. 

Among all the compositions, the unit cell volume of SBSCO-0.45/0.45 in Figure 2. (b), 

which has the largest non-stoichiometric characteristics, was the largest. In addition, in 

SBSCO-0.45/0.5 with the largest decrease of Ba substitution, the unit cell volume was 

confirmed to be the smallest. 

This distinction can be explained as stemming from the difference in ionic radii of Ba and Sr 

substituted into the A/-site in the chemical composition of AA/B2O5+d; the ionic radius of Ba2+ 

(1.60 Å) is considerably larger than that of Sr2+ (1.27 Å). When considering a crystal in which 



14 

 

Ba and Sr are substituted into the layered structure, it has a structure in which [Ln-O] and [A/-

O] layers appear along the c-axis. As a result, Sr can replace Ba at the A/-site when the 

substitution amount of Ba decreases. The distance between the [Ln-O] layer and the [A/-O] 

layer decreases; these relationships result in decreased c-axis lattice parameter and the unit cell 

volume also decreases [25-27]. 
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(b) 

Figure 2. Results of (a) XRD and (b) lattice parameters of SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-

xSr0.5-xCo2O5+d and SmBa0.5-xSr0.5Co2O5+d (x=0.01 ~ 0.05) 

 

3. 2. Electrochemical characteristics of half-cells with non-stoichiometric cathode 

compositions 

The ASR results of SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and SmBa0.5-xSr0.5-

xCo2O5+d were summarized in Figure 3. (a). SBSCO-0.45/0.45 having the largest unit cell 

volume in section 3.1 showed ASRs of 1.020, 0.647, 0.428 and 0.320 Ωcm2 at 650, 700, 750 

and 800 oC, which were the highest values compared to other compositions. However, the 

ASRs of SBSCO-0.45/0.5 with the smallest unit cell volume were 0.102, 0.058, 0.038 and 

0.028 Ωcm2 at the same temperature measured (650, 700, 750 and 800 oC), which were 
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excellent values compared to other compositions. In particular, SBSCO-0.45/0.5 showed a 

lower value (0.102 Ωcm2) at 650 oC than 0.15 Ωcm2, which is the maximum ASR required for 

IT-SOFC cathode [28]. SBSCO-0.45/0.5 showed a very low ASR value at 700 oC compared to 

the ASR value of SmBa0.5Sr0.5Co2O5+d (SBSCO-0.5/0.5), but also to cathode materials 

suggested in recent research like PrBaCo2O5+d (0.233 Ωcm2), SmBaCo2O5+d (0.131 Ωcm2), 

PrBaCuCoO5+d (0.047 Ωcm2) and SmBa0.8Ca0.2Co2O5+d
 (0.26 Ωcm2) [17, 21, 29-31].  

SBSCO-0.45/0.5 has the lowest TEC due to its small unit cell volume compared to other 

compositions. Part of the excellent ASR performance of SBSCO-0.45/0.5 can be attributed to 

its chemical stability in combination with the electrolyte material CGO91 because of its low 

TEC [32]. Also, the excellent ASR of SBSCO-0.45/0.5 can be explained by the result of XPS 

analysis. The O1s spectra originated from different Ba and Sr substitution amounts were 

summarized in Figure 3. (b) and Table S2. The high binding energy (HBE) located at the ranges 

of 530.90 – 531.40 eV of the O1s spectra of SBSCO-0.45/0.5, SBSCO-0.5/0.48, SBSCO-

0.45/0.45 and SBSCO-0.46/0.46 is related to hydroxyls species (OH-) and the surface 

adsorption of oxygen molecules [33-36]. The values of HBE area % of SBSCO-0.45/0.5, 

SBSCO-0.5/0.48, SBSCO-0.45/0.45 and SBSCO-0.46/0.46 were 48.99, 45.45, 42.85 and 

45.26 %, with SBSCO-0.45/0.5 displaying the highest area %. Therefore, the ASR of SBSCO-

0.45/0.5 was excellent because the HBE area % of the O1s spectrum related to the adsorption 

of oxygen molecules. 
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(b) 

Figure 3. (a) The results of ASR of SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d, and SmBa0.5-

xSr0.5-xCo2O5+d (x=0.01 ~ 0.05) at 650 ~ 800 oC. (b) The results of oxygen spectra of SBSCO-
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0.45/0.5, SBSCO-0.5/0.48, SBSCO-0.45/0.45 and SBSCO-0.46/0.46 

 

Figure S1. (a) and (b) shows that R1 (resistance of high frequency range, 102 ~ 103 Hz) higher 

than R2 (resistance of low frequency range, 10-1 ~ 10 Hz) in the whole temperature range of 

650 ~ 900 oC for the cathode material SBSCO-0.45/0.5 [37, 38]. The conclusion from these 

results is that the rate determining step (RDS) of SBSCO-0.45/0.5 in the temperature range 

corresponding to IT-SOFCs was the ion conduction at the interface between electrode and 

electrolyte. 

Figure S1. (c) and (d) shows the Nyquist plots of a single-cell with a composite cathode 

comprised of SBSCO-0.45/0.5 and CGO91. The ASR values of the composite cathode were 

0.018, 0.017, 0.016 and 0.016 Ωcm2 at 700, 750, 800 and 850 oC, lower than single-phase 

SBSCO-0.45/0.5. The reason for the decreased ASR of the composite cathodes is not only their 

extended triple phase boundary (TPB) between the electrode and the electrolyte and the 

enhanced oxygen ion conduction but also the minimized TEC difference between the cathode 

and the electrolyte by mixing CGO91 with the cathode material [39, 40]. 

Figure S2 summarizes the results of a HT-XRD analysis of SBSCO-0.45/0.5, the composition 

which has the lowest ASR amongst all compositions. SBSCO-0.45/0.5 maintains XRD peaks 

that can be identified as layered perovskite even at a high temperature [22]. Peak splitting at 

23, 47 and 59 o was observed in all temperatures measured, and no secondary phase was found 

[23, 24]. This indicates that the orthorhombic structure forming the basic frame of SBSCO-

0.45/0.5 was maintained at all temperatures ranges and is structurally stable even at high 

temperature. 
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3. 3. Electrical conductivities of dense microstructure samples 

 

Figure 4. Electrical conductivities with applied current of 0.1 A at 50 ~ 900 oC. 

Electrical conductivities of dense SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-xSr0.5Co2O5+d and 

SmBa0.5-xSr0.5-xCo2O5+d in the temperature range between 50 and 900 oC were summarized in 

Figure 4. These oxide systems showed metallic electrical conductivity behavior in which the 

electrical conductivity decreases with increasing temperature [41]. The decreased electrical 

conductivity value with increasing temperature is caused by the saturation of Co4+ and then 

reduction of Co4+ to Co3+ as well as the oxygen vacancy that occurs as a function of the 

temperature inside the lattice increases [41].  

In particular, all compositions in Figure 4 showed a rapid decrease in electrical conductivity 

values in the vicinity of 300 oC, which can be explained using Figures 5. (a) ~ (c). Figure 5. (a) 
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is the result of summarizing the TEC of SBSCO-0.5/0.5, which is a stoichiometric composition 

representing all compositions, and the TEC values were 17.1 x 10-6, 20.8 x 10-6, 21.5 x 10-6, 

22.3 x 10-6 and 22.8 x 10-6 K-1 at 300, 600, 700, 800 and 900 oC, respectively. With an increase 

in temperature the number of oxygen vacancies in the lattice increases. Missing oxide anions 

in the lattice mean that the repulsion force between two cations, which are now neighbors, can’t 

be mitigated by the negative charge of an anion between them. In addition, as the temperature 

increases, an increasing fraction of the B-site cations is reduced to Co3+, which has a larger 

ionic radius than Co4+, leading to further expansion of the lattice. Therefore, the unmitigated 

repulsion between the cations and the increase of the number of Co3+ ions both cause the lattice 

to enlarge, showing in an increase of lattice parameters and TEC [32]. 
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Figure 5. (a) TEC result of SBSCO-0.5/0.5. (b) HT-XRD result of SBSCO-0.45/0.5. (c) TGA 

results of SBSCO-0.5/0.48, SBSCO-0.45/0.5, SBSCO-0.45/0.45 and SBSCO-0.46/0.46.  

 

Figure 5. (b) and Table S3 show the HT-XRD analysis results of SBSCO-0.45/0.5 at different 

temperatures as a diagram and in table form. SBSCO-0.45/0.5 is the composition with the 

lowest ASR. The a, b and c-axis lattice parameters of SBSCO-0.45/0.5 were in the ranges of 
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3.837–3.890, 3.850–3.911 and 7.592–7.719 Å. Especially, the a and c-axis slopes change as 

they rapidly increase to 3.837–3.851 Å and 7.592–7.635 Å, respectively, in the temperature 

range of 50 to 300 oC. This is due to the rapid increase in oxygen vacancy in these temperature 

ranges [42]. 

Figure 5. (c) shows the reduction of oxygen in the lattice of SBSCO-0.5/0.48, SBSCO-

0.45/0.5, SBSCO-0.45/0.45 and SBSCO-0.46/0.46 in % of the total lattice oxygen, calculated 

from TGA results. SBSCO-0.5/0.48, SBSCO-0.45/0.5, SBSCO-0.45/0.45 and SBSCO-

0.46/0.46 showed a rapid decrease of oxygen contents from about 300 oC because of the 

generation of oxygen vacancies in the lattice. A large amount of oxygen vacancies is generated 

at about 300 oC in the lattice of SBSCO, both in the stoichiometric composition and in the non-

stoichiometric composition [42]. This phenomenon can be seen in the change of the slope in 

Figures 5. (a) ~ (c), and it also can be seen that the electrical conductivity decreases rapidly at 

300 oC in Figure 4. 
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Figure 6. Electrical conductivities of dense cathodes at 650 ~ 800 oC 

 

Figure 6 shows the electrical conductivities at 650 ~ 800 oC with an applied current of 0.1 

A. The electrical conductivities of SBSCO-0.5/0.48 were 1096.98 and 389.05 S/cm at 50 and 

700 oC, showing the highest electrical conductivity when compared to other compositions. 

SBSCO-0.46/0.46 has an electrical conductivity of 639.57 and 250.72 S/cm under the same 

applied current and temperature conditions, and it shows the lowest electrical conductivity 

when compared with the results of other compositions.  

When these characteristics are analyzed using the TGA analysis results in Figure 5. (c) and 

Table S4, it can be explained in terms of oxygen contents (or oxygen vacancy). SBSCO-

0.5/0.48 showed the lowest oxygen content reduction (0.41), and thus resulted in highest 

electrical conductivity because oxygen vacancy was generated the least. However, SBSCO-

0.46/0.46 showed the lowest electrical conductivity value because of the highest oxygen 

content reduction (0.46) indicating the creation of the largest amount of oxygen vacancies in 

this composition. 

In addition, the electrical conductivities of SBSCO-0.5/0.48 can be specified and explained 

using XPS analysis. When analyzing the Co2p spectra results of SBSCO-0.45/0.5. SBSCO-
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0.5/0.48, SBSCO-0.45/0.45 and SBSCO-0.46/0.46 are presented in Figure 7 and Table S5. The 

first broad satellite peaks originate from the mixed Co charge state of Co2+ and Co4+ in the 

vicinity of 787.75 – 789.50 eV, and the second broad satellite peaks are ascribed to the mixed 

Co charge state of Co3+ and Co4+ in the vicinity of 803.60–804.50 eV [33, 35]. The values of 

area % of first satellite peaks of SBSCO-0.45/0.5. SBSCO-0.5/0.48, SBSCO-0.45/0.45 and 

SBSCO-0.46/0.46 were 3.29, 3.14, 3.43 and 3.78 %. It can be observed that SBSCO-0.46/0.46 

has the lowest electrical conductivity because of the highest area % of the first satellite peak 

compared to other compositions. The values of the area % of the second satellite peaks of 

SBSCO-0.45/0.5. SBSCO-0.5/0.48, SBSCO-0.45/0.45 and SBSCO-0.46/0.46 were confirmed 

to be 11.59, 12.62, 11.07 and 11.08 %, respectively. When these results are connected with their 

electrical conductivity, SBSCO-0.5/0.48, which shows the largest value of Area% of the 

spectrum where Co3+ and Co4+ coexist, has the highest electrical conductivity at room 

temperature. 
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Figure 7. Cobalt spectra of SBSCO-0.45/0.5, SBSCO-0.5/0.48, SBSCO-0.45/0.45, and 
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SBSCO-0.46/0.46 

 

Electrical conductivities at the experimental condition of heating cycle in air (■) and cooling 

cycle in air (□) were summarized in Figures 8. (a) and (b). SBSCO-0.5/0.48 and SBSCO-

0.45/0.5 showed typical metallic behavior in which the electrical conductivity decreases with 

increasing temperature at the experimental condition of heating cycles and cooling cycles in 

air. There were no marked differences between the values in the high temperature range of 

heating and cooling cycles in air. For example, electrical conductivities of SBSCO-0.5/0.48 at 

heating cycle (■) and cooling cycle (□) in air were 1146.2 and 927.0 S/cm at 100 oC and 389.1 

and 346.1 S/cm at 700 oC. The values of SBSCO-0.45/0.5 at heating cycle (■) and cooling 

cycle (□) in air were 965.2 and 873.7 S/cm at 100 oC and 344.9 and 350.6 S/cm at 700 oC in 

the same experimental conditions. That shows that since the dense cathode maintains thermal 

stability during the thermal cycle in air condition, there was no significant difference in the 

electrical conductivity behavior and the electrical conductivity values between the heating 

cycle and cooling cycle in air [43]. 

The heating cycle in N2 (red scatter plots ■) can be compared with the heating cycle in Air 

(black scatter plots ■). From Figures 8. (a) and (b), the electrical conductivities of SBSCO-

0.5/0.48 and SBSCO-0.45/0.5 measured in the heating cycle in N2 were lower than the 

electrical conductivities measured in the heating cycle in air. For example, the electrical 

conductivities of SBSCO-0.5/0.48 were 887.6 and 517.2 S/cm in the heating cycle under air 

and N2 condition at 300 oC, and those of SBSCO-0.45/0.5 were 745.2 and 528.5 S/cm under 

the same experimental condition. This is because the electrical conductivities of SBSCO-

0.5/0.48 and SBSCO-0.45/0.5 follow a typical p-type conductor behavior [44]. In addition, as 
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can be seen in Figure 8. (a) and (b), SBSCO-0.5/0.48 and SBSCO-0.45/0.5 showed metallic 

conductor behavior in the heating cycle in air and in the cooling cycle in air, but changed to 

semiconductor behavior in the cooling cycle in N2. It can be seen that the conductivity behavior 

is changed because thermal stability cannot be maintained during high operating temperature 

and low partial pressure of oxygen [45, 46] 

Figures 8. (c) and (d) show the electrical conductivities of dense SBSCO-0.5/0.48 and 

SBSCO-0.45/0.5 samples by applying various currents of 0.1, 0.5 and 1 A. The values of 

SBSCO-0.5/0.48 in Figure 8. (c) were 760.2, 466.4 and 437.1 S/cm in heating cycle in air at 

650 oC with applied currents of 0.1 (■), 0.5 (●) and 1 (▲) A, respectively, and the values of 

SBSCO-0.45/0.5 in Figure 8. (d) were 596.9, 401.7 and 381.5 S/cm at the same measurement 

conditions. As a result, the electrical conductivity values of dense cathodes with an applied 

current of 0.1 A were higher than the conductivity values with applied higher currents because 

charge carrier movement was activated when a lower current was applied [47, 48]. At lower 

currents, fewer of these charge carriers must move through the same crystal lattice, and the 

movement of charge carriers in the lattice is activated and the electrical conductivity increases 

than at higher currents [47, 48].  
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(c) 

 

(d) 

Figure 8. The electrical conductivities under various measurement conditions of dense (a) 

SBSCO-0.5/0.48 and (b) SBSCO-0.45/0.5. The electrical conductivities according to applied 

currents (0.1, 0.5 and 1 A) of dense (c) SBSCO-0.5/0.48 and (d) SBSCO-0.45/0.5 
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3. 4. Electrical conductivities of porous microstructure samples 

The electrical conductivities of SBSCO-0.45/0.5 and SBSCO-0.5/0.48 having porous 

microstructure were summarized in Figure 9. It can be seen that the electrical conductivity of 

the porous cathodes SBSCO-0.45/0.5G, SBSCO-0.45/0.5Y, SBSCO-0.5/0.48G and SBSCO-

0.5/0.48Y in Figure 9. (a) ~ (d) show lower values compared to the conductivity of the dense 

cathodes summarized in Figures 8. (a) and (b). For example, the electrical conductivities of H-

0.45/0.5G were 24.8 and 83.0 S/cm at 100 and 700 oC in the heating cycle in air as shown in 

Figure 9. (a), and electrical conductivities of H-0.5/0.48G were 36.5 and 94.6 S/cm as shown 

in Figure 9. (c) at the same temperatures and conditions. This can be understood regarding the 

fact that the holes, which are the main charge carriers in a p-type conductor, are particularly 

restricted in movement in a porous structure, resulting in longer conductivity pathways and 

reduced conductivity values compared to the dense cathode [19, 49]. 

However, all porous cathodes exceeded a value of 100 S/cm, a value of conductivity required 

for IT-SOFC cathodes above 800 oC, regardless of the composition and the type of electrolyte 

materials [50, 51]. In addition, the dense cathodes in Figures 8. (a) and (b) showed metallic 

behavior with conductivity decreasing with increasing temperature, but the porous cathodes in 

Figures 9. (a) ~ d showed semiconductor behavior with electrical conductivity increasing with 

increasing temperature [52]. In other words, it can be seen that both the electrical conductivity 

behavior and the conductivity values change as the microstructure changes from the dense 

microstructure to porous microstructure as shown in Figures 9. (a) ~ (d) even though the same 

cathode compositions were used [19]. 

Comparing the electrical conductivities in air atmosphere (■) and N2 atmosphere (■) in 

Figures 9. (a) ~ (d), conductivities of all porous cathodes were higher in air atmosphere than in 
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N2 atmosphere at all measurement temperatures. The electrical conductivities of H-0.45/0.5G, 

which has the highest electrical conductivity of all porous cathodes, were 110.0 and 171.1 S/cm 

in heating cycle in air, and 96.3 and 131.1 S/cm in heating cycle in N2 at 650 and 900 oC as 

shown in Figure 9. (a). The electrical conductivities of H-0.5/0.48G in Figure 9. (c) were 83.51 

and 120.8 S/cm at 650 and 900 oC in the heating cycle in air, and 71.3 and 91.2 S/cm at 650 

and 900 oC in the heating cycle in N2. 

In summary, it can be seen that a higher oxygen partial pressure results in a higher electrical 

conductivity value in cathodes of all different compositions studied and both for samples with 

dense microstructure and for samples with porous microstructure. The reason for this is that 

samples measured under high oxygen partial pressure have an increased concentration of holes, 

which are conduction carriers in a p-type conductor, no matter if the sample is dense or porous 

[19, 49]. The porous cathodes in Figures 9. (a) ~ (d) did not show any change in electrical 

conductivity behavior along with the decrease in oxygen partial pressure. That shows that a 

change in the oxygen partial pressure does not affect the electrical conductivity behavior of 

porous cathodes [19]. 

Most of the porous cathodes in Figures 9. (a) ~ (d) show higher electrical conductivity during 

the cooling cycle (□) than during the heating cycle (■). For example, the conductivities of H-

0.45/0.5G at same measurement conditions in Figure 9. (a) were 120.2 and 155.1 S/cm during 

the heating cycle and cooling cycle. This can be attributed to the fact that sufficient thermal 

activation has already been applied to the porous cathode in the case of the cooling cycle 

starting at high temperature rather than during the heating cycle starting at low temperature. 

As a result, the hole mobility in the cathode during the cooling cycle is greater than the hole 

mobility during the heating cycle [19, 49]. 
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In addition to these characteristics, a rapid decrease of electrical conductivity at about 700 

oC in the cooling cycle in air and N2 was observed in all samples in Figures 9. (a) ~ (d). This is 

related to the phenomenon that the oxygen content increases while the temperature decreases. 

As reported by Genouel et al and Kim et al, it can be explained that the oxygen contents 

decreased in the heating cycle increase in the cooling cycle [53, 54]. Since oxygen contents 

have a characteristic that changes reversibly according to temperature and oxygen partial 

pressure, oxygen vacancies decrease according to temperature decrease in the temperature 

range of 900 ~ 700 oC during the cooling cycle. However, below 700 oC, the concentration of 

Co2+ and Co4+ increases, resulting in a rapid decrease in electrical conductivity [53, 54].  

The electrical conductivities of H-0.45/0.5G at different applied currents were summarized 

in Figure 9. (e). It was already confirmed through Figures 8. (c) and (d) that the Co substituted 

cathodes forming a dense structure had higher electrical conductivity as a lower current was 

applied. However, the porous H-0.45/0.5G cathode showed 96.8, 96.4, 95.8 and 94.6 S/cm with 

applied currents of 0.05, 0.075, 0.1 and 0.3 A under heating cycle in air at 750 oC. Since the 

main limitation of the movement of the charge carriers is the pores, the porous cathode shows 

almost the same conductivity values regardless of the applied currents because the current 

density does not affect the electrical conductivity [55-57]. 
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(e) 

Figure 9. The results of electrical conductivities of (a) H-0.45/0.5 G, (b) H-0.45/0.5Y, (c) H-

0.5/0.48G and (d) H-0.5/0.48Y. The electrical conductivities of (e) H-0.45/0.5G according to 

applied currents 

 

3. 5. Microstructural properties 

The microstructures of the dense and of the porous cathode were summarized in Figures S3. 

As can be seen in Figure S3. (a) and (b), the porous cathode showed low inter-particle bonding 

characteristics and low density compared to the bar shaped dense cathode sample. Figure S3. 

(c) shows the Focused ion beam (FIB) results of the dense and the porous microstructural 

cathodes. From the results, it can be seen that the dense cathode has large contact areas, and 

the porous cathode has small and narrow contact areas. A dense cathode having high density 

such as SBSCO-0.5/0.5 has a large contact area between particles or grains, so an easy path for 

charge carriers to move to nearby particles is created. This microstructural characteristic results 

in the forming of continuous electrical paths inside the cathode, so the dense cathode exhibits 
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excellent electrical conductivity. However, a porous cathode with low density such as H-

0.45/0.5G has relatively small and narrow contact areas between particles or grains in the 

cathode, so the movement of charge carriers inside the cathode is limited and a discontinuous 

electric path is formed, resulting in low electrical conductivity [19, 55-58]. 

 

3. 6. Single cell performance  

The power density of a SBSCO-0.45/0.5 based single-cell and of a SBSCO-0.5/0.48 single-

cell were measured and summarized in Figures 10. (a), (b) and Table S6 [59]. The SBSCO-

0.45/0.5 single-cell showed maximum power densities of 0.5614 and 0.6616 W/cm2 at 800 and 

850 oC as shown in Figure 10. (a), which is higher than the maximum power density required 

for IT-SOFCs of 0.5 W/cm2 [60]. However, the maximum power densities of SBSCO-0.5/0.48 

single-cell in Figure 10. (b) were 0.019 and 0.027 W/cm2 at the same temperatures, showing 

lower power densities compared to SBSCO-0.45/0.5 single-cell. The reason that the power 

density of the SBSCO-0.45/0.5 single-cell is higher than that of the SBSCO-0.5/0.48 single-

cell is because the polarization resistance (Rp) of SBSCO-0.45/0.5 cathode was lower than that 

of the cell with the SBSCO-0.5/0.48 cathode. SBSCO-0.5/0.48 shows high electrical 

conductivity, but lower power density than SBSCO-0.45/0.5, which shows relatively low ASR. 

Therefore, when measuring the power density of non-stoichiometric cathodes based on the two 

variables of ASR and electrical conductivity, it can be seen that a composition with a low ASR 

shows a higher power density [42, 61]. 
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(b) 

Figure 10. Power densities of (a) SBSCO-0.45/0.5 single-cell and (b) SBSCO-0.5/0.48 single-

cell 

 

4. Conclusion 

In this study, the electrochemical properties of SmBa0.5Sr0.5-xCo2O5+d, SmBa0.5-

xSr0.5Co2O5+d and SmBa0.5-xSr0.5-xCo2O5+d (x = 0.01 ~ 0.05) layered perovskite oxide systems 

with non-stoichiometric composition were studied with respect to the substitution amount of 

Ba and Sr. The lowest unit cell volume characteristic was observed in the SBSCO-0.45/0.5 

composition, which can minimize the TEC difference between electrode and electrolyte. 

Accordingly, physical and chemical stability of a cell with the electrolyte may be maintained 

0 100 200 300 400 500 600
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

 850oC  800oC
 750oC  700oC
 650oC  600oC

Ce
ll 

vo
lta

ge
 (V

)

Current density (mA/cm2)
0.00

0.05

0.10

0.15

0.20

0.25

0.30

 

 P
ow

er
 de

ns
ity

 (W
/cm

2 )



41 

 

as well as good resistance against thermal expansion. In addition, when analyzing ASR 

characteristics by linking them with XPS analysis results, SBSCO-0.45/0.5, which has the 

highest high binding energy area % of O1s compared to other samples, shows the lowest ASR 

characteristics. The dense SBSCO-0.5/0.48 showed the highest electrical conductivity value, 

and it was confirmed that the decrease in oxygen contents was low and the area % of the 

second satellite peak of the Co2p spectrum was high. The electrical conductivities of porous 

SBSCO-0.45/0.5 and SBSCO-0.5/0.48 were higher than 100 S/cm at 800 oC. As a result of the 

single-cell performance comparison between SBSCO-0.45/0.5 and SBSCO-0.5/0.48, the 

single-cell with the SBSCO-0.45/0.5 cathode showed a higher maximum power density. In 

other words, the single-cell with SBSCO-0.45/0.5 having low ASR showed excellent 

performance. Therefore, SBSCO-0.45/0.5 showed higher performance, better thermal stability 

and better chemical stability compared to other non-stoichiometric compositions, and it was 

confirmed that it could be used as an excellent cathode for IT-SOFCs. 
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