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Abstract 

In this study, Co free layered perovskites SmBa(Fe1-xMnx)2O5+d (SBFMn, x = 0, 0.1, 

0.3 and 0.5) were proposed as candidate electrode materials for symmetrical solid oxide 

fuel cells (SSOFCs), and the influence of Mn/Fe ratio on electrochemical performance, 

electrical conductivity behavior, and structural stability was systematically investigated. 

Impedance measurements using LSGM based half cells showed that 

SmBa(Fe0.9Mn0.1)2O5+d (SBFMn 1.8-0.2) exhibited lower area specific resistance in both 

air and 3.9% hydrogen atmosphere, indicating balanced and enhanced oxygen reduction 

reaction and hydrogen oxidation reaction activity. Electrical conductivity showed that 

increasing Mn content led to reduced conductivity in air and nitrogen atmospheres due to 

weakened M-O-M orbital overlap and decreased Fe4+ derived hole concentration. In 

contrast, under hydrogen atmosphere, a small degree of Mn incorporation resulted in a 

relative enhancement of electrical conductivity. X-ray diffraction analysis confirmed that 

an irreversible cubic to orthorhombic phase transition occurred exclusively under 

reducing conditions at approximately 450 ℃, which is consistent with the conductivity 

decrease observed during the initial heating process and its subsequent recovery at higher 

temperatures. These results demonstrate that precise control of the Mn/Fe ratio enables 

simultaneous optimization of electrochemical activity and structural stability, providing 

practical design guidelines for layered perovskite electrodes in SSOFC applications. 
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Highlights 

● Single phase layered perovskite oxides were synthesized via controlled B-site Fe/Mn 

ratio. 

● Partial Mn doping (x = 0.1) enhanced ORR and HOR activity and reduced ASR under 

air and hydrogen atmospheres. 

● SBFMn (x = 0, 0.1, 0.3 and 0.5) exhibited irreversible conductivity degradation and 

structural phase transition in hydrogen atmosphere. 

● SBFMn 1.8-0.2 maintained stable electrical performance and improved crystallinity 

during thermal cycling in hydrogen atmosphere. 
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1. Introduction 

Solid oxide fuel cells (SOFCs) have been regarded as next-generation eco-friendly 

energy conversion devices due to their high energy efficiency at high temperatures 

ranging from 600 to 1000 °C and their ability to utilize various fuels such as hydrogen, 

natural gas, and carbon monoxide. Typically, the SOFC consists of a cathode, an 

electrolyte, and an anode, where the oxygen reduction reaction (ORR) occurs at the 

cathode and the hydrogen oxidation reaction (HOR) occurs at the anode. ORR involves 

the adsorption of oxygen molecules onto the cathode surface, followed by dissociation 

into oxygen atoms, reduction to oxygen ions, and the simultaneous formation of oxygen 

vacancies. HOR refers to the reaction between hydrogen and oxygen ions at the anode, 

which produces water and releases electrons. The performance of an SOFC is enhanced 

as the reaction rates of ORR and HOR increase. Because the cathode and anode operate 

under oxidizing and reducing conditions, different materials have been employed for each 

electrode to meet the corresponding environmental requirements [1, 2]. However, using 

different materials for the cathode and anode complicates the manufacturing process and 

leads to increased high thermal processing costs due to the different sintering 

temperatures of the applied materials. This factor serves as a significant limitation to the 

commercialization of SOFCs [2]. 

To address these issues, symmetrical solid oxide fuel cells (SSOFCs) have been 

introduced as a potential solution. SSOFCs are designed such that the same electrode 

material can function as both the cathode and anode in a single cell, which simplifies the 

manufacturing process and reduces production costs [3]. Furthermore, the use of a single 

electrode material enables reversible electrochemical reactions, allowing the system to 

operate not only as an SOFC but also as a solid oxide electrolysis cell (SOEC) [2, 4]. 
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Various transition-metal-based oxides have been suggested as SSOFC electrode materials. 

In particular, layered perovskite structures have received considerable attention due to 

their ability to form a higher concentration of oxygen vacancies compared to conventional 

perovskites, resulting in enhanced catalytic activity for both ORR and HOR. 

Representative examples include oxide systems such as PrBaFe2O5+d, SmBaMn2O5+d, and 

PrBa0.8Ca0.2Mn2O5+d [5-8]. However, many of the reported symmetrical electrode 

materials still exhibit limitations, including lower electrical conductivity compared to 

conventional cathode or anode materials, uneven catalytic activity putting either ORR or 

HOR at a disadvantage and poor structural stability under reducing conditions [9, 10]. To 

overcome these issues, it is necessary to develop new electrode materials that maintain a 

stable crystal structure in both oxidizing and reducing atmospheres while simultaneously 

exhibiting balanced catalytic activity for ORR and HOR [11]. 

Therefore, in this study, Sm and Ba were applied to the A-site and Fe and Mn to the B-

site of the layered perovskite to develop SSOFC electrode materials with enhanced 

catalytic activity, long-term durability and chemical stability. Specifically, compositions 

of SmBa(Fe1-xMnx)2O5+d (SBFMn, x = 0, 0.1, 0.3 and 0.5) were synthesized and 

investigated in terms of their electrical and electrochemical properties to evaluate their 

suitability as SSOFC electrodes. In addition, crystallographic analysis was performed to 

investigate the changes in properties with composition. The composition exhibiting the 

lowest area-specific resistance (ASR) was selected to study phase transitions under high-

temperature reducing conditions, and its stability under repeated thermal and electrical 

conditions was evaluated through electrical conductivity measurements. 

 

 



6 

 

2. Experimental 

2.1 Powder preparation 

The SmBa(Fe1-xMnx)2O5+d (SBFMn, x = 0, 0.1, 0.3 and 0.5) layered perovskite oxide 

system was synthesized via a solid-phase synthesis method using Sm2O3 (Alfa Aesar, 

99.9%), BaCO3 (Samchun, 99.0%), Fe3O4 (Kojundo, 99.0%), and Mn3O4 (Thermo 

Scientific, 97.0%) as raw materials. Each powder was precisely weighed and uniformly 

mixed using an agate mortar and a pestle, with a small amount of ethanol to minimize 

powder loss and suppress the scattering of fine particles. The mixed powder was dried in 

an oven at 78 °C for 24 hours. The first calcination step was performed at 1000 °C for 

6 hours with a heating rate of 5 °C/min. After calcination, the powder was pulverized 

using an agate mortar and pestle, followed by ball milling. The solvent used during ball 

milling, 99% acetone, was evaporated in an oven at 78 °C, and the resulting powder was 

subjected to a second calcination step at 1300 °C for 8 hours with a heating rate of 5 °C 

/min to obtain a single phase material. Finally, the heat-treated powder was ground using 

an agate mortar and pestle, and then sieved through a 100 μm mesh to obtain a 

homogeneous, fine-grained powder. The prepared powders with the compositions 

SmBa(Fe1Mn0)2O5+d , SmBa(Fe0.9Mn0.1)2O5+d , SmBa(Fe0.7Mn0.3)2O5+d  and 

SmBa(Fe0.5Mn0.5)2O5+d were named SBFMn 2.0-0.0, SBFMn 1.8-0.2, SBFMn 1.4-0.6, 

and SBFMn 1.0-1.0 respectively according to their Fe/Mn ratios, which are summarized 

in Table 1. 

 

2.2 X-ray diffraction (XRD) 

The crystal structure and phase composition of the synthesized SBFMn powders were 

analyzed by X-ray diffraction (XRD). For this purpose, a SmartLab XRD instrument 
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(Rigaku, Japan) equipped with Cu Kα radiation (λ = 1.5418 Å) was used. This equipment 

was installed at Hanbat National University in 2024 with support from the National 

University Laboratory Equipment Expansion Project. Measurements were performed at 

room temperature at analysis conditions of 45 kV and 200 mA. Diffraction patterns were 

recorded over a 2θ range of 10 ° to 90 °, with a scan speed of 2.5 s/step and a step interval 

of 0.02 °. 

Furthermore, to evaluate the chemical compatibility between the synthesized SBFMn 

electrode material and theLa0.9Sr0.1Ga0.8Mg0.2O3-d (LSGM) electrolyte these powders 

were mixed at a mass ratio of 1:1. The mixed samples were heat-treated at 1000 °C and 

1100 °C for 4 hours, respectively, followed by pulverization and sieving, and XRD 

analysis was performed under the same conditions as described above. The measured 

XRD data were analyzed using MDI JADE 6 and SmartLab Studio Ⅱ programs. 

 

2.3 Conductivity measurements 

The conductivity measurement samples were prepared by weighing 2.5 g of the 

synthesized powder, placing it into a metal mold, and pressing it into a rectangular shape 

under a pressure of 1.5 x 103 kg/m2. Then, bar type samples with dense microstructure 

were fabricated by sintering at 1300℃ for 3 hours. For the application of the DC 4 probe 

method, four platinum (Pt) wires were wound around the sample at equal intervals, and 

the electrical conductivity was measured using a Keithley 2400 source meter in 

conjunction with a protocol-based system for measuring electrical conductivity 

developed by our group, details of this procedure can be found in our previously published 

works [12, 13]. The electrical conductivity was measured in an atmosphere of air, N2 

(99.99%), and H2 (3.9%, H2/Ar) by applying a constant current of 0.001 A current while 
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increasing the temperature from 50 ℃ to 900 ℃ in 50 ℃ increments, followed by a 

decrease from 900 ℃ to 50 ℃ in 50 ℃ in the same steps.  

 

2.4 Electrochemical characterization 

The samples for electrochemical characterization were prepared as follows. First, 

La0.9Sr0.1Ga0.8Mg0.2O3-d (LSGM) was used to fabricate the electrolyte support. After 

weighing 3 g of LSGM powder, the green pellet was pressed in a circular metal mold and 

sintered at 1400 °C for 6 hours under a pressure of 1.5 x 103 kg/m2 to produce a dense 

LSGM electrolyte support. The screen-printing ink for the SBFMn electrode was 

prepared using a solvent and binder system by mixing 5 g of SBFMn powder with 0.1 g 

of dispersant (KD-1) via ball milling at 160 rpm for 24 hours until a uniform mixture was 

obtained. A vehicle was prepared by mixing alpha-terpineol (Kanto Chemical) and Butvar 

(Sigma Aldrich) at a mass ratio of 95:5. Then, 2.17 g of the vehicle was stirred at room 

temperature to obtain an ink with appropriate viscosity. The ink was screen-printed onto 

both sides of the LSGM electrolyte support using circular meshes with a diameter of 

10 mm, and then heat-treated at 1000 °C for 1 hour to produce the half-cell.  

The fabricated half-cell was used to measure the electrochemical impedance 

characteristics of SBFMn oxide systems using a multichannel impedance analyzer 

(Ivium-n-Stat, HS Technologies). The resistance was measured in both air and hydrogen 

atmospheres over the temperature range of 500 °C to 900 °C, with measurements taken 

at 50 °C intervals. 

 

3. Results and discussion 

3.1 X-ray diffraction (XRD) analysis 
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XRD analysis was conducted to confirm that the synthesized materials occur as single 

phases and to analyze their crystal structure according to the Fe/Mn ratio at the B-site. 

The XRD results are summarized in Figure 1, and characteristic diffraction peaks 

corresponding to a typical layered perovskite structure, indicative of a single phase, are 

marked by black bars at the bottom of the pattern. In the SmBa(Fe1-xMnx)2O5+d (SBFMn, 

x = 0, 0.1, 0.3, and 0.5) oxide system, distinct single phase layered perovskite peaks were 

observed at 2θ values of 22.6 °, 32.2 °, 39.8 °, 46.3 °, 57.58 °, and 77 °, except for the 

SBFMn 1.0-1.0 composition. The single phase characterization of these layered 

perovskites is consistent with several previously reported results from our group [14-16]. 

In contrast, for the SBFMn 1.0-1.0 composition exhibited low intensity secondary phases, 

indicating that a small amount of impurities coexisted with the single phase. These 

secondary phases were identified as BaMnO3 and SmMnO3 [17, 18]. They are considered 

to have formed either because the reactions among the Sm2O3, BaCO3, and Mn3O4 

precursors did not proceed sufficiently during synthesis, or because the excessively high 

Mn content exceed the compositional stability range in which the layered perovskite 

structure can exist stably, thereby leading to the formation of secondary phases [19]. In 

summary, the secondary phases in the SBFMn 1.0-1.0 composition are considered to 

originate primarily from insufficient precursor reactivity. Secondarily, whenever half of 

the B-sites or more are occupied by Mn ions, the formation of a pure layered perovskite 

single-phase becomes difficult.  

Figure 1 (b) shows a distinctive shift of the main diffraction peak toward lower angles 

with increasing Fe content, indicating that the lattice parameter increased accordingly. 

This behavior is attributed to the difference in the ionic radii of the transition metal ions 

substituted at the B-site. Although the ionic radii of Fe3+ (0.645 Å) and Mn3+ (0.645 Å) 
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are identical, the ionic radius of Fe4+ (0.585 Å) is larger than that of Mn4+ (0.53 Å). 

Therefore, as the Fe content increases, the average ionic radii at the B-site become larger, 

resulting in an increase in the lattice constant [20, 21]. 

The chemical reactivity between the SBFMn electrode material and the 

La0.9Sr0.1Ga0.8Mg0.2O3-d (LSGM) electrolyte was investigated by mixing the two powders 

at a 1:1 mass ratio, followed by heat treatment at 1000 °C and 1100 °C, and subsequent 

XRD analysis. The results are summarized in Figure 2 (a) and (b). Only the diffraction 

peaks corresponding to the SBFMn electrode and LSGM electrolyte were identified in all 

samples heat-treated at 1000 °C and 1100 °C. The secondary phase observed near 2θ = 

31.4 ° in the commercial LSGM was identified as belonging to an additive introduced to 

increase the sintering density of the electrolyte. While this secondary phase remained after 

heat treatment at 1000 °C, it disappeared at 1100 °C in all compositions except the 

SBFMn 1.0-1.0 composition. This indicates that the crystal structure of LSGM becomes 

more stabilized as higher temperatures, resulting in the formation of a complete single 

phase. The results shown in Figure 2 (a) and (b) confirm that no chemical reaction 

occurred between the SBFMn electrode materials and the LSGM electrolyte under either 

heat treatment condition, indicating that the risk of interfacial resistance or mechanical 

instability during operation under elevated temperatures due to secondary phase 

formation is negligible. In addition, a sintering temperature of 1000 °C was selected for 

half cell fabrication in order to preserve the porous electrode microstructure and to ensure 

sufficient gas diffusion pathways. 

 

3.2 Electrochemical performance depending on Fe/Mn ratios 
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The area specific resistance (ASR) results of SmBa(Fe1-xMnx)2O5+d (SBFMn, x = 0, 

0.1, 0.3, and 0.5) electrodes measured in air and 3.9% hydrogen atmospheres are shown 

in Figure 3 (a) and (b). 

As shown in Figure 3 (a), under air atmosphere, the ASR of SBFMn 1.8-0.2, which 

contains the lowest Mn content, was found to be the lowest for all temperatures above 

600 °C, with values of 1.95, 0.45, 0.14, and 0.05 Ω·cm² at 600 °C, 700 °C, 800 °C, and 

900 °C, respectively. The activation energy was also the lowest for SBFMn 1.8-0.2, 

calculated to be 1.046 eV. These results suggest that SBFMn 1.8-0.2 exhibits the highest 

electrocatalytic activity toward the oxygen reduction reaction (ORR). Furthermore, the 

lower ASR and activation energy observed for SBFMn 1.8-0.2 compared to SBFMn 2.0-

0.0 imply that partial substitution of Fe with a small amount of Mn can effectively 

enhance ORR performance. The low ASR observed in the SBFMn 1.8-0.2 composition 

is attributed to the fact that a small amount of Mn doping effectively increases the oxygen 

vacancy concentration and maximizes the redox activity of the Fe-O-Mn bonds, thereby 

promoting charge transfer. In contrast, excessive Mn doping (x ≥ 0.3) may hinder the 

conduction pathways due to lattice distortion and the accumulation of excessive defects, 

ultimately leading to performance degradation [22]. The ASR results obtained under 

hydrogen atmosphere are presented in Figure 3 (b). The lowest ASR values were observed 

for the SBFMn 1.8-0.2 composition at all temperatures except 900 °C. For instance, ASR 

values of 6.23 Ω·cm², 1.27 Ω·cm², and 0.44 Ω·cm² were recorded at 600 °C, 700 °C, and 

800 °C, respectively. At 900 °C, the lowest ASR was observed for SBFMn 1.0-1.0 as 

0.25 Ω·cm², while SBFMn 1.8-0.2 exhibited a comparable value of 0.28 Ω·cm². These 

results indicate that SBFMn 1.8-0.2 also shows the most favorable electrochemical 
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performance toward the hydrogen oxidation reaction (HOR) under reducing conditions. 

This is because a small amount of Mn doping (x = 0.1) appropriately increases the oxygen 

vacancy concentration within the electrode, thereby promoting the adsorption and 

dissociation of H2 while simultaneously activating the electron transfer pathways of the 

Fe/Mn redox couples. As a result, the SBFMn 1.8-0.2 composition exhibits the lowest 

ASR under hydrogen atmosphere, as it possesses structural and electronic features that 

are favorable for the rate-determining steps (RDS) of HOR even under reducing 

conditions [19]. 

Further analysis was conducted to identify the RDS of the oxygen reduction reaction 

(ORR) and hydrogen oxidation reaction (HOR) in the SBFMn 1.8-0.2 composition. The 

total resistance, measured under both air and hydrogen atmospheres, was deconvoluted 

into a high-frequency region (HF, 2.5 × 105 Hz to 1 Hz) and a low-frequency region (1 Hz 

to 0.05 Hz), which were designated as R1 and R2, respectively. The fitting results for R1 

and R2 under air atmosphere and hydrogen atmosphere are presented in Figure 4 (a) and 

(c) respectively. Visual comparisons of the relative magnitudes of R1 and R2 at various 

temperatures are shown in Figure 4 (b) and (d). 

In air atmosphere, R₂ was larger than R₁ at temperatures below 550 °C, whereas R₁ 

became the dominant component above 600 °C. R₁ corresponds to the high frequency 

process associated with oxygen ion transfer at the electrode-electrolyte interface, while 

R2 reflects the low frequency process related to oxygen molecule adsorption on the 

electrode surface and their diffusion into the electrode interior [23]. As the temperature 

increased, R2 gradually decreased and the contribution of R1 increased. Above 800 °C, R1 

remained the largest resistance component, although the relative contribution of R1 

towards the total resistance it exhibited a slight decrease. These results indicate that, in 



13 

 

the high temperature region, the rate determining step (RDS) of the ORR is governed by 

the oxygen ion transfer process represented by R1.  

In contrast, the relative contribution of R₂, the low frequency resistance which arises 

from the adsorption of oxygen molecules onto the electrode surface and their diffusion 

into the electrode interior, was observed to decrease gradually with increasing 

temperature [15, 24, 25]. This trend was visualized in Figure 4 (a) and (b). 

Under hydrogen atmosphere, R₂ was more dominant than R₁ in the temperature range 

of 500 °C to 650 °C. This suggests that surface reactions, including hydrogen adsorption 

and dissociation, govern the rate-determining step (RDS) in this temperature region. In 

contrast, at temperatures above 700 °C, R₁ became dominant over R₂, indicating that the 

charge transfer process at the electrode-electrolyte interface becomes the dominant 

resistance component in the HOR mechanism [26]. The results are presented in Figure 4 

(c) and (d). 

Considering the overall results presented in Figure 4, the total polarization resistance 

decreased with increasing temperature under both air and hydrogen atmospheres. This 

decrease was accompanied by a reduction in the low frequency component (R2) and an 

increased contribution of the high frequency component (R1). These trends indicate that, 

as the temperature increases, electrochemical processes occurring within the electrode 

bulk and at the electrode-electrolyte interface play a more significant role in determining 

electrode performance than surface reactions. Consequently, in the high temperature 

region, the interfacial charge transfer process becomes the dominant RDS. 

 

3.3 Electrical conductivity as a function of oxygen partial pressure 
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The electrical conductivity results of SmBa(Fe1-xMnx)2O5+d (SBFMn, x = 0, 0.1, 0.3, 

and 0.5) measured in air, nitrogen, and 3.9 % hydrogen atmospheres are summarized in 

Figure 5. 

In Figure 5 (a) and (b), which represent the conductivity characteristics under air and 

nitrogen atmospheres, respectively, a transition from metal-insulator transition (MIT)-like 

behavior to semiconductor behavior was observed as the Mn content increased. For 

example, the SBFMn 1.8-0.2 composition exhibited a conductivity of 0.105 S/cm at 50 °C, 

which increased to a maximum of 5.85 S/cm at 650 °C, followed by a decrease to 

4.08 S/cm at 900 °C. In contrast, the SBFMn 1.0-1.0 composition, with a higher Mn 

content, exhibited significantly lower conductivity values, increasing from approximately 

0.0008 S/cm at 50 °C to 0.88 S/cm at 600 °C and 1.33 S/cm at 900 °C. Under air 

atmosphere, no significant difference in electrical conductivity was observed between the 

heating and cooling processes, whereas under nitrogen atmosphere, a slight decrease in 

conductivity was observed during cooling compared to heating. In addition, the higher 

electrical conductivity measured under the air atmosphere compared to that under the 

nitrogen atmosphere indicates that the SBFMn electrode material exhibits p-type 

conduction, where holes are the dominant charge carriers. This is consistent with the 

typical behavior of p-type conductors, in which conductivity increases under high oxygen 

partial pressure due to an increase in hole concentration [27, 28]. 

In addition to the comparison of conduction mechanisms, when the electrical 

conductivity values at 700 °C under air atmosphere are compared, the SBFMn 2.0-0.0 

composition exhibited the highest conductivity at 10.73 S/cm. The other compositions 

(SBFMn 1.8-0.2, SBFMn 1.4-0.6, and SBFMn 1.0-1.0) showed conductivity values of 

5.09 S/cm, 4.17 S/cm, and 0.87 S/cm, respectively, indicating a decreasing trend in 
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conductivity with increasing Mn content. A similar trend was also observed under 

nitrogen atmosphere, as shown in Figure 5 (b), where the SBFMn 2.0-0.0 composition 

again exhibited the highest conductivity of 2.35 S/cm, followed by 1.46 S/cm for SBFMn 

1.8-0.2, 1.33 S/cm for SBFMn 1.4-0.6, and 0.73 S/cm for SBFMn 1.0-1.0. In both 

atmospheres, a consistent trend of decreasing electrical conductivity with increasing Mn 

content was observed. 

This behavior is attributed to the lower metal-oxygen (M-O) orbital overlap in Mn-O 

bonds compared to Fe-O bonds, as well as the smaller ionic radius of Mn ions relative to 

Fe ions. Upon increase in Mn doping, the reduction in bond angle within the lattice 

induces the formation of lattice defects and deteriorates the connectivity of the M-O-M 

conduction pathway. As a result, the mobility of charge carriers (i.e., electron holes) is 

hindered, leading to a decrease in electrical conductivity [29-31]. In addition to the 

reduced mobility, an increase in Mn content also decreases the concentration of charge 

carriers. In perovskite type ferrites, electron hole carriers are mainly associated with the 

Fe4+ species, while Mn exists predominantly as Mn4+ under the oxygen partial pressure 

used in this study and contributes only minimally to the formation of electron holes 

providing p-type transport [32]. Furthermore, doping with Mn4+ reduces the amount of 

Fe4+ via the charge compensation mechanism. Consequently, increasing the Mn content 

results in a decrease in hole concentration, further contributing to the reduction in 

electrical conductivity. Thus, the Mn content plays a critical role in determining the 

electrical conductivity of SBFMn, and precise control of the Mn/Fe ratio is essential for 

optimizing charge transport while maintaining the structural characteristics required for 

SOFC electrode applications. 
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As shown in Figure 5 (c), which presents the electrical conductivity measured under 

hydrogen atmosphere, the SBFMn 1.8-0.2 composition exhibited the highest conductivity 

of 2.59 S/cm at 700 °C. The conductivities of SBFMn 2.0-0.0, SBFMn 1.4-0.6, and 

SBFMn 1.0-1.0 were measured as 1.11 S/cm, 1.21 S/cm, and 0.14 S/cm, respectively. 

These results suggest that a small amount of Mn enhances electrical conductivity under 

hydrogen atmosphere, indicating that optimal charge transport can be achieved at a 

specific composition. In contrast, when the Mn content exceeded that of the SBFMn 1.8-

0.2 composition, the difference in ionic radii between B-site cations induces lattice 

contraction, leading to structural distortion.  

In addition, semiconducting behavior was observed in the temperature range of 50 ℃ 

to 350 ℃ of the heating cycle, followed by a sharp decline in electrical conductivity 

between 400 ℃ and 500 ℃, and then a subsequent steep increase with further temperature 

rise. For example, in the SBFMn 1.8-0.2 composition, the electrical conductivity 

increased to 8.11 S/cm up to 350 ℃, then dropped sharply to 0.003 S/cm at 450 ℃, and 

subsequently increased again to 2.77 S/cm at 900 ℃. During the cooling process, typical 

semiconductor behavior was again observed across the whole temperature range. SBFMn 

1.8-0.2 serves only as an example, the very same behavior can be observed in all SBFMn 

compositions studied. This variation in conductivity is attributed to structural 

transformations occurring under reducing conditions, as confirmed by the XRD analysis 

shown in Figure 6 (a). In this analysis, samples were exposed to a hydrogen atmosphere 

for 1 hour at 20 °C, 450 °C, and 900 °C, followed by XRD characterization at room 

temperature.  

To investigate the crystallographic characteristics in detail, structural analysis and 

lattice parameter calculations were performed using the Jade 6 program. Samples exposed 
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to hydrogen atmosphere at 25 °C and 450 °C exhibited a cubic structure, with a slight 

increase in lattice constants with rising temperature: 3.921 Å at 25 °C and 3.9232 Å at 

450 °C. The sample treated at 900 °C exhibited a structural transition to an orthorhombic 

structure, with lattice parameters calculated as a = 3.959 Å, b = 3.9638 Å, and 

c = 7.6748 Å. 

This lattice expansion of the cubic structure between 25 °C and 450 °C is attributed to 

the generation of oxygen vacancies at rising temperatures under reducing conditions in 

addition to the increased thermal vibrations at elevated temperatures [33]. The transition 

from cubic to orthorhombic structure comes with a reduction in crystal symmetry. The 

significant drop in electrical conductivity observed near 450 °C is considered to be the 

result of this phase transition rather than from material decomposition, as supported by 

the structural change shown in Figure 6 (a). Further increase of temperature after this 

structure transition leads to a redistribution of oxygen vacancies. Through this structural 

rearrangement, the migration pathways for charge carriers were re-established, which 

appears to have contributed to the recovery of electrical conductivity with increasing 

temperatures from 600 °C to 900 °C.  

In addition to these structural factors the nonlinear conductivity behavior observed 

under the initial heating under hydrogen atmosphere in Figure 5 (c) can be attributed to 

the oxidation state of manganese. In the low-temperature region around 450 °C of the 

reducing atmosphere, Mn4+ exists as the dominant oxidation state, Mn has not been 

sufficiently reduced at these low temperatures and a high Mn4+ fraction remains. With 

increasing temperature, a complex distribution of oxidation state emerges, in which Mn²⁺, 

Mn³⁺, and Mn⁴⁺ coexist [34]. Generally a Mn4+ dominance leads to a decrease in both the 

concentration and mobility of charge carriers. Mixed valence states on the other hand 
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promote hole transport via the small polaron hopping mechanism, thereby enhancing 

electronic conductivity [35].  

As shown in Figure 5 (c), the electrical conductivity behavior under hydrogen 

atmosphere exhibited a distinct difference between heating and cooling, unlike the trends 

observed under air and nitrogen atmospheres. During heating, complex conductivity 

behavior was observed, which is mainly attributed to structural transformations, whereas 

during cooling, all compositions exhibited consistent semiconductor behavior. This 

suggests that no further structural change occurred during the cooling process, indicating 

that the structural transitions induced during heating under hydrogen atmosphere are 

irreversible. 

To demonstrate that the observed structural transformations are unique to hydrogen 

atmospheres, additional structural analysis was performed using in situ XRD 

measurements in an air atmosphere at increasing temperatures of 25 °C, 450 °C, and 

900 °C. The results are summarized in Figure 6 (b). At 25 °C, 450 °C, and 900 °C under 

air atmosphere, a cubic structure was consistently retained, and the lattice parameters 

were found to increase slightly to 3.9194 Å, 3.9398 Å, and 3.9682 Å, respectively. As 

previously discussed, the increase in lattice parameter with temperature arises not only 

from enhanced thermal vibrations but also from a slight loss of lattice oxygen at elevated 

temperatures, which shifts the Fe valence from Fe4+ toward Fe3+. The increased fraction 

of Fe3+ with its larger ionic radius compared to Fe4+ further contributes to the observed 

lattice expansion. Although the lattice parameter increased with temperature, no phase 

transition was observed, in contrast to the behavior under hydrogen atmosphere. This 

confirms that the structural transformation is a phenomenon specific to the reducing 

environment. 
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To further confirm the long-term stability of electrical conductivity in hydrogen 

atmosphere, electrical conductivity measurements were performed for 8 cycles for 

SBFMn 1.8-0.2, which exhibited the highest electrical conductivity. The results are shown 

in Figure 7. From cycle 2 to cycle 8, the electrical conductivity did not exhibit the 

nonlinear conductivity behavior displayed through the first heating cycle, neither the 

sharp drop at 450 ℃ nor the steep recovery between 700 ℃ and 900 ℃. This confirms 

the irreversible nature of the phase change from cubic to orthorhombic mentioned above. 

The strictly linear semiconductor behavior of the conductivity during both heating and 

cooling cycles 2 to 8 also seems to suggest a stability of Mn oxidation state, the mixed 

valence state of coexisting Mn²⁺, Mn³⁺, and Mn⁴⁺, originally achieved by the reduction of 

dominant Mn4+ during the first heating cycle is stable from cycle 2 on.  

Figure 7 shows a slight increasing trend in conductivities with repeated measurements 

from cycle 2 to cycle 8. In addition, XRD analysis was conducted to confirm the structural 

changes in the sample after 8 electrical conductivity measurement cycle under hydrogen 

atmosphere, and the results are shown in Figure 6 (a). Compared to the sample heat-

treated at 900 °C for 1 h in a hydrogen, the post cycling sample exhibited increased XRD 

peak intensity and reduced full width at half maximum (FWHM). These changes in the 

diffraction pattern indicate improved crystallinity and suggest that the crystal structure 

became progressively more ordered and stabilized during long-term exposure and 

repeated thermal cycling under reducing conditions, which would explain the slightly 

better performance during later cycles. Based on these observations, it can be concluded 

that the SBFMn 1.8-0.2 composition maintains both structural and electrical stability 

during prolonged operation and repeated thermal cycling in hydrogen atmosphere. 
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4. Conclusion 

In this study, the structural stability, electrochemical performance, and electrical 

conductivity behavior of SmBa(Fe1-xMnx)2O5+d (x=0, 0.1, 0.3, and 0.5) layered perovskite 

oxide systems were systematically investigated under various oxygen partial pressure 

conditions. 

According to XRD analysis, a stable single phase layered perovskite structure was 

formed for all compositions except for SBFMn 1.0-1.0, and chemical compatibility with 

the LSGM electrolyte was confirmed after heat treatment, with no secondary phase 

formation observed. 

Electrochemical characterization revealed that the SBFMn 1.8-0.2 composition, 

containing a small amount of Mn, exhibited the lowest ASR and activation energy in both 

air and hydrogen atmospheres, and demonstrated the highest electrochemical 

performance in both ORR and HOR. 

Electrical conductivity measurements showed that conductivity generally decreased with 

increasing Mn content under air and nitrogen atmospheres due to a reduced orbital overlap 

in the B-O-B bonding and a decrease in hole concentration. However, under hydrogen 

atmosphere, a small amount of Mn incorporation enhanced the electrical conductivity, 

suggesting that the Fe/Mn ratio plays an important role in determining charge transport 

behavior under reducing conditions. XRD confirmed that an irreversible cubic to 

orthorhombic phase transition occurred only under hydrogen atmosphere, correlating 

with the sharp conductivity drop observed during the first heating cycle. In addition, 

repeated conductivity measurements over 8 thermal cycles in hydrogen atmosphere for 

the SBFMn 1.8-0.2 composition revealed a slight increase in electrical conductivity, with 

no recurrence of the sharp conductivity drop at 450 °C observed during the initial cycle. 



21 

 

XRD analysis of the cycled sample showed increased diffraction peak intensity and 

reduced FWHM, indicating that the crystal structure became increasingly ordered and 

stabilized after prolonged hydrogen exposure and repeated thermal cycling. 

 

Overall, the effects of Mn doping on the structural and functional properties were 

identified, and it was demonstrated that a small degree of Mn incorporation can enhance 

both electrical conductivity and structural stability under reducing conditions. These 

findings provide valuable insight for future composition design and optimization of 

SSOFC electrode materials. 
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Figure captions 

Figure 1. (a) X-ray diffraction (XRD) patterns of SBFMn oxide systems and (b) enlarged 

view of the main peak region between 31 ° and 33 ° 

Figure 2. XRD results of LSGM-SBFMn composites heat treated at (a) 1000 ℃ and (b) 

1100 ℃ 

Figure 3. Comparison of the area specific resistance of SBFMn : (a) in air and (b) in 

hydrogen atmosphere 

Figure 4. Impedance characteristics and resistance behavior of SBFMn 1.8-0.2 

composition at different temperatures. (a) Impedance plots measured in air, (b) 

Temperature dependence of R1 and R2 components in air, (c) Impedance plots measured 

in hydrogen atmosphere, (d) Temperature dependence of R1 and R2 components in 

hydrogen atmosphere 

Figure 5. Electrical conductivity of SBFMn measured under (a) air, (b) nitrogen, and (c) 

hydrogen atmospheres  

Figure 6. XRD patterns of SBFMn 1.8-0.2 samples : after heat treatment at 25 ℃, 450 ℃, 

and 900 ℃ (a) in hydrogen atmosphere and ex-situ measurement, and measured (b) in 

situ under air atmosphere at corresponding temperature 

Figure 7. Electrical conductivity of SBFMn 1.8-0.2 under hydrogen atmosphere over 8 

thermal cycles 
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Table captions 

Table 1. Sample abbreviation 

Table 2. ASR of SBFMn 1.8–0.2 electrode in air and hydrogen atmospheres 
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Fig 1. (a) X-ray diffraction (XRD) patterns of SBFMn oxide systems and (b) enlarged 

view of the main peak region between 31 ° and 33 ° 
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Fig 2. XRD results of LSGM-SBFMn composites heat treated at (a) 1000 ℃ and (b) 1100 ℃ 
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Fig 3. Comparison of the area specific resistance of SBFMn : (a) in air and (b) in hydrogen 

atmosphere 

  

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5
H2

 

SBFMn
1.0-1.0

Lo
g 

(A
SR

) [
Ω

·c
m

2 ] 

SBFMn
1.4-0.6

SBFMn
1.8-0.2

SBFMn
2.0-0.0



36 

 

 

30 40 50 60
0

5

10

15

20

 

 

  SBFMn 1.8-0.2 under air at 500℃
  R1
  R2

-Z
''(Ω

·c
m

2 )

Z'(Ω·cm2)

15 20 25
0

2

4

6

8

 

 

  SBFMn 1.8-0.2 under air at 550℃
  R1
  R2

Z'(Ω·cm2)

-Z
''(Ω

·c
m

2 )

8 10 12
0

1

2

3

 

 

  SBFMn 1.8-0.2 under air at 600℃
  R1
  R2

Z'(Ω·cm2)

-Z
''(Ω

·c
m

2 )



37 

 

 

5 6 7
0.0

0.5

1.0

1.5
 

 

  SBFMn 1.8-0.2 under air at 650℃
  R1
  R2

Z'(Ω·cm2)

-Z
''(Ω

·c
m

2 )

3.5 4.0 4.5
0.0

0.2

0.4

0.6

0.8

 

 

  SBFMn 1.8-0.2 under air at 700℃
  R1
  R2

Z'(Ω·cm2)

-Z
''(Ω

·c
m

2 )

2.4 2.6 2.8 3.0
0.0

0.1

0.2

0.3

0.4

 

 

  SBFMn 1.8-0.2 under air at 750℃
  R1
  R2

Z'(Ω·cm2)

-Z
''(Ω

·c
m

2 )



38 

 

 
(a) 

1.6 1.8 2.0
0.00

0.05

0.10

0.15

0.20

0.25
 

 

  SBFMn 1.8-0.2 under air at 800℃
  R1
  R2

-Z
''(Ω

·c
m

2 )

Z'(Ω·cm2)

1.3 1.4 1.5
0.00

0.05

0.10

0.15

 

 

  SBFMn 1.8-0.2 under air at 850℃
  R1
  R2

-Z
''(Ω

·c
m

2 )

Z'(Ω·cm2)

1.05 1.10 1.15 1.20 1.25
0.00

0.03

0.06

0.09

 

 

  SBFMn 1.8-0.2 under air at 900℃
  R1
  R2

-Z
''(Ω

·c
m

2 )

Z'(Ω·cm2)



39 

 

 
(b) 

  

500 550 600 650 700 750 800 850 900
0

20

40

60

80

100

 

 
Re

lat
iv

e R
es

ist
an

ce
 C

on
tri

bu
tio

n 
(%

)

Temperature (°C)

 Air_R1(%)
 Air_R2(%)



40 

 

 



41 

 

 



42 

 

 
(c)  
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(d) 

 

Fig 4. Impedance characteristics and resistance behavior of SBFMn 1.8-0.2 composition 

at different temperatures. (a) Impedance plots measured in air, (b) Temperature 

dependence of R1 and R2 components in air, (c) Impedance plots measured in hydrogen 

atmosphere, (d) Temperature dependence of R1 and R2 components in hydrogen 

atmosphere 
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(c) 

 

Fig 5. Electrical conductivity of SBFMn measured under (a) air, (b) nitrogen, and (c) 

hydrogen atmospheres  
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(b) 

 

Fig 6. XRD patterns of SBFMn 1.8-0.2 samples : after heat treatment at 25 ℃, 450 ℃, 

and 900 ℃ (a) in hydrogen atmosphere and ex-situ measurement, and measured (b) in 

situ under air atmosphere at corresponding temperature 
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Fig 7. Electrical conductivity of SBFMn 1.8-0.2 under hydrogen atmosphere over 8 

thermal cycles 
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Table 1. Sample abbreviation 

 

  

 x Composition Abbreviation 

SBFMn 
oxide 

systems 

0.0 SmBaFe2O5+d SBFMn 2.0-0.0 

0.1 SmBa(Fe0.9Mn0.1)2O5+d SBFMn 1.8-0.2 

0.3 SmBa(Fe0.7Mn0.3)2O5+d SBFMn 1.4-0.6 

0.5 SmBa(Fe0.5Mn0.5)2O5+d SBFMn 1.0-1.0 
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Table 2. ASR of SBFMn 1.8–0.2 electrode in air and hydrogen atmospheres 

Resistance (Ωcm2) 

Temp 
(℃) 

Air H2 

R1 R2 Rp R1 R2 Rp 

500 3.650 9.194 12.844 4.317 15.608 19.926 
550 2.099 2.510 4.610 2.688 7.730 10.418 

600 1.236 0.667 1.903 1.791 3.480 5.271 
650 0.704 0.192 0.896 1.129 1.254 2.384 
700 0.394 0.058 0.452 0.742 0.521 1.263 
750 0.213 0.019 0.232 0.444 0.259 0.703 
800 0.134 0.014 0.148 0.277 0.158 0.436 
850 0.079 0.012 0.091 0.188 0.122 0.310 
900 0.050 0.012 0.062 0.145 0.129 0.275 

 

 

 

 

 


