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Abstract: The growing global energy demand and the environmental challenges associated with conventional fossil fuels have 

intensified the pursuit of sustainable and efficient energy conversion technologies. This study focuses on improving the performance of 

solid oxide fuel cells (SOFCs) through the development of advanced anode materials. While conventional Ni/YSZ cermet anodes exhibit 

good electrochemical activity, their long-term stability and tolerance to hydrocarbon fuels remain limited. To address these challenges, 

La0.2Sr0.8Ti0.9Ni0.1O3-δ (LSTN) perovskite anodes were investigated for the electro-oxidation of methane. The influence of LaFe0.6Co0.4O3 

(LFC) and Pd-doped LaFe0.58Co0.37Pd0.05O3-δ (LFCP) impregnation on the electrochemical performance of LSTN was systematically 

examined. The LFCP-impregnated LSTN anodes demonstrated enhanced catalytic activity, reduced polarization resistance, and 

improved overall performance, which are attributed to the uniform dispersion of LFCP nanoparticles within the anode matrix. These 

findings provide valuable insights into the design and optimization of SOFC anodes for efficient methane electro-oxidation, contributing 

to the advancement of clean and sustainable energy technologies. 
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1. Introduction 
The growing global energy demand, along with the significant 

environmental consequences of conventional energy 

production, has prompted increased research into sustainable 

and diverse energy solutions [1-7]. Central to these efforts is 

the enhancement of energy conversion technologies, 

particularly solid oxide fuel cells (SOFCs) [8-13] and batteries 

[14]. SOFCs are regarded as highly efficient devices, 

generating electricity through the electrochemical reaction of 

gaseous fuels such as hydrogen and its derivatives [15-17]. A 

distinguishing advantage of SOFCs over other fuel cell systems 

is their ability to directly process hydrocarbon fuels via internal 

reforming [18-20]. Methane, as the simplest hydrocarbon 

molecule, is notable for lacking a C–C bond, which facilitates 

its direct reforming within SOFCs [21-23]. Additionally, 

methane’s favorable hydrogen-to-carbon ratio allows it to 

supply a substantial quantity of hydrogen for SOFC anodes.  

In standard SOFC systems, Ni/YSZ (ZrxY1-xO2) cermet is 

widely employed as the anode material due to its favorable 

properties, such as low impedance in hydrogen environments 

and effective catalytic activity for methane steam reforming 

[24-28]. Nevertheless, several disadvantages are associated 

with Ni/YSZ, including limited redox stability and an elevated 

tendency for coking and sulfur poisoning when exposed to 

hydrocarbon fuels [29, 30]. To address these challenges, 

alternative ceramic anodes, including double perovskite 

materials such as Sr2Mg1-xMnxMoO6-δ [31] and 

Sr2Fe1.4Ni0.1Mo0.5O6-δ [11, 32], lanthanum chromate based 

perovskites (e.g. (La,Sr)(Cr,Mn)O3-δ) [17], and strontium 

titanate based perovskites (e.g. (La,Sr)(Ti)O3-δ) [33], have 

demonstrated promising properties for application in SOFC 

anodes.  

La0.2Sr0.8Ti0.9Ni0.1O3-δ (LSTN) perovskite anodes demonstrate 

enhanced stability and electrochemical performance in both 

hydrogen and methane atmospheres, with optimized Ni ex-

solution and microstructure achieved by controlling firing 

temperature and atmosphere [34]. Park and Choi [34] showed 

that LSTN fired at 1250 °C in H2 exhibited the best 

performance for ScSZ electrolyte-supported cells, combining 

favorable microstructure with Ni ex-solution to achieve 

maximum power densities of ~130 mW cm-2 at 800 °C under 

wet H2. Lee et al. [35] investigated LST infiltration into porous 

YSZ as SOFC anodes and found that the calcination 

temperature critically influences the microstructure and 

electronic conductivity of the LST–YSZ composite. Cells with 

LST–YSZ anodes calcined at 1373 K exhibited the highest 

conductivity (>0.4 S/cm) and better electrochemical 

performance compared to higher temperature calcination due 

to less sintering and greater porous connectivity [35].  

Alongside advances in thin-film fabrication for tailoring the 

properties of electrode materials [9, 36, 37], one of the most 

established and effective strategies for enhancing SOFC 

electrode performance is the impregnation of nanoparticles—

typically oxides or noble metals—into the electrode matrix [17, 

25, 38, 39]. Rath et al. [40] conducted a comparative study of 

the Sr2FeMoO6-δ (SFM) anode infiltrated with Pd and with Co–

Ni–Mo nanoparticles (0.1:5:1 molar ratio, CNM) under 

humidified hydrogen conditions. Their results showed that the 

Pd-infiltrated SFM anode exhibited a slightly higher electrode 

polarization resistance (0.087 Ω cm2) compared to the CNM-

infiltrated SFM (0.060 Ω cm2). More recently, LaFe0.7Co0.3O3-

δ and Pd-doped LaFe0.67Co0.3Pd0.03O3-δ perovskites have been 

investigated as symmetric electrode materials for SOFCs [41], 

exhibiting excellent electrocatalytic activity toward both the 

hydrogen oxidation and oxygen reduction reactions. At 750 °C, 

the symmetric LaFe0.7Co0.3O3-δ/Sm0.2Ce0.8O1.9 (SDC) and 

LaFe0.67Co0.3Pd0.03O3-δ/SDC cells achieved power densities of 

291 and 535 mW cm-2, respectively. Moreover, Pd 

incorporation was found to markedly enhance the catalytic 

activity of LaFe0.7Co0.3O3-δ for the H2 oxidation reaction. 

In this study, the electro-oxidation of methane on the LSTN 

anode was systematically examined. To improve the 

performance of the LSTN electrode, the effects of 

LaFe0.6Co0.4O3 (LFC) and Pd-doped LaFe0.58Co0.37Pd0.05O3-δ 
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(LFCP) perovskite structures were thoroughly investigated. 

The mechanism of methane oxidation on the modified anode 

was analyzed through comprehensive electrochemical 

measurements, and both the pristine and impregnated samples 

were characterized using detailed microstructural analyses. 

2. Materials and Methods 
Electrolyte pellets were prepared using 8 mol % yttria-

stabilized zirconia (YSZ) powder sourced from Tosoh, Japan. 

The YSZ powders were formed into pellets via cold pressing 

and subsequently sintered at 1300 °C for 8 hours. The resulting 

electrolyte pellets had an approximate diameter of 20 mm and 

a thickness of 0.7 mm. For use as the counter electrode, 

platinum paste was applied to the center region of each pellet, 

covering a surface area of 0.5 cm². In addition, a ring-shaped 

reference electrode was implemented. Both the counter and 

reference electrodes were exposed to air and heat-treated at 

900 °C for 1 hour. 

For the anode electrode, LSTN powder was combined with Ink 

Vehicle to form a homogeneous slurry, which was then 

deposited on the side of the electrolyte opposite the counter 

electrode. This layer was sintered at 1200 °C for 1 hour in air, 

generating an anode approximately 0.5 cm² in area and 35 μm 

thick. 

LFC and LFCP impregnation solutions were synthesized by 

dissolving precise stoichiometric amounts of La(NO3)3·6H2O, 

Fe(NO3)3·9H2O, Co(NO3)2·6H2O, and Pd(NO3)2 (all from 

Merck, Germany) in water at a molar ratio of 1:0.6:0.4:0 for 

LFC and 1:0.58:0.37:0.05 for LFCP, respectively, and 

adjusting both solutions to a concentration of 0.3 M. Ethylene 

glycol (EG) was added in a 2.4:1 M ratio as a complexing 

agent. A drop of LFC or LFCP solution was carefully deposited 

on the LSTN anode surface, dried in air, and blotted with a 

tissue. Subsequent heat treatment was conducted at 900 °C for 

2 hours in air.  

Drying of the LFC and LFCP solutions was completed in an 

oven, followed by calcination at 900 °C for 2 hours in air, using 

the protocol of Rostaghi Chalaki et al. [34]. The resulting phase 

composition of LFC and LFCP powders was assessed by X-ray 

diffraction (XRD) at room temperature using a Philips PW 

1730 diffractometer (Cu-Kα, λ=1.5406 Å), with 2θ spanning 

20–80° at 0.02° increments. The microstructural features of the 

impregnated LSTN anodes were examined by field emission 

scanning electron microscopy (FESEM) using a TESCAN 

MIRA3. 

For electrochemical characterization, a three-electrode 

configuration was employed. Platinum paste was applied to the 

anode surface as a current collector, with platinum wires used 

for electrical contacts. Methane served as the fuel, and both the 

counter and reference electrodes were maintained in air. Prior 

to testing, the anodes were activated in methane at 850 °C for 

one hour. Electrochemical impedance spectroscopy (EIS) was 

performed at open circuit potential (OCP) from 0.01 Hz to 

100 kHz using a PGSTAT302N Autolab analyzer, while the 

Zsimpwin software package was used to extract the electrode 

polarization (RE) and ohmic resistances (RΩ). 

3. Result and Discussion 
Figure 1 displays the X-ray diffraction (XRD) results for LFC 

and LFCP powders after calcination at 900 °C in air. The 

pattern obtained for the calcined LFC powder closely matches 

the reference pattern for LaFe0.6Co0.4O3 (JCPDS card no. 00-

044-0361), confirming phase purity without detectable 

impurities. For the LFCP sample, the XRD peaks are shifted to 

lower angles relative to LFC, reflecting a reduction in 

interplanar spacing resulting from Pd incorporation. These 

findings demonstrate that perovskite phases of both LFC and 

LFCP can successfully form within the porous structure of the 

LSTN anode after impregnation and thermal treatment of LFC 

and LFCP solutions. 

 
Figure 1. XRD patterns of LFC and LFCP solutions calcined at 

900 °C for 2 h in air. 

Figure 2 presents the impedance spectra recorded for the LSTN 

anode measured at open-circuit potential across various 

temperatures under methane fuel. Spectral analysis employed 

an equivalent circuit model, RΩ(RhQh)(RmQm)(RlQl), where RΩ 

denotes the cell's ohmic resistance. The terms Rh, Rm, and Rl 

correspond to electrode polarization resistances (summed as RE 

= Rh + Rm + Rl), and Qh, Qm, Ql represent the constant phase 

elements linked to the respective high, medium, and low-

frequency arcs. 

During methane oxidation at 750 °C, the electrode polarization 

resistance was found to be 15.81 Ω cm², which decreased to 

11.91 Ω cm² at 800 °C and further reduced to 7.30 Ω cm² at 

850 °C. These results are summarized in Table 1. Analysis of 

the activation energy associated with the distinct frequency arcs 

revealed values of 1.08 eV (high frequency), –0.069 eV 

(medium frequency), and 0.77 eV (low frequency), 

respectively. The positive activation energies for the high- and 

low-frequency arcs indicate thermally activated processes, 

while the negative value for the medium-frequency arc 

suggests slight thermal deactivation in this regime. 

 
Figure 2. LSTN anode electrode polarization resistance at 750, 800, 

and 850 °C in methane. Points are experimental data and solid lines 

are fitted data with the equivalent circuit RΩ(RQ)1(RQ)2(RQ)3. 

At 850 °C, the high-frequency arc was observed at 2511 Hz and 

had an activation energy of 1.04 eV. In studies of methane 

oxidation on the LLSTN/YSZ composite anode in wet 

methane, Jiang et al. [42] reported three distinctive impedance 
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arcs and linked the high-frequency arc to transfer of charged 

species at the LLSTN/YSZ interface. In another investigation 

comparing La0.4Sr0.6Ti1-xMnxO3-δ (LSTM) to LSTM/YSZ 

composite anodes, the latter exhibited a much smaller high-

frequency arc, attributed to a substantially increased 

LSTM/YSZ interface area and enhanced charge transfer. Given 

the similar characteristics seen in this work and previous results 

[43], the high-frequency arc here is taken to reflect charge 

transfer processes in the LSTN anode. 

Primdahl and Mogensen [44] Primdahl and Mogensen 

investigated electrochemical oxidation of wet H₂ on Ni/YSZ at 

1000 °C in a three-electrode configuration, recording an arc 

with a summit frequency near 1 Hz and a small negative 

activation energy (–0.09 eV), which they assigned to gas 

conversion at the anode surface. With a different fuel 

composition for the anode compared to the counter and 

reference electrodes in the present study, the medium-

frequency arc at 850 °C peaks at 0.9 Hz and has an activation 

energy of –0.069 eV. In line with previous findings [43, 44], 

the medium-frequency arc is attributed to gas-phase conversion 

at the surface of the LSTN anode. 

Jiang et al. [45] examined impedance behavior of a Ni/YSZ 

anode operating in moist H2 at 850 °C and identified a low-

frequency arc at 0.02 Hz with a 0.42 eV activation energy, 

assigning it to hydrogen dissociative adsorption on Ni particles. 

Since the low-frequency arc in this study is thermally activated 

and peaks at 0.87 Hz at 850 °C, it is similarly associated with 

hydrogen dissociative adsorption on the LSTN anode.  

 
Figure 3. Impedance spectra of LSTN anodes impregnated with (a) 

LFC and (b) LFCP at 750, 800, and 850 °C in methane. Points are 

experimental data and solid lines are fitted data with the equivalent 
circuit RΩ(RhQh)(RmQm)(RlQl). 

 

Figure 3 demonstrates how treating the LSTN electrode with 

LFC and LFCP solutions improves its performance under 

methane at various temperatures. At 750 °C, the polarization 

resistance fell from 15.81 to 5.05 and 4.98 Ω cm² after 

impregnation with LFC and LFCP, respectively. When 

increased to 800 °C, resistance dropped from 11.91 to 2.29 and 

1.96 Ω cm2 for LFC and LFCP, respectively. This reduction 

continued at 850 °C, decreasing from 7.30 to 1.07 and 

0.86 Ω cm2 with these solutions. Across all temperatures tested, 

LFCP showed more substantial improvements than LFC, 

probably owing to higher activity of Pd ions in the perovskite 

network. The particularly large resistance drop at 850 °C is 

attributed to enhanced catalytic activity of LFC and LFCP 

perovskites at elevated temperatures. 

The polarization resistance of the LSTN anode during methane 

electro-oxidation showed a significant decrease after 

impregnation with both solutions. This improvement was 

primarily due to notable reductions in the medium- and low-

frequency regions [46]. The lowered polarization resistance at 

low frequencies likely stems from enhanced catalytic activity 

for hydrogen adsorption, facilitated by both impregnation 

treatments. In the medium-frequency domain, LFCP 

impregnation led to a more pronounced reduction in 

polarization resistance compared to LFC, possibly due to the 

greater catalytic efficiency of LFCP in methane decomposition 

[47]. Conversely, the application of LFC resulted in a 

substantial decrease in polarization resistance at high 

frequencies, likely related to improved ionic conduction within 

the anode. Collectively, these results suggest that LFCP 

impregnation significantly influences polarization resistance 

across all three frequency arcs. 

 
Figure 4. Effect of (a) LFC and (b) LFCP solutions impregnation on 

R1, R2, R3, and RE of LSTN anode at 750, 800, and 850 °C in 

methane. 

 

SEM images in Figure 5 clearly show morphological changes 

in the LSTN anode before and after treatment with LFC and 

LFCP. After impregnation, distinct nanoparticles appeared on 

the anode surface, with LFCP-treated samples displaying a 

more prominent formation compared to LFC. Consistent with 

the electrochemical results, LSTN anodes infiltrated with 

LFCP presented lower polarization resistance than those 

treated with LFC. This enhanced performance can be attributed 

to the uniform dispersion and well-developed incorporation of 

LFCP nanoparticles within the porous structure of the LSTN 

anode. 
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Figure 5. SEM micrograph of LSTN anode electrode, (a) 

before, and after (b) LFC (c) and (d) LFCP solution 

impregnation. 

4. Conclusion 
The LSTN anode exhibited a relatively high electrode 

polarization resistance during methane oxidation at 850 °C. 

Analysis of the impedance spectra using an equivalent circuit 

model indicated that the electro-oxidation of methane on the 

LSTN anode is governed by at least three distinct electrode 

processes: high-frequency charge transfer, medium-frequency 

gas conversion, and low-frequency hydrogen dissociative 

adsorption. The polarization resistance of the LSTN anode was 

significantly reduced following impregnation with LFC 

solution. The presence of LFC nanoparticles enhanced the 

electrocatalytic activity by promoting methane decomposition 

and hydrogen adsorption. Furthermore, Pd doping within the 

LFC perovskite structure (LFCP) led to an even greater 

improvement in electrode performance, with the low-frequency 

polarization resistance decreasing more substantially for 

LFCP-impregnated anodes than for those modified with LFC. 
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