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Abstract 

In response to pressing environmental concerns and the ever-increasing global energy demand, the pursuit of 
sustainable energy sources has garnered substantial momentum. A predominant focus of research within this domain 
revolves around the enhancement of solid oxide fuel cell performance, with particular attention directed toward the 
intricate oxygen reduction reaction transpiring at the cathode electrode. The present investigation embarks upon the 
exploration of a composite material comprising La1-xSrxMnO3-δ (LSM) and La1-xSrxFeO3-δ (LSF) as prospective cathode 
materials. However, the achievement of optimal composite cathodes necessitates the application of advanced materials 
engineering strategies. The principal aim of this comprehensive study is the development of high-performance 
composite cathodes, achieved through the deposition of thin film counterparts onto scandium-stabilized zirconia (ScSZ) 
electrolyte substrate employing the precision sputtering technique. The ensuing findings unequivocally unveil the 
remarkable performance exhibited by this innovative composite cathode configuration, notably manifesting its 
excellence at an operating temperature as modest as 780 °C. These promising outcomes imbue optimism regarding the 
prospective utilization of this composite material in advanced energy conversion applications, marking a significant 
advancement toward the realization of sustainable and efficient energy systems. 

Keywords: Solid oxide fuel cell; Cathode electrode; LSM-LSF; Area-specific resistance; Oxygen reduction reaction; 
Sputtering 

1. Introduction

The pursuit of sustainable and diverse energy sources has gained momentum due to the substantial environmental 
impacts resulting from conventional energy resources and the escalating global energy demand [1-9]. One particular 
area of focus in this endeavor revolves around enhancing the performance of energy conversion devices, notably solid 
oxide fuel cells (SOFCs) [10, 11] and batteries [12, 13]. SOFCs, in particular, stand out as a highly promising category of 
sustainable energy technologies designed to convert the chemical energy stored in hydrogen-containing fuels into 
electrical energy [14, 15]. Nevertheless, the efficiency of SOFCs faces a significant challenge primarily attributed to the 
sluggish oxygen reduction reaction (ORR) occurring at the cathode electrode [16]. In order to attain superior ORR 
activity, the cathode material must possess exceptional catalytic capabilities for both oxygen adsorption and 
dissociation, in addition to demonstrating proficient electrical and ionic conductivity [17]. Furthermore, it is imperative 
that the chosen cathode material maintains chemical and thermal compatibility with the electrolyte while 
simultaneously facilitating the permeability of gases [18]. 
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Oxide materials, specifically, mixed ionic and electronic structures (MIECs) have emerged as a focal area of investigation 
in the realm of energy materials [19-24] Notably, (La, Sr)MnO3-δ (LSM) [25, 26] and (La, Sr)FeO3-δ (LSF) [27, 28] have 
exhibited considerable promise in enhancing the ORR performance. LSM possesses several advantageous 
characteristics as a cathode material, including high electrical conductivity, compatibility with zirconia-based 
electrolytes, and sufficient catalytic activity. However, its utilization as a sole cathode material is hampered by its 
relatively low ionic conductivity at intermediate working temperatures, resulting in suboptimal electrochemical 
performance [29, 30]. To address this challenge, researchers have explored the incorporation of high oxygen ion 
conductors, such as electrolyte materials, into LSM-based cathodes. A notable example is the work of Jeong et al. [31], 
who studied LSM-ScSZ composite cathodes with varying compositions. Among these, LSM60ScSZ40 exhibited the most 
favorable characteristics, boasting the lowest total impedance value of 0.031 Ω cm2 at 900 °C. On the other hand, LSF 
exhibits commendable electronic and ionic conductivity, along with high catalytic activity, particularly at low oxygen 
partial pressures. However, it displays diminished stability under high oxygen partial pressures [32]. Interestingly, Tang 
et al. [33] explored the feasibility of utilizing mixed compositions of LSM and LSF as cathode materials in full cell 
measurements. Their findings unveiled that the cell performance of the LSM-LSF solid solution significantly 
outperformed those utilizing LSM or LSF cathodes independently. This outcome underscores the considerable 
advantages associated with employing the LSM-LSF mixture as a cathode material, shedding light on the potential for 
enhancing the efficiency and performance of SOFCs for sustainable energy conversion applications. 

Nevertheless, achieving the desired characteristics of LSM-LSF composites necessitates concerted efforts in materials 
engineering. These endeavors can be channeled towards the incorporation of oxide nanostructures and the fabrication 
of thin films using advanced physical vapor deposition techniques like sputtering or pulsed laser deposition (PLD) [34-
37]. A primary concern when developing thin film materials for SOFCs is ensuring the structural, chemical, and thermal 
compatibility between the cathode and electrolyte components [37, 38]. In this context, scandium-stabilized zirconia 
(ScSZ), possessing a fluorite structure, stands out due to its exceptional ionic conductivity, particularly within the 
intermediate operating temperature range when compared to other ZrO2-based electrolytes [39]. Moreover, ScSZ 
demonstrates favorable chemical compatibility with both LSM and LSF, with no evidence of solid solution formation 
even after prolonged testing [40, 41]. Its thermal expansion coefficient (TEC) of 11.9×10-6 °C-1 [42] aligns closely with 
those of LSM (11.5×10-6/°C) [43] and LSF (12.6×10-6/°C) [44], further enhancing its suitability as an electrolyte 
material. Taken together, considering all the stringent compatibility requirements, ScSZ emerges as a highly suitable 
candidate for deployment as an electrolyte in conjunction with LSM-LSF composite cathodes for advanced SOFC 
applications. 

The overarching objective of the current investigation is the development of optimized LSM-LSF composite cathodes 
tailored to enhance electrochemical performance in SOFCs. To achieve this objective, a systematic approach was 
employed, involving the deposition of thin LSM-LSF composite films as cathode materials onto ScSZ electrolyte 
substrates. The deposition process utilized a combinatorial geometry and was executed through the precise sputtering 
technique. Subsequently, the performance evaluation of these innovative cathodes was conducted using symmetrical 
cells as the testing platform, employing electrochemical impedance spectroscopy (EIS) as the primary analytical 
method. This systematic and methodical investigation aims to shed light on the electrochemical behavior of LSM-LSF 
composite cathodes and offer insights into their potential as high-performance components in solid oxide fuel cell 
technology. 

2. Materials and Methods 

ScSZ electrolyte substrates were fabricated through the tape casting method. The preparation of the slurry for tape 
casting occurred in two sequential steps. Firstly, 4.24 gr of ScSZ (Fuel Cell Material, USA) was mixed with 2.6 ml of 
Methyl ethyl ketone (MEK) as a solvent, 2.6 ml of ethanol as a solvent, and 0.17 gr of Triethanolamine as a dispersant. 
This mixture underwent ball milling for a duration of 2 hours. Subsequently, in the second step, 0.44 gr of polyvinyl 
butyral (PVB) was added as a binder, and 0.44 grams of polyethylene glycol (PEG) was introduced as a plasticizer. Ball 
milling was continued for an additional 2 hours. The resulting slurry was cast onto a mylar film with a blade gap set at 
350 μm, and the slurry was cast at a speed of 7 mm per second. The mylar film utilized had a silicone coating to facilitate 
easy removal of the cast material. Following the casting process, the slip was allowed to air-dry for a duration of 2 hours. 
Subsequently, 20 mm diameter discs were punched out from the cast film. These electrolyte discs underwent sintering 
at elevated temperatures, leading to the formation of dense circular ScSZ electrolytes measuring 18 mm in diameter 
and 100 µm in thickness. 

A magnetron sputtering vacuum deposition system, featuring a cubic chamber with dimensions of 500 × 500 × 500 
mm³, was employed for the deposition of composite LSM-LSF thin film cathodes (see Figure 1a). In this setup, six ScSZ 
substrates were simultaneously positioned within the substrate holder, which was situated 110 mm above the center 
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of the sputter targets. The experiments were conducted using two sputter guns, each equipped with 2-inch diameter 
LSM and LSF sputter targets placed at a tilted position, with a center-to-center distance of 125 mm. To ensure uniform 
film thickness across the sample holder, power loading was adjusted to 110 watts for LSM and 11 watts for LSF. 
Sputtering was carried out for a duration of 16 hours under a vacuum of 5 mTorr, with fixed Argon and Oxygen flow 
rates of 20 and 5 sccm, respectively. The resulting films from the co-sputtering process using LSM and LSF targets 
exhibited a diameter of 12 mm and a thickness of 500 nm. Subsequently, the discs were inverted, and composite 
cathodes were also deposited on the reverse side of the ScSZ substrates. To complete the setup, a circular gold coating, 
measuring 10 mm in diameter and 150 nm in thickness, was applied to the cathode surface as a current collector. A 
schematic representation of the fabricated symmetrical cells is depicted in Figures 1b and 1c. 

To establish the sintering conditions, we employed Thermogravimetric Analysis (TGA), subjecting the samples to 
temperatures up to 800 °C. For microstructural examination of the thin composite films, scanning electron microscopy 
(SEM) was utilized, employing an FEI Nova Nano-SEM 430 instrument. The elemental composition of the composite 
films was assessed using an energy-dispersive X-ray spectroscopy (EDS) detector. Electrochemical assessments were 
conducted on symmetric cells, with electrochemical impedance spectroscopy (EIS) spectra recorded using a Gamry 
reference 3000 Potentiostat/Galvanostat. Attachment of gold wires to the gold-coated samples was facilitated using 
silver paste. The EIS spectra were collected with a 10-mV perturbation voltage, spanning a frequency range from 0.1 Hz 
to 0.3 MHz, within a temperature range of 700-800 °C. Area specific resistance (ASR) values were subsequently 
determined from the impedance spectra. 

 

Figure 1 (a) Schematic view of the sputter deposition chamber. (b) Cross-sectional and (c) top view of the 
symmetrical cells. 

3. Results and Discussion 

Figure 2 illustrates the TGA outcomes spanning the temperature range from room temperature to 800 °C. This profile 
unveils a notable decrease in mass commencing at 50 °C, with a subsequent acceleration observed after reaching 200 
°C. The mass loss within this temperature range primarily arises from the volatilization of solvent materials, specifically 
MEK and ethanol, as evidenced by two distinct precipitous declines in the mass-temperature plot. This behavior aligns 
with earlier investigations, corroborating the solvent evaporation phenomenon [45, 46]. The mass loss tends to 
diminish beyond 250 °C, approaching near completion by the time the temperature reaches 475 °C. Notably, the mass 
reduction within the 250-475 °C range can be attributed to the evaporation of the binder material, PVB, and the 
plasticizer, PEG, in accordance with findings presented by Ceylan et al. [47]. In accordance with the insights gleaned 
from the TGA results, all ScSZ substrate discs underwent a controlled heating process, ascending at a rate of 0.5 °C per 
minute up to 700 °C, with a one-hour dwell period at 250 °C. Subsequently, the heating trajectory continued to ascend, 
reaching 1350 °C at a rate of 1.5 °C per minute, where the discs were sintering for a duration of 2.5 hours. 



World Journal of Advanced Research and Reviews, 2023, 20(01), 1284–1291 

1287 

 

Figure 2 Thermogravimetric analysis of the ScSZ substrate discs from RT to 800 °C. 

In Figure 3, we present SEM images depicting the LSM-LSF composite thin film deposited on the ScSZ substrate, along 
with the EDS analysis results for this film. As seen in Figure 3a, the SEM micrograph illustrates the even distribution of 
LSM and LSF particles across the substrate's surface. While a top-view inspection might suggest the presence of porosity 
within the thin film, a cross-sectional view (Figure 3b) unequivocally verifies the formation of a dense and homogeneous 
composite film atop the substrate, devoid of any discernible porosity or structural defects. Co-sputtered cathode thin 
films were ordered from 1, the nearest sample to the LSF target, to 6, the nearest sample to the LSM target. To discern 
the elemental composition of the co-sputtered cathode thin films spanning from 1, representing the nearest proximity 
to the LSF target, to 6, the closest point to the LSM target, EDS analysis was conducted. Multiple spectra were acquired 
from each composite thin film's surface, and their average values were subsequently calculated. The resulting data, 
encompassing the composition of all specimens and the mole fraction of LSM and LSF within the composite thin films, 
are meticulously documented in Table 1. These findings substantiate the uniformity and structural integrity of the 
deposited LSM-LSF composite thin film on the ScSZ substrate, further providing essential insights into its elemental 
composition and compositional balance across the sample set.  

 

Figure 3 (a) Top view and (b) cross-sectional scanning electron microscopy image of the LSM-LSF composite thin film 
deposited on ScSZ substrates, respectively. 

EIS measurements were systematically carried out for all symmetrical composite LSM-LSF thin films deposited onto 
ScSZ substrates, encompassing the temperature range from 600 to 800 °C in an air atmosphere. The resulting data, 
presented in Figure 4a, elucidate the variations in ASR for different composite thin films, as extrapolated from the 
impedance spectra. Notably, as the temperature escalates, a pronounced reduction in ASR is observed, amounting to an 
impressive decrease of over three orders of magnitude. This temperature-dependent trend is clearly evident across all 
composite thin films, underscoring the profound impact of temperature on their electrochemical behavior. For instance, 
in the case of the composite containing 97% LSF, the ASR plummets from 36.8 Ω.cm² at 600 °C to a remarkably low 0.3 
Ω.cm² at 800 °C. Similarly, for the composite featuring 60 mole percent LSM, the ASR undergoes a comparable reduction, 
declining from 50 Ω.cm² at 600 °C to 0.3 Ω.cm² at 800 °C within the same temperature range. Figure 4a also unveils a 
noteworthy trend pertaining to the effect of LSM mole fraction in the composite thin film on the ASR values. While an 
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increase in the LSM content generally leads to lower ASR, an optimal composition emerges. Specifically, in the case of 
the composite thin film comprising 42 mole percent LSM and 58 mole percent LSF, an ASR value of 0.12 Ω.cm² at 800 
°C is achieved, signifying superior cathode performance compared to counterparts with varying LSM:LSF ratios. 
Furthermore, considering specific ASR thresholds of 0.15, 0.3, and 1 Ω.cm², Figure 4b highlights the distinctive 
advantages of the LSM42LSF58 cathode. This composite exhibits the lowest working temperature, attaining a 
remarkable 780 °C, thereby indicating superior ORR activity at lower temperatures compared to alternative cathode 
configurations (25-28). Importantly, the 0.15 Ω.cm² benchmark, denoting effective cathodes, is readily surpassed by the 
LSM42LSF58 composition, further affirming its outstanding electrochemical performance within the context of solid 
oxide fuel cell applications. 

Table 1 The elemental composition of samples with mole fraction of LSM and LSF in the composite thin films. 

Sample 
No. 

Atomic Percent Mn/Fe 

Ratio 

LSM Mole 
Fraction 

LSF Mole 
Fraction 

La Sr Fe Mn 

1 31.59 3.13 60.69 4.58 0.07 0.07 0.93 

2 32.48 6.29 51.78 9.43 0.18 0.15 0.85 

3 29.04 12.17 42.38 16.4 0.38 0.28 0.72 

4 28.48 13.92 33.47 24.12 0.72 0.42 0.58 

5 27.79 14.98 25.75 31.46 1.22 0.55 0.45 

6 29.62 8.89 23.53 37.94 1.61 0.62 0.38 

 

 

Figure 4 ASR changes versus (a) temperature and (b) molar fraction of LSM in the LSM-LSF composite thin films 
sputtered on ScSZ. 

4. Conclusion 

In conclusion, this study offers a comprehensive exploration of the production and characterization of ScSZ electrolyte 
substrates and composite thin film cathodes composed of LSM and LSF, with a particular focus on their potential utility 
in SOFCs. To determine optimal sintering conditions, TGA was systematically employed. Furthermore, SEM and EDS 
were utilized for in-depth examination of microstructural attributes and elemental compositions of the composite films, 
respectively. Electrochemical performance assessment, conducted via EIS over a temperature range spanning 600 to 
800 °C, revealed the mole fraction of LSM within the composite film emerged as a critical determinant of ASR, with an 
optimal composition consisting of 42 mole percent LSM and 58 mole percent LSF showcasing superior performance. 
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Most significantly, this composition exhibited an impressively low operational temperature of 780 °C, highlighting its 
potential as a highly efficient cathode material for SOFC applications. 

These findings not only provide valuable insights into the advancement of materials designed for Solid Oxide Fuel Cells 
but also pave the way for the development of enhanced energy conversion technologies, thus contributing to the 
broader goals of sustainable energy utilization. 
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