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Abstract

Solid Oxide Fuel Cells (SOFCs) represent a cutting-edge electrochemical technology that
effectively transforms chemical energy from fuels into electrical energy, providing high
efficiency, flexibility in fuel use, and reduced pollutant emissions. However, the high
operational temperatures have traditionally limited their commercialization due to intricate
system configurations and material degradation. Recent studies have shifted focus toward
lowering operating temperatures to sub-600°C and within the intermediate range of 600-850°C,
which reduces thermal stress and costs but introduces challenges such as delayed reaction
kinetics and heightened ohmic losses. This report offers a summary of notable progress in
SOFC materials over the last ten years, emphasizing advancements in cathode materials.
Cathode materials are vital to the performance of Solid Oxide Fuel Cells (SOFCs) as they
directly influence the efficiency of the oxygen reduction reaction (ORR). This report centers
on the developments and innovations in cathode materials, particularly lanthanum manganite
(LMO), lanthanum strontium cobalt oxide (LSCO), and barium strontium cobalt ferrite
(BSCF). LMO, particularly when doped with strontium, provides stability and compatibility
with yttria-stabilized zirconia (YSZ) electrolytes, though its conductivity may be restricted.
LSCO is notable for its outstanding electrical conductivity and catalytic performance, making
it a top candidate for SOFC applications, but it encounters challenges related to oxidation and
long-term durability. BSCF showcases remarkable mixed ionic-electronic conductivity and
ORR activity, making it a compelling option for intermediate-temperature SOFCs, although
concerns regarding cobalt’s expense and environmental effect persist. Current research is
focused on improving these materials' performance through innovative synthesis techniques,
doping methods, and composite designs, ultimately advancing the commercialization and
efficiency of SOFC technology within sustainable energy frameworks.

Keywords: Solid Oxide Fuel Cells (SOFCs), cathode materials, operating temperature, oxygen
reduction reaction (ORR), electrical conductivity and sustainability.

1. Introduction

Solid Oxide Fuel Cells (SOFCs) are an electrochemical energy conversion technique that
efficiently transforms a fuel's chemical energy into electrical power according to Stambouli A.
B. and Traversa, E. [1]. Compared to other fuel cell types, SOFCs offer several key advantages,
including high efficiency, fuel flexibility (accommodating hydrogen, natural gas, biogas, and
even liquid hydrocarbons), and low emissions of pollutants like NOx and SOx [2]. However,
historically, the high operating temperature has posed a significant obstacle to broad
commercialization, resulting in problems including complex system design, high production
costs, and material degradation. Over the past decade, there has been a growing emphasis on
lowering the operating temperature to the low (<600°C) and intermediate (600—850°C)
temperature ranges. This change creates new problems, including slower reaction kinetics and
higher ohmic and polarization losses, even though it lowers thermal stress and makes it possible
to employ less expensive materials such metallic interconnects [3]. As a result, a major focus
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of SOFC research has been the creation of novel materials with enhanced performance at lower
temperatures. This report summarizes the most significant material advancements and trends
for each SOFC component.

2. Electrolytes:

The electrolyte is a crucial component of SOFCs, acting as a gas-tight barrier that conducts
oxygen ions (O*") from the cathode to the anode while obstructing electrons. Maintaining high
ionic conductivity at lower temperatures to minimize ohmic losses is the primary challenge for
electrolytes.

2.1 Yttria-Stabilized Zirconia (YSZ):

For decades, YSZ has been the "state-of-the-art" electrolyte for high-temperature SOFCs
(>800°C) because of its outstanding ionic conductivity, mechanical strength, and chemical
stability [4]. However, its ionic conductivity drastically drops below 800°C, rendering it
unsuitable for IT-SOFCs without a significant reduction in thickness, which poses fabrication
challenges [5].

2.2 Doped Ceria:

Rare-earth doped ceria, including Gadolinium-Doped Ceria (GDC) and Samarium-Doped
Ceria (SDC), have proven to be highly effective alternative electrolytes for Intermediate
Temperature Solid Oxide Fuel Cells (IT-SOFCs). Ceria-based electrolytes demonstrate
superior ionic conductivity compared to Yttria-Stabilized Zirconia (YSZ) at intermediate
temperatures [6] . A significant limitation of ceria is its tendency to partially reduce under
reducing conditions at the anode, which results in electronic conduction and a reduction in
open-circuit voltage [7]. Recent studies have investigated methods to address this issue, such
as utilizing thin-film electrolytes and heterostructure designs

2.3 Lanthanum Gallate Perovskites:

Lanthanum Strontium Gallate Magnesium Oxide (LSGM) stands out as a prominent option for
electrolytes in IT-SOFCs. LSGM exhibits ionic conductivity that surpasses both YSZ and
doped ceria at intermediate temperatures [3]. Nevertheless, its use in commercial applications
faces obstacles due to issues with phase purity during production and its reactivity with typical
anode materials such as nickel [8].

2.4 Nanocomposite and Nanostructured Electrolytes:

A key trend has emerged in the creation of nanocomposite and nanostructured electrolytes.
These materials, including core-shell configurations and layered structures, utilize grain
boundary effects to improve ionic conductivity at reduced temperatures. This strategy shows
significant potential for fulfilling the performance requirements of LT-SOFCs [9].

3. Anodes

The anode in solid oxide fuel cells (SOFCs) is energetic for facilitating fuel oxidation and for
conducting both electrons and oxygen ions, with recent studies focusing on increasing its
resistance to fuel contaminants and boosting its catalytic efficiency at lower temperatures. The
typical anode, made from nickel and yttria-stabilized zirconia (Ni-YSZ cermet), is proficient
in delivering catalytic performance and electronic conductivity but is susceptible to sulfur
poisoning and carbon buildup. To mitigate these problems, oxide-based anodes featuring
perovskite structures, such as doped titanates and chromites, have demonstrated potential
because of their greater resistance to coking and sulfur poisoning, with current research aimed
at optimizing doping to enhance performance. In addition, copper and gadolinium doped ceria
(GDC), are under investigation for their excellent electronic conductivity and resistance to
coking, although issues regarding mechanical stability remain. Moreover, novel strategies
employing nanomaterials, including bimetal nanoparticles on porous nanorods, are being
developed to improve catalytic performance and durability, particularly when using
hydrocarbon fuels [10] .
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The anode's function is to catalyze the fuel oxidation reaction and conduct both electrons and
oxygen ions. A major focus in recent years has been on developing anodes that are more
tolerant to common fuel impurities and more catalytically active at lower temperatures.

3.1 Ni-YSZ Cermets:

The standard SOFC anode is a composite of nickel (Ni) and YSZ (Ni-YSZ cermet). Ni provides
the catalytic activity for fuel oxidation and electronic conductivity, while YSZ offers ionic
conductivity and structural support [8]. While highly effective, Ni-YSZ is susceptible to sulfur
poisoning, carbon deposition (“coking™) from hydrocarbon fuels, and microstructural
instability at high temperatures.

3.2 Perovskite Oxides:

To overcome the limitations of Ni-cermets, researchers have investigated oxide-based anodes,
particularly those with a perovskite structure. These materials, such as doped titanates (e.g.,
SrTiOs3) and chromites, exhibit higher resistance to coking and sulfur poisoning [9]. Recent
studies have focused on optimizing doping to improve electronic and ionic conductivity and
catalytic activity. For example, Lao.sSro.2CrossTio.1V0.0203 has been explored as a promising
candidate for separators, indicating the versatility of these perovskite systems [10].

3.3 Copper-Based Cermets:

Copper-based cermets (e.g., Cu-GDC) have also been explored as an alternative to Ni-based
anodes. They offer high electronic conductivity and catalytic activity, and importantly, are
more resistant to coking [3]. However, challenges remain in improving their mechanical
stability and mitigating issues related to copper migration.

3.4 Nanomaterials and Composites:

The use of nanomaterials, such as Ni and Ru bimetal nanoparticles anchored on porous carbide
nanorods, is a cutting-edge trend for enhancing catalytic activity and durability, particularly for
hydrocarbon-fueled SOFCs [11].

4. Cathodes

In a solid oxide fuel cell (SOFC), the cathode is the site of oxygen reduction, where oxygen
molecules accept electrons to form oxygen ions that subsequently move through the electrolyte
to interact with fuel at the anode [12]. The material used for the cathode needs to demonstrate
electrocatalytic activity, be chemically compatible with other components of the cell, and
maintain thermal stability during operation [13]. The materials used in SOFC are Lanthanum
Manganite (LMO), Lanthanum Strontium Cobalt Oxide (LSCO) and Barium Strontium Cobalt
Ferrite (BSCF).

4.1 Lanthanum Manganite (LMO)

Lanthanum manganite is an inorganic compound with the formula LaMnOs3, often abbreviated
as LMO. Lanthanum manganite is formed in the perovskite structure as show in Figure 1.
Lanthanum Manganite (LaMnOs) has been thoroughly studied as a cathode material for solid
oxide fuel cells (SOFCs), especially for high-temperature SOFCs (HT-SOFCs). LMO provides
strong mechanical and chemical durability, as well as a comparatively low cost, making it a
suitable choice even though its electrical conductivity is lower than that of other cathode
materials such as LSCO [14].
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Figure 1 shape of Lanthanum manganite LSM [15].

4.1.1. Structural and Chemical Properties

LMO possesses a perovskite structure, consisting of oxygen octahedra with a central Mn atom.
The cubic perovskite structure is distorted into an orthorhombic structure by a strong Jahn—
Teller distortion of the oxygen octahedral. LMO possesses a perovskite structure, which is
essential for its functional properties in SOFCs. The structure can be modified through doping
to enhance its performance [14].

Doping approaches for enhancing the properties of lanthanum manganite (LMO) include
strontium, calcium, and silver doping. Strontium Doping (LSM): A widely used method to
enhance the electrical conductivity and electrocatalytic performance of LMO is by doping it
with strontium (Lai—Sr,MnQOs or LSM). The introduction of strontium generates vacancies and
raises the number of Mn*" ions, which improves electron transport. The ideal range for
strontium doping levels generally falls between x = 0.2 and 0.4 [16]. Additionally, calcium
doping has been investigated, showing enhanced hydration capacity and proton mobility,
making it suitable for proton-conducting solid oxide fuel cells (H-SOFCs) [17]. Furthermore,
research into silver doping has demonstrated that up to 10% Ag can be incorporated into the
LaMnOs perovskite framework without causing the formation of Ag metal deposits, thereby
improving the material's overall characteristics [18].

4.1.2. Electrochemical Properties

The electrical conductivity of pure lanthanum manganite (LMO) is relatively low, which limits
its effectiveness as a cathode material; however, doping with strontium significantly enhances
its conductivity, making the electronic conductivity of lanthanum strontium manganite (LSM)
crucial for the efficient reduction of oxygen at the cathode [19]. Additionally, LSM
demonstrates good electrocatalytic activity for the oxygen reduction reaction (ORR), which is
essential for the effective operation of solid oxide fuel cells (SOFCs), and this activity is
influenced by the material's microstructure, the presence of dopants, and the operating
temperature [20].

4.1.3. Synthesis Methods

The synthesis method also plays a vital role in determining the microstructure and performance
of LMO-based cathode materials; for instance, the solid-state reaction method involves mixing
La20s, SrCOs, and MnO: powders followed by high-temperature calcination, which, while
simple, often yields larger particle sizes and lower homogeneity. In contrast, the sol-gel method
allows for better control over stoichiometry and particle size by forming a gel from metal
precursors [18], while the Pechini method is another solution-based technique that facilitates
the synthesis of homogeneous LSM powders with controlled particle sizes [20].

4.1.4. Performance in SOFCs
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Lanthanum strontium manganite (LSM) is mainly employed in high-temperature solid oxide
fuel cells (HT-SOFCs) because of its stability and compatibility with yttria-stabilized zirconia
(YSZ) electrolytes; however, its oxygen reduction reaction (ORR) activity is lower than that of
cobalt-containing perovskites, which restricts its use in intermediate-temperature solid oxide
fuel cells (IT-SOFCs). Although LSM exhibits excellent thermal and chemical stability,
making it ideal for HT-SOFCs that operate at temperatures ranging from 800 to 1,000 °C, its
ORR performance in IT-SOFCs is often improved by incorporating LSM into composite
cathodes alongside other materials [16].

4.1.5. Challenges and Mitigation Strategies

Lanthanum manganite (LMO) displays low ionic conductivity, which limits the kinetics of its
oxygen reduction reaction (ORR); thus, the use of composite cathodes incorporating ion-
conducting materials like yttria-stabilized zirconia (YSZ) or doped ceria is employed to
improve ionic conductivity [14]. Moreover, strontium segregation at the interface between
LMO and YSZ can result in a decline in performance, but this problem can be alleviated by
fine-tuning the sintering temperature and doping concentrations [14]. In addition, elevated
operating temperatures can lead to material deterioration and reduce the long-term viability of
solid oxide fuel cells (SOFCs), spurring research initiatives aimed at developing modified
LMO materials that can operate efficiently at lower temperatures [17].

4.1.6. Recent Advances

The creation of nanocomposites, such as Lao.7Bao.sMnOs-0 paired with BaMnOs, has shown
increased oxygen vacancy generation and a notable enhancement in cell performance within
proton-conducting solid oxide fuel cells (SOFCs) [21]. Furthermore, infiltration methods that
incorporate dopants like CaO into LSM-YSZ electrodes have been effective in lowering
interfacial polarization resistance, which also boosts performance [22]. In addition, high-
entropy perovskite oxides derived from LMO are being investigated to enhance high-
temperature stability and electrical conductivity, collectively improving the overall efficiency
of SOFCs [23].

4.2 Lanthanum Strontium Cobalt Oxide (LSCO)

Lanthanum Strontium Cobalt Oxide (LSCO), represented as Lai—SrxCoQOs, is a perovskite
oxide that has gained considerable attention as a cathode material in solid oxide fuel cells
(SOFCs). Its unique electrochemical properties, including high electrical conductivity and
catalytic activity for the oxygen reduction reaction (ORR), make it a prime candidate for
advancing SOFC technology. Lanthanum Strontium Cobalt Oxide (LSCO), denoted as
Lai—SriCoO0s, 1s a perovskite oxide that has attracted significant interest for its use as a cathode
material in solid oxide fuel cells (SOFCs). Its distinctive electrochemical characteristics, such
as high electrical conductivity and catalytic performance for the oxygen reduction reaction
(ORR), position it as a leading candidate for enhancing SOFC technology [24].

4.2.1. Structural Properties

LSCO features a perovskite structure, which is defined by the general formula ABOs, where
‘A" denotes a larger cation (either lanthanum or strontium) and 'B' indicates a smaller cation
(cobalt). This structure is vital for its ionic and electronic conduction. The combination of
lanthanum and strontium facilitates the tuning of properties by means of doping, as replacing
lanthanum with strontium introduces holes into the valence band, thus improving electrical
conductivity [24]. Strontium (Sr) doping is an important technique for altering the properties
of lanthanum manganite materials, with the ideal doping concentration generally falling
between x = 0.1 and 0.4 [21]. Elevated strontium levels may result in phase instability and
segregation, adversely affecting the material's electrochemical capabilities [21]. Nevertheless,
the incorporation of strontium not only boosts the hole density, which improves conductivity,
but also fortifies the perovskite structure, enhancing its resistance to thermal degradation [25].
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Additionally, strontium doping can lead to the formation of iron in a higher oxidation state
(Fe*"), which creates oxygen vacancies that are advantageous for certain applications [26].
4.2.2. Electrochemical Properties

The electrochemical characteristics of lanthanum strontium cobaltite (LSCO) are impressive,
particularly its high electronic conductivity, which is crucial for effective electron transport
during the oxygen reduction reaction (ORR). This conductivity can achieve values between
200 and 400 S/cm at operating temperatures, depending on the specific formulation and
synthesis process, and such elevated conductivity minimizes ohmic losses within the cathode,
thus enhancing power output in solid oxide fuel cells (SOFCs) [27]. Furthermore, LSCO's
catalytic performance for ORR is among its most appealing attributes, as research indicates
that it retains considerable activity even at lower operating temperatures of approximately 600
to 800 °C, which aids in decreasing thermal stress and improving cell durability. The ORR
mechanism on LSCO involves several stages, including oxygen adsorption, surface diffusion,
and the final reduction to generate oxide ions [28].

4.2.3. Synthesis Methods

The synthesis method plays a crucial role in shaping the microstructure and performance of
lanthanum strontium cobaltite (LSCO). The traditional solid-state reaction technique, which
consists of blending lanthanum, strontium, and cobalt precursor oxides and subsequently
subjecting them to high-temperature calcination, is effective but may result in inhomogeneous
products and requires precise control of the sintering temperature to prevent phase segregation.
Conversely, the sol-gel method promotes a more uniform distribution of the elemental
constituents by creating a gel from metal alkoxides or nitrates, followed by drying and
calcination, which produces finer particles with a large surface area that improve
electrochemical performance [28]. Furthermore, hydrothermal synthesis offers the opportunity
to grow well-defined crystalline structures in regulated aqueous environments, resulting in
LSCO with enhanced catalytic properties and morphology, which are beneficial for solid oxide
fuel cell (SOFC) applications [10].

4.2.4. Performance in SOFCs

Research on LSCO cathodes in solid oxide fuel cells (SOFCs) has been thoroughly conducted,
demonstrating that LSCO can reach power densities greater than 1 W/cm? under ideal
conditions, as the material's excellent electrochemical activity and conductivity support
effective cell functioning, leading to lower operational temperatures and improved thermal
cycling resistance.

4.2.5. Challenges and Future Directions

Despite its benefits, lanthanum strontium cobaltite (LSCO) encounters several issues that must
be resolved. A major concern is its vulnerability to oxidation, which can result in reduced
performance over time; thus, ongoing research is focused on developing protective coatings
and alternative compositions to alleviate these impacts. Moreover, the incorporation of cobalt
raises issues related to cost and environmental consequences, making it essential to explore
alternative cathode materials or cobalt-free options as a key priority in current research. In
addition, while LSCO shows strong initial performance, its long-term reliability under
operational conditions needs more investigation, leading to the pursuit of methods such as
microstructure optimization and the implementation of composite cathodes to improve
durability [29].

4.3. Barium Strontium Cobalt Ferrite (BSCF)

Barium Strontium Cobalt Ferrite (Bai—SrxCo1-<FexOs3) acts as a mixed ionic and electronic
conductor, offering benefits in both ionic and electronic conductivity. BSCF demonstrates
exceptional ORR activity attributed to its distinctive electronic structure and mixed conduction
characteristics. The material is highly stable at elevated temperatures and resists carbon
deposition, making it an excellent option for anodes in hybrid systems [10]. Mixed ionic-
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electronic conducting perovskite-type oxides with a general formula ABO3s (with A = Ba, Sr,
Ca and B = Co, Fe, Mn) typically possess high oxygen vacancy mobility and exhibit strong
ionic conductivity. These materials are essential in various energy-related applications, such as
solid oxide fuel cells (SOFC), sensors, oxygen separation membranes, and catalysts. Recently,
Barium/Strontium Cobaltite/Ferrite (BSCF) Bao.sSrosCo0sFe0.203-5 has been recognized as a
promising candidate for cathode material in intermediate temperature SOFCs.

4.3.1. Structural Properties

The structural properties of Barium Strontium Cobalt Ferrite (BSCF) are vital for its function
as a cathode material in solid oxide fuel cells (SOFCs), with key characteristics including its
crystal structure, thermal expansion, and oxygen vacancy concentration. BSCF predominantly
adopts a cubic perovskite structure, represented by the general formula ABXs, where Ba and
Sroccupy the A-site and Co and Fe occupy the B-site. While the ideal structure features corner-
linked BOs octahedra, distortions can arise, particularly due to Jahn-Teller effects from Co**
cations, which influence octahedral coordination. The thermal expansion coefficient (TEC) of
BSCF is approximately 16.2 x 10¢ K™ between 600°C and 800°C, a critical factor for
compatibility with other SOFC components, as mismatches can lead to delamination.
Additionally, oxygen vacancies significantly enhance the mixed ionic-electronic conductivity
of BSCF, facilitating oxygen ion transport, essential for the oxygen reduction reaction at the
cathode. The concentration of these vacancies is influenced by temperature and oxygen partial
pressure, highlighting their role in the material's electrochemical performance. Overall, the
structural properties of BSCF, including its perovskite framework, thermal expansion
characteristics, and oxygen vacancy dynamics, are crucial determinants of its efficacy in SOFC
applications [30].

Figure 2. Shape of Lanthanum Strontium Cobalt Oxide (LSCO) [31].

4.3.2. Electrochemical Properties

The electrochemical characteristics of Barium Strontium Cobalt Ferrite (BSCF) are crucial for
its role as a cathode material in solid oxide fuel cells (SOFCs). BSCF demonstrates high mixed
ionic-electronic conductivity, which is vital for promoting oxygen reduction reactions at the
cathode. Research indicates that BSCF can achieve ionic conductivities that surpass 0.1 S/cm
at intermediate temperatures, significantly improving its performance relative to other cathode
materials [32]. Furthermore, BSCF exhibits notable electrochemical activity, enabling it to
sustain high power densities, often exceeding 1 W/cm? under optimal conditions [33]. The
material's capacity to facilitate both ionic and electronic conduction is due to its distinctive
perovskite structure, which promotes efficient transport of oxide ions through its lattice.
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Additionally, the existence of oxygen vacancies is pivotal for enhancing ionic conductivity, as
these vacancies enable the mobility of oxygen ions within the structure.

In summary, the significant electrochemical characteristics of BSCF, along with its thermal
stability and durability against degradation, establish it as a prime contender for high-
performance SOFC applications.

4.3.3. Synthesis Methods

The method of synthesizing cathode materials is vital in influencing their microstructure and
overall performance, with prevalent techniques such as solid-state reaction, sol-gel method,
and hydrothermal synthesis. The solid-state reaction is a conventional technique that entails
mixing precursor powders and then sintering them at high temperatures; although it is simple,
this method can result in materials that are not uniform. Conversely, the sol-gel method enables
the production of highly uniform materials at reduced temperatures, leading to smaller particle
sizes and improved electrochemical performance [28]. Hydrothermal synthesis, in contrast,
supports the formation of crystalline materials with a controlled shape, which can further
enhance catalytic properties [28].

4.3.4. Performance in SOFCs

Barium Strontium Cobalt Ferrite (BSCF) shows considerable promise as a cathode material for
solid oxide fuel cells (SOFCs), attributed to its remarkable electrochemical properties and
stability at intermediate temperatures. Studies indicate that BSCF can achieve power densities
over 1 W/cm? under ideal conditions, making it competitive with other cathode materials [32].
Its mixed ionic-electronic conductivity supports efficient oxygen reduction reactions, which
are vital for the overall efficacy of SOFCs. Furthermore, BSCF demonstrates high thermal
stability and resistance to phase changes, which bolsters its durability in operational settings
[33]. The material’s capacity to sustain structural integrity under diverse conditions enhances
its lifespan, consequently improving the reliability of SOFC systems. In summary, BSCF’s
unique characteristics, including high conductivity, catalytic efficiency, and thermal stability,
establish it as a valuable candidate for the progression of SOFC technology.

4.3.5. Challenges and Future Directions

Barium Strontium Cobalt Ferrite (BSCF) has become a promising candidate for cathode
materials in solid oxide fuel cells (SOFCs), yet several issues need to be resolved to improve
its performance and longevity. A major concern is the material's vulnerability to oxidation and
degradation at high operating temperatures, which can result in a decrease in electrochemical
performance over time, thereby highlighting the need for ongoing research into protective
coatings and alternative compositions to enhance stability [32]. Moreover, the cost and
availability of cobalt, which is an essential component of BSCF, raise issues about the
environmental implications and economic viability of mass production. Investigating cobalt-
free or lower-cobalt alternatives is a vital research area that could help alleviate these concerns
and promote the sustainability of SOFC technologies [33]. Another challenge is the long-term
stability of BSCF, as it might undergo phase transitions and structural alterations during
operation, impacting its effectiveness. Exploring methods such as microstructure optimization
and using composite materials may offer approaches to enhance durability and performance.
Looking ahead, research should focus on novel synthesis techniques to create more uniform
and stable BSCF materials, as well as examining how different dopants influence ionic
conductivity and degradation reduction. Ongoing collaboration between experimental and
theoretical work will be crucial to grasp the fundamental mechanisms that drive the
electrochemical behavior of BSCF and to develop more efficient cathode materials for SOFC
applications.

5 Conclusion

In conclusion, solid oxide fuel cells (SOFCs) represent an attractive option for effective
electrochemical energy conversion, characterized by their high efficiency, fuel versatility, and
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minimal emissions. Nonetheless, high operating temperatures and material degradation have
historically posed obstacles to their commercialization. Recent initiatives have focused on
lowering these temperatures to enhance system feasibility while addressing concerns such as
reaction kinetics and ohmic losses. This report highlights significant advancements in materials
used in SOFC components, particularly in electrolytes, anodes, and cathodes. Innovations in
alternative electrolytes, including doped ceria and lanthanum gallate perovskites, along with
improvements in anode materials like perovskites and copper-based cermets, have
demonstrated potential for enhanced performance at reduced temperatures. Moreover, notable
advancements in cathode materials such as lanthanum manganite and lanthanum strontium
cobalt oxide have resulted in increased electrocatalytic efficiency. As research progresses, the
integration of these innovative materials and approaches is anticipated to accelerate the
commercialization of SOFC technology, supporting the shift toward sustainable energy
solutions.

Additionally, lanthanum manganite, particularly strontium-doped LSM, continues to be a vital

cathode material due to its stability and compatibility with YSZ electrolytes. Current research

is aimed at addressing its limitations through doping and novel synthesis methods to boost
performance in both high-temperature and intermediate-temperature SOFCs. Likewise,
lanthanum strontium cobalt oxide is notable for its outstanding conductivity and thermal
stability, with ongoing adjustments and protective strategies likely to broaden its applications.

The choice of cathode materials, including lanthanum strontium cobalt oxide, lanthanum

manganite, and barium strontium cobalt ferrite, plays a critical role in optimizing the

performance of SOFCs. Ongoing investigations into material improvements and synthesis
techniques will further enhance the efficiency and longevity of SOFCs, advancing their
integration into future energy systems.
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