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Abstract

The pressing global need for sustainable, and efficient energy sources has fueled the search for innovative approaches to
energy production, storage, and delivery. Solid Oxide Fuel Cells (SOFC) offer a promising avenue for efficient energy
transformation, with the cathode playing a pivotal role in facilitating electrochemical reactions within the cell. Two types of
SOFC cathodes — proton-exchange (H-SOFC) and ion-exchange (O-SOFC) — are explored, highlighting cathode materials such
as LaSrCoOy, LaSrCoFeOy, LaSrMnOy, LaSrFeMoOy, PrSrFeOy, PrSrCoFeOy, PrSrCoCuOy NdBaSrCoFeOy, SrFeMoNiO;,
LaSrCuNiOy, LaSrGeOy, and LaNiOyx. The review discusses recent advancements in cathode materials, including studies on
triple-phase boundaries and the effects of doping. Additionally, studies on tailored rare-earth-based cathode materials
highlight their potential to enhance oxygen reduction reaction kinetics and tailor electrochemical properties for specific SOFC

requirements.
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1. Introduction

The large-scale demand for efficient and sustainable energy
technologies has driven extensive research into advanced
electrochemical energy conversion systems.['>3] Among these,
solid oxide fuel cells (SOFCs) are considered one of the most
promising solutions due to their high energy efficiency (up to
60% in standalone systems and over 85% in combined heat
and power configurations), fuel flexibility, and low
environmental impact.[67]

Unlike conventional fuel cells that rely on costly noble
metal catalysts such as platinum,® SOFCs employ a yttria-
stabilized zirconia (YSZ) electrolyte and ceramic electrodes,
which are composed of more abundant and cost-effective
materials. This not only reduces overall system cost but also
enables stable long-term operation at elevated temperatures
(500-1000 °C).>191 Moreover, the high operating temperature
allows for greater fuel flexibility, accommodating a wide
range of fuels including hydrogen, carbon monoxide, and
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hydrocarbons.

The cathode is a critical component in SOFCs, ' playing
a crucial role in the oxygen reduction reaction (ORR) and
directly influencing the overall electrochemical performance
of the cell. Perovskite-structured transition metal oxides
(ABOs-type), shown in Fig.l1 as La-containing cathode
materials, have attracted considerable attention due to their
mixed ionic-electronic conductivity (MIEC), high oxygen
exchange kinetics, and structural flexibility. In particular,
LaSri—xCoyFe1-yO3+5 (LSCF) has been widely studied for
low- and intermediate-temperature SOFCs (LT and IT, 500—
800 °C) due to its excellent electrocatalytic activity, high
oxygen-ion mobility, and ability to reduce polarization
losses.[!314]

Rare-earth composite oxides exhibit high ionic, electronic,
or mixed conductivity, making them essential for SOFC
cathodes. Optimal oxide composition selection enhances ionic
conductivity, improves electrode activity, and reduces the
activation energy of reactions like oxygen reduction. Recent
research increasingly focuses on incorporating rare-earth
elements into cathode materials to enhance SOFC efficiency,
durability, and long-term performance.!!>!¢l

Despite these advantages, several critical challenges
remain in optimizing the composition, structure, and
fabrication techniques of cathode materials to enhance their
electrical conductivity, electrochemical stability, and
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compatibility with other SOFC components. One of the
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Fig. 1: A view of the perovskite crystal structure of LSCF

fundamental issues is the thermal expansion mismatch
between the cathode and electrolyte, which can lead to
mechanical degradation during long-term operation.!'”
Additionally, surface degradation phenomena — such as cation
segregation, phase decomposition, and strontium (Sr)
accumulation — can significantly impair cathode performance
over time.['$]

This review provides a comprehensive analysis of
functional cathode materials for modern SOFCs, focusing on
their synthesis methods, structural properties, and
electrochemical performance. Furthermore, key degradation
mechanisms and potential solutions for enhancing the long-
term performance of SOFC cathodes are discussed,
considering recent advancements in material design.

2. General operation principles of SOFCs

Among the various types of fuel cells, SOFCs have gained
prominence due to their versatility, fuel flexibility, and
scalability across stationary and distributed power
applications.['”! Ton-exchange SOFCs operate based on the
principle of oxygen ion conduction through a solid ceramic
electrolyte, typically YSZ?"! The cathode plays a significant
role in this process, as it catalyzes the ORR,?Y which is
considered the rate-limiting step in SOFC operation. The
efficiency of ORR directly impacts the overall electrochemical
performance of the cell.

V.A. Sadykov et al»? conducted ORR studies,
demonstrating that cathodes based on Ruddlesden-Popper
phases (Laz.xCaxNiOas+s) exhibit high oxygen mobility (D ~10
7 cm?/s) and a surface exchange coefficient (k ~10° —10°
cm/s). In comparison, nanocomposite cathodes like
PrNio.5C00.503-5 — Ce0.9Y0.102-5 (PNC-YDC) show D* ~10-8
cm?/s and k* ~1077 cm/s due to their well-developed interfaces.
For compositions such as La=Pr>.xCaxNiO4+s (x = 0.1), the
lowest polarization resistance (R, ~0.17 Q-cm?) was achieved.
SOFCs with ProNiO4+5 and PNC-YDC cathodes reached a
power density of up to 0.5 W/cm? at 700 °C. This suggests that
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nanocomposite cathodes with well-developed interfaces
significantly enhance the kinetics of ORR, reduce polarization
losses, and improve the overall efficiency of SOFCs.
Molecular oxygen from ambient air is reduced at the
cathode by accepting electrons, forming oxygen ions:

0, + 4e” — 20* (1)

These ions then migrate through the dense YSZ electrolyte
to the anode, where they react with hydrogen:

2Hs + 207 — 2H,0 + 4e- )

These electrons flow through an external electrical circuit —
from the anode to the cathode — generating electric current and
releasing waste heat in the process.l?’! A schematic illustration
of the general operating principles of SOFCs is shown in Fig.
2.

There are two main types of SOFCs, distinguished by the
type of ionic conductivity in their electrolytes: oxygen-ion
conducting SOFCs (O-SOFCs) and proton-conducting SOFCs
(H-SOFCs). Cathodes for O-SOFCs are typically perovskite -
type compounds (ABX3) based on rare-earth oxides, such as
LaSrCoOx, LaSrCoFeOx, LaSrMnOx, LaSrFeMoOkx,
PrSrFeOy, PrSrCoFeOy, and PrSrCoCuOy. These materials
exhibit excellent mixed ionic and electronic conductivity,
making them well-suited for facilitating the ORR. Meanwhile,
for the efficient operation of H-SOFC:s, it is necessary to use
proton-conducting  oxides, such as NdBaSrCoFeOx,
SrFeMoNiOx, LaSrCuNiOyx, LaSrGeOx, and LaNiOy, as
electrode materials. These materials provide optimal charge
carrier transfer characteristics (H" and O?") to sustain the
electrochemical reaction within the cell.[242520)

3. SOFC progress and challenges
Improving the surface properties of SOFC components and
understanding their interactions with atmospheric conditions
are crucial for enhancing overall performance.?” Key
parameters such as the surface exchange rate, electrocatalytic
activity, and ORR kinetics strongly influence SOFC efficiency
across a range of electrochemical applications, particularly at
high (800-1000 °C) and intermediate temperatures (600—
800 °C).1282

SOFCs typically operate at high temperatures (800—
1000 °C), enhancing reaction Kkinetics but also causing
material degradation. Prolonged exposure leads to cation
segregation, phase instability, and thermal expansion
mismatches among cell components, ultimately reducing cell
lifespan.[3°1 Therefore, selecting thermally stable materials
with high structural integrity and consistent electrochemical
performance is crucial. To mitigate thermal degradation and
reduce operational stress, researchers are actively exploring
ways to lower the operating temperature of SOFCs to 600—
800 °C without compromising efficiency.*!! One approach
involves using rare-earth elements (REEs) as dopants to
enhance oxygen vacancy concentration, increase ionic
conductivity, and improve charge transfer by controlling
dopant segregation and grain size*?! These improvements are
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Table 1: Perovskite-type oxide materials: thermal expansion coefficient (TEC), electron (o.), and ionic conductivity (o;) in air.

TEC %106, K™! T (°C) ce (Sem™) ci (Sem™) Ref.
Lao.sSr02MnO3 11.8 900 300 5.93x1077 40
Lao.7Sr03MnO3 11.7 800 240 - 41
Lao.6Sro.4MnOs3 13 800 130 - 42
Pr0.6S10.4MnO3 12 950 220 - 43
Lao.sS102Co03 19.1 800 1220 - 44
Lao.6Sr0.4Co03 20.5 800 1600 0.22 45
Lao.sSr0.2FeOs 12.2 750 155 - 46
Lao.5Sr0.5FeOs - 800 369 0.205 47
Lao.6Sro.4FeO3 16.3 800 129 5.6x1073 48
Pro.5Sr0.5FeOs3 13.2 550 300 - 49
Pro.sSr0.2FeOs 12.1 800 78 - 50
Lao.7Sro.3Feo.sNio203 13.7 750 290 - 51
Lao.8Sr0.2Co0.8Fe0.203 20.1 600 1050 - 52
Lao.sSro0.2C00.2Fe0.303 154 600 125 - 53
Lao.6Sr0.4Co0.8Mno.2O3 18.1 500 1400 - 54
Lao.6Sr0.4Co0.8Fe0.203 21.4 800 269 0.058 55
Lao.6Sr0.4C00.2Fe0.803 15.3 600 330 8x1073 56
Lao.sSr0.2Co0.2Fe0.503 14.8 800 87 2.2x1073 57
Lao.sSro0.2Co00.8Fe0.203 19.3 800 1000 4x1072 58
La0.6Sr0.4C00.9Cu0.103 19.2 700 1400 - 59
Pro.8Sr0.2C00.2Fe0.803 12.8 800 76 1.5x1073 60
Pro.7S10.3C00.2Mno.803 11.1 800 200 4.4x1073 61
Pro.6S10.4Co0.8Fe0.203 19.69 550 950 - 62
Pro.4S10.6Co0.8Fe0.203 21.33 550 600 - 63
Pro.7S10.3C00.9Cu0.103 - 700 1236 - 64
Sro0.9Ceo.1Fe0.8Nio.2O3 18.9 800 87 0.04 65

particularly beneficial for IT-SOFCs,where maintaining high
electrochemical activity at reduced temperatures is crucial.
However, it is important to note that while REE doping
enhances performance in lower-temperature regimes, it does
not inherently improve high-temperature durability (800—
1000 °C).B31

Given the growing importance of SOFC technology,
significant research efforts have focused extensively on
developing and enhancing anode, electrolyte, and cathode
materials.*¥ This can be seen in Fig 3, which shows the
progress rate of research up to the present day. Flexibility and
tolerance to fuel impurities are crucial for achieving consistent
high-efficiency power generation in SOFC-based systems.[3]

SOFCs offer unique advantages over other FC types but
also face key challenges related to material stability,
compatibility, and electrochemical performance:?°

- carbon and sulfur deposition pose hazards such as surface
diffusion and charge transfer distortion in the anode,
potentially leading to poisoning;

- the limited mobility of O* ions can affect reaction rates
and directionality in solid electrolytes;

- excess polarization potential and non-optimal electrode
geometry can limit cathodic reaction rates;

- a mismatch in thermal expansion coefficients among cell
components contributes to mechanical failure during thermal
cycling;

Engineered Science Publisher

- chemical instability and incompatibility in both oxidizing
and reducing atmospheres may result in material degradation;

- reliable sealing technologies are required to effectively
separate fuel and oxidant gases during operation.

To overcome these limitations, it is essential to select cost-
effective materials that exhibit low electronic resistance in
electrodes, catalysts, interconnects, and sealants, as well as
low ionic resistance in electrolytes. Careful material selection
and system integration are critical to ensuring high-
performance and long-term reliability of SOFC devices.*”

4. SOFC cathode materials

Efficient cathode materials are essential for enhancing the
overall performance of SOFCs These materials must
demonstrate high oxygen reduction reaction kinetics, good
chemical stability at elevated temperatures, and compatibility
with other cell components. Researchers have focused on rare
earth elements, such as Ce, Ln, Pr, Sc, Gd, and Eu, due to
their unique electronic configurations, redox flexibility, and
crystal structure adaptability, which make them attractive
candidates for cathode applications.*)

Table 2: Cathode polarization resistance (R,), based on Gd*"

Composition Ry (Q cm?) T (°C) Ref.
GdBaCo020s+s 0.070 750 70
GdBaCo1.5Mno.50s+s 0.040 850/700 70
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Fig. 2: General principles of SOFCs: (a) H-SOFCs, (b) O-SOFCs.

The selection of appropriate cathode materials requires
careful matching with electrolyte materials and ensuring a
compatible TEC to prevent mechanical failure. The TEC
values of various perovskite-type transition metal oxides are
summarized in Table 1.

For specific applications, the choice of cathode material
also depends on the desired performance characteristics and
suitable fabrication methods. A. M. Abdalla et al.[* proposed
a comprehensive list of commonly used cathode compositions
and processing techniques.

Rare-Earth elements in cathode materials

Enhanced Oxygen Reduction Reaction Kinetics:

R-E elements, including lanthanum (La), gadolinium (Gd),
scandium (Sc), praseodymium (Pr), cerium (Ce), and
europium (Eu), have demonstrated excellent catalytic activity
for ORR. Combining these elements in various compositions
can significantly enhance the kinetics of the ORR at the
cathode, leading to improved overall cell performance.®®
Lanthanum (La)

La,Os3 is a material for storing energy that has a
pseudocapacitive property and can be applied in various ways.

The formula for La;Oj3 can store charge through the reaction
1671:

Lay0; + nM* + ne™ <> 4M,La,03 3)

Shan-Shan Chai et al. [60] demonstrated that modifying
perovskite materials, such as BaCeO3, by partially substituting
cerium (Ce) with lanthanum (La) increases oxygen vacancies
and reduces the particle size of ruthenium (Ru). These
modifications significantly enhance catalytic activity. They
developed a BaCeogLag.103-5 catalyst with 5% Ru, achieving
a high ammonia synthesis rate of up to 34 mmol/g-h at 450 °C
and 3 MPa, while maintaining stability even after 100 hours of
operation. The addition of La’" increased the electron density
of Ru, facilitating the efficient dissociation of N> molecules.
Furthermore, the uniform distribution of Ru particles
prevented agglomeration, ensuring the catalyst's long-term
stability.

Gadolinium (Gd)

The oxygen content in cathodes is significantly influenced by
the choice of R-E dopant. From an application perspective,
polarization resistance (Rp) is a crucial performance metric.
For effective cathode operation, R, values below 0.15 Q-cm?
are generally required.®® Table 2 shows the polarization
resistance values of cathodes composed of GABaCo,.xMnxOs+35

Table 3: Comparison of electrochemical properties of R-E-based cathode materials for SOFCs.

. Activation TEC ASR Test

Cathode materials Electrolyte type temperature Ref
energy (eV) (x10° K (Rp Q-cm?) °C)

Lao.6Sr0.4C00.2Fe0.303-5 +
PrO2-5 1.202 15.8 0.034 YSZ 550-750 58
Lao.6Sr0.4Coo.2Fe0.s03 1.190 12.8 0.210 SDC 550-750 67
ProNiOa+s 1.220 13.2 0.075 GDC 600-700 74
Lao.6S10.4C003-5 + Gd>* 1.500 18.2 0.800 YSZ 700-800 75
PrBao.sSr0.5Co1.5Feo.s0s+5 1.080 17.1 0.050 GDC 550-700 76
PrBaC020s.5 + Sc* 1.07 15.5 0.086 GDC 600-750 80
Lag 6Sr0.4Co0.2Fe0.s03 1.329 16.5 0.730 YSZ 600-700 81
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Fig. 3: Introduction to Fuel Cell Technology. Reprinted by A.M. Abdalla ef al., [39]. Copyright 2018. Renewable and Sustainable

Energy Reviews.

(pure or compound) at different temperatures.

In this instance, a smaller amount of Gd*" causes a
significant reduction in R,. As a result, this cathode can
operate efficiently at a temperature of about 800 °C with a
moderate Mn content (0.5 mol).[®! Also, at a temperature of
700 °C, GdBaCo;.4Mng¢Os+s can reach a maximum value of
200 S-cm™ for total electrical conductivity which remains
high remaining above 100 S-cm™ down to 650 °C."" These
findings suggest that Gd-based cathodes are highly suitable for
intermediate-temperature SOFCs (IT-SOFCs).

Cerium (Ce)

Magdalena Zybert et al.’* reported that cerium (Ce*") has a
dual effect by stabilizing the crystal lattice of the material and
protecting its surface. The strong Ce—O bonds minimize cation
mixing, improve structural ordering, and prevent irreversible
phase transitions.”!! Moreover, cerium forms a protective
CeO; layer that shields the surface from harmful chemical
interactions, such as side reactions with the environment,
thereby reducing the risk of crack formation. Experimental
results demonstrate that these modifications greatly enhance
the material's stability under high loads and significantly
improve its mechanical and chemical resistance.

Europium (Eu)

Shao-Lun Cui et al." observed that europium (Eu?*), though
less commonly used, exhibits a strong stabilizing effect. Its
large ionic radius increases the interplanar distance within the
material's structure, positively influencing its mechanical
resistance and stability. Like cerium,”’! europium forms a thin
protective surface layer that reduces cation mixing and
prevents structural damage. Experimental results have shown
that even small amounts of europium (0.5%) can significantly
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enhance the durability of materials, improving their resistance
to both mechanical and chemical stress.

Praseodymium (Pr)

Clément Nicollet et al."4 studied SOFC cathodes based on
PruNiO44+5, a Ruddlesden-Popper compound known for its high
oxygen surface exchange coefficient (k) and oxygen diffusion
coefficient (DO?).I7)

Nanoporous cathode

— —

Fig. 4: Thin-film heterostructural SOFC.

The applied method involves infiltrating a solution of
praseodymium and nickel nitrates (in a 2:1 ratio) into a porous
Gd-doped ceria (GDC) substrate. Heat treatment at 900 °C in
a nitrogen atmosphere was found to promote the formation of
the ProNiO4+5 phase due to the reduction of Pr valence to 3+,
which is characteristic of the ProNiOs+s phase. However,
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Table 4: Classification of key SOFC technical challenges and corresponding solution strategies.

Category Challenge Solution strategy Ref.
- Cr poisoning surface Chromium evaporation from steel interconnects causes surface degradation, 120
coating; which can be mitigated by Mn—Co spinel coatings applied via slurry or plasma
spraying.
Short-term - Difficulty controlling layer Dense, adherent coatings with low porosity are produced by adjusting 121
optimizable items quality; electrodeposition (pH 3.0-3.5, —1.1 to —1.5 V) or plasma spray.
- Thermal expansion Mismatch between TEC of components causes stress and cracking, mitigated by 122
mismatch (TEC material selection and buffer layer addition.
incompatibility).
- Poor performance at TEC mismatch and low conductivity (with excess Fe) require careful A/B-site 123
intermediate temperatures; co-doping in double perovskites like PGBCO.
Long-term basic ) ) . . . .
- Lack of multifunctional, Novel material systems are needed that combine high ionic/electronic 124

research items ) )
compatible material systems.

conductivity, thermal stability, and chemical compatibility; development

involves computational screening and doping strategies.

residual phases of PrsO1; and NiO were also detected. SEM
analysis revealed that infiltration at 900 °C produces
nanoparticles (40-80 nm) uniformly distributed on the GDC
surface, whereas higher temperatures (1000 °C) lead to their
disappearance because of sintering.!”®!

Electrochemical studies on symmetric cells revealed that

the polarization resistance (R,) reached its minimum value
(0.075 Q-cm? at 600 °C) for cathodes treated at 900 °C under
a nitrogen atmosphere. This improvement is attributed to the
increased specific surface area of the cathode and the catalytic
effect of the residual PrsO1; phase.’” Furthermore, cathodes
fabricated using the infiltration method exhibited a greater
reduction in R, compared to those prepared by traditional
techniques such as screen printing. This also highlights the
potential of ProNiO4+5 for application in solid oxide fuel cells
(SOFCs) and underscores the significance of optimizing heat
treatment and infiltration processes to enhance the
electrochemical performance of cathodes!”®
Scandium (Sc)
The effect of scandium (Sc**) doping on the properties of the
PrBaCo,0s+5 (PBCO) material was investigated. The study
demonstrated that Sc** doping enhances the electrochemical
performance of the cathodes by increasing oxygen vacancy
concentration and optimizing the lattice structure!™.

Xiangnan Li et al® reported a minimum polarization
resistance (ASR) of 0.123 Q-cm? at 600 °C for cathodes with
x=0.5. Meanwhile, Donghwi Jeong et all® observed a
reduction in ASR to 044 Q-cm?> at 500 °C for
PrBaCo1.9Sco.10s5+5. Furthermore, Jeong's study showed that
the maximum power density of the cathodes reached 0.73
W-cm? at 500 °C, which is 1.3 times higher than that of the
undoped materials reported in Li's work.

Both studies underscore the potential of Sc** doping to
enhance the performance of cathodes for low-temperature (LT-
SOFC) and intermediate-temperature (IT-SOFC) solid oxide
fuel cell applications, highlighting their promise for further
development.

6 | Eng. Sci., 2025, 36, 1627

For a more precise visual comparison of the characteristics
of various rare earth cathode materials, we have compiled
Table 3, which includes key parameters — activation energy
(Ae), thermal expansion coefficient (TEC), and area-specific
resistance (ASR) at different temperatures — as well as the
testing conditions.

Based on the analysis, the composition containing
Lag.6Sr0.4Co02Fe0 3035+ PrOr-5 was identified as optimal,
demonstrating the lowest area-specific resistance (ASR) while
maintaining an acceptable thermal expansion coefficient
(TEC), making it a promising cathode material for
intermediate-temperature solid oxide fuel cells (IT-SOFCs).

5. Tailoring electrochemical properties

Researchers can manipulate the composition and structure of
rare-earth based cathode materials to tailor their
electrochemical properties.®! This flexibility allows for fine-
tuning the performance of the cathode to meet specific
requirements, such as optimizing electrical conductivity or
increasing catalytic activity. Such control also contributes to
enhanced material stability, ensuring long-term durability and
reliability of cathode materials.!*”!

The electrochemical properties of several materials,
including La>O3, MnO,, LMO, and LMO-Pt, were examined
using cyclic voltammetry (CV) and linear sweep voltammetry
(LSV).[838485 The experiment was conducted ina 0.10 M KOH
aqueous electrolyte. The results showed that La,03;, LMO, and
LMO-Pt had similar CV responses. In contrast, MnO; had
slightly higher cathode currents in the potential range from 1.0
to -0.3V. ORR activity was assessed through LSV, revealing
onset potentials of approximately 0.7V for MnO,, LMO, and
LMO-Pt, and 0.8V for La,O3. According to the Tafel slope
analysis, there were variations in the ORR mechanisms, and
LaO; displayed a wunique electrochemical behavior.
Impedance spectroscopy measurements using Potentiostatic
Electrochemical Impedance Spectroscopy (PEIS) and
Galvanostatic Electrochemical Impedance Spectroscopy
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(GEIS)®l revealed differences in capacitive features and
charge transfer resistances among the materials. According to
the GEIS results, the ORR activity ranking was as follows:
MnO; > LMO-Pt > LMO > Lay0Os3, with variations attributed
to chemical characteristics and mass transport limitations.
Impedance plots showed significant elongations in LayOs,
indicating its role in ORR mechanism adsorption and spill-
over effects.’”) These findings aid in understanding the
electrochemical properties of these materials for potential
catalytic applications in energy conversion systems.

6. Enhancing of SOFC cathode performance

Doping

Doping of SOFC cathodes is a critical strategy for enhancing
their electro-catalytic properties, electrical conductivity, and
mechanical stability, as well as reducing device production
costs.¥1 Below are selected studies on commonly used
materials, their dopants, and the resulting impacts on
performance.

L. Wang et al.*? prepared Sr2FeMoo.5X0.506 (X = Ni, Co,
Mn, Zn) materials and tested their properties. Co and Ni
dopants resulted a pure phase, while the dopants Mn and Zn
caused an apparent secondary phase. Using a Co-dopant
provides advantages oxygen vacancy
concentration and diffusion kinetics. The Co-doped SFM

clear when
cathode exhibited a significantly lower activation energy of
0.76 eV compared to the values of 5.52 eV and 2.28 eV
observed for the Ni-doped SFM cathode under different
conditions. Co-doped SFM's cathodic reaction accelerates,
resulting in 1306 mW c¢m™? fuel cell performance at 700°C.
This discovery demonstrates that using a suitable dopant can
solve the low-performance issue of a standard SFM cathode,
making it a favourable candidate for H-SOFCs.[#%]

J. Ma et al®l discuss the creation and assessment of
La,CuO4 (LSCN), a perovskite oxide that has been doped with
Sr and Ni for use as a cathode material in protonic ceramic fuel
cells (PCFCs). Sr and Ni were successfully integrated into the
lattice, transforming the crystal structure from orthorhombic
to tetragonal, which improved ORR activity of the LSCN
cathode. At 750 °C, the cathode showed a peak power density
of 1020 mW-cm™ and demonstrated excellent stability over
100 hours of testing at 650 °C. The study also provides insight
into the material's thermal expansion behavior, defect
chemistry, and electrochemical performance, indicating that it
has significant potential for use in PCFC applications.!

J. Zhou et al."*! has explored the use of triple-conducting
layered perovskites, specifically NdBagsSrosCoisFeqsOs+5
(NBSCF), as a cathode material for H-SOFCs. They
investigated the impregnation of NBSCF onto the surface of
LSCEF cathodes to enhance electro-catalysis and stability. The
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findings show that the impregnation of triple conducting
NBSCEF can significantly improve the migration of protons,
leading to a notable enhancement in cell performance. Overall,
the impregnation of triple-conducting NBSCF onto LSCF
cathodes has shown great promise in enhancing the
performance of H-SOFCs by addressing the challenges
associated with cathode reactions.?

L. Bian et al.*® found that when Mo>*/°" is introduced into
LagsSro2FeOs, it increases the lattice parameters and unit
volume. This is due to the instantaneous ionic radius of Mo
and lower valence Fe. The valence of Fe is equal to
0.78/0.645/0.585 A for Fe*'/Fe’*/Fe*". After exposure to H,
(3% H»0) at 800°C for 10 hours, LSFMo oxides retain their
perovskite structure without any secondary phases, unlike LSF
oxides, which decompose into the Ruddlesden-Popper phase
and metallic iron.”! These studies indicate that Mo>*/%*
substitution significantly increases the structural stability of
LSF in reducing media. Therefore, LSFMo oxide exhibits
high catalytic activity and can potentially be used as a
symmetrical cathode material for SOFC.[*

M.Z. Khan et al." discussed using LSBCFN as a cathode
material and presented a promising strategy for effectively
suppressing surface segregation of Sr. This was achieved by
doping Nb B-sites in CBP, which prevented Sr migration
through the GDC intermediate layer via vapor phase
transport.’® Developing reliable Sr-free cathodes can solve
performance issues associated with cation migration
effectively.

L. Gan et al.!l experimentally manufactured cathodic half-
cells with the matched Coefficient of Thermal Expansions,
allowing for Co and Co-W alloy coatings on LSM and LSCF
cathodes via screen printing. The Co-W coating effectively
suppresses Cr diffusion, preventing SrCrO4 formation. The
absence of Cr oxides indicated that Cr cations failed to
penetrate the CoWOy barrier, inhibiting Cr diffusion. EDS
analysis showed Cr diffusion and oxide formation in uncoated
LSM and LSCF, resulting in voids and accelerated
oxidation.”? Co-coating shows protective effects, yet
structural failures occur with LSM showing Mn-enriched
intrusion and cracks. Co-cracking leads to decreased electrical
conductivity. CoCr,04 spinel forms in Co-coated LSCEF,
lowering conductivity. Co-W coating presented a multilayer
structure, inhibiting Cr diffusion and avoiding internal Ferritic
Stainless-Steel oxidation.®®) Co-W-coated LSM exhibited
better performance and durability than Co-coated LSM, while
Co-W-coated LSCF faced potential spallation.

Surface modification (thin-film cathode)

One of the main challenges in developing thin-film cathodes
is to enhance the material's performance by using a thin-film
heterostructure, approximately 50 to 100 pm thick, in contact
with the YSZ functional layer (see Fig. 3). The functional layer
aims to improve electrochemical reactions by balancing
conductivity and porosity to minimize potential drops across
its thickness. However, from a practical standpoint, the most
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important issue to address soon in the fabrication of p-SOFCs
is their thermal-mechanical stability.” For example, R. Wang
et al.""™ reported achieving a maximum power density of 140
mW-cm2 at 580 °C for solid oxide fuel cells based on YSZ
using hydrogen as fuel. They deposited a porous cathode thin-
film onto the YSZ side using a pulsed laser, while a porous
NiO-YSZ layer was deposited onto the porous Ni side to
enhance the triple-phase boundary (TPB). Moreover, there
have been reports on the approach that employs a Ni substrate
for the production of u-SOFCs.

Experimental studies!'*" have identified
NdBaFeCog5CupsOs+s as a promising double perovskite
material, demonstrating that the partial substitution of barium
(Ba) with strontium (Sr) in its structure significantly enhances
its thermal and electrical transport properties. Notably, the
highest specific electrical conductivity of 299 S/cm was
recorded at 750 °C for the composition NdSrFeCog 5Cug 505-+s.

Advancements in cathode technology also play a crucial
role in improving the performance of SOFCs. C. Gumeci et
al.'? discovered that a three-dimensional nanofiber network
cathode offers high porosity and large interfacial contact areas,
which leads to improved ORR kinetics. The nanofiber cathode
demonstrated a lower polarization resistance of approximately
0.025 mm? at around 700 °C compared to the commercial
BSCF cathode, which has a polarization resistance of about
0.040 Q cm? under similar conditions. Additionally, PBSCF
fibers demonstrated peak power densities of ~2539 mW/cm?
at 750°C and ~1580 mW/cm? at 700°C, while the BSCF
cathode exhibited power densities of ~1974 mW/cm? at 750°C
and ~1304 mW/cm? at 700°C. In addition to structural
modifications, material composition also plays a key role in
optimizing SOFC cathodes. When integrated into electrode
structures, such as cathodes, nanofiber networks significantly
increase the available surface area for electrochemical
reactions.'®®] This enhancement facilitates faster oxygen ion
transport across YSZ, reducing polarization losses and
ultimately improving SOFC efficiency. Moreover, Fe-based
perovskites, such as SrFeooTio.1035 exhibit high catalytic
activity at 700 °C, characterized by a surface oxygen exchange
coefficient of 1.5 x 102 cm/s, making them competitive
alternatives to traditional R-E-based cathode materials.['*4]

In general, Fe-containing cathode materials represent a
promising approach for developing efficient and cost-effective
SOFCs, offering both high performance and long-term
operational stability.

Nanostructured cathode

Sudhanshu Dwivedi et al.,l° reviewing various cathode
materials, point out the thermal expansion mismatch between
cathode and electrolyte materials, which may lead to
delamination, and cite nano structuring and doping as methods
to improve performance and stability. Shah ez a/.['%! highlight
that the delamination mechanism and temperature gradients
between the cathode and electrolyte need to be considered for
the long-term performance of SOFCs, pointing out the high
thermal expansion coefficient (TEC) of some promising
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cathode materials such as BSCF (Bag sSro.sCoo.sFeo203-5) and
suggest strategies to use negative thermal expansion (NTE)
materials and cation substitution. In turn, Omeiza et al.!'% note
that the long-term availability of heteroatoms (such as cobalt,
lanthanum, and strontium) used for doping may face supply
chain constraints and suggest focusing on sustainable
materials and raw material availability as key factors for future
research.

The high cost of fuel cells and their durability and long-life
problems have made using nanomaterials desirable in their
devices and related applications. In addition, environmental
protection and sustainable development have made the choice
of nanostructured materials extremely important. Recent
studies have shown that improving the cathode in the SOFS is
limited and needs further development (Fig. 4).[107:108]

The use of nanotechnology in the energy sector has
significantly expanded, increasing power and efficiency.['" R-
E elements have excellent electrical and electrochemical
properties and high mechanical, thermal, and chemical
stability, making them the most promising to use.!''"’

Triple phase boundary

In solid oxide fuel cells, electrochemical reactions occur at the
triple phase boundary (TPB) point, where the gas phase, the
solid electrode phase, and the electrolyte phase meet. A longer
TPB is important for improving the performance of lower or
intermediate-temperature SOFCs, with the TPB length being
a critical geometric parameter that dominates electrode and
SOFC efficiency. The length of this TPB is closely connected
to the micromorphology of the electrode itself.!''!]

SOFC cathodes are engineered to have a high reaction rate
for the multistep ORR:

(4)

This multi-stage reaction includes diffusion, adsorption,
electronic conductivity, charge transfer reactions, and ionic
conductivity. In electrically conductive perovskite-type
materials such as doped LaMnOs;, LaCoOs, PrCuQOs;, or
LaFeO;, three potential reaction paths are considered for the
most common cathode materialst'!2!13] electrode surface,
electrode volume, and electrolyte surface pathways.

- the surface path of the electrode refers to the process of
oxygen particles adsorbing and moving along the electrode
surface in the direction of TPB, followed by the complete
transfer of ions into the electrolyte;

- in this process, the locally dissociated, ionized oxygen
forms get embedded into the solid electrode. These oxide ions
then transferred through the electrode's volume and
subsequently transfer to the electrolyte by ion transfer;

- the surface path of the electrolyte takes into account the
adsorption of oxygen particles on the electrolyte’s surface and
their migration along the electrolyte’s surface to the TPB.
Composite cathodes
The performance of the SOFC system at lower temperatures
also depends on the sample’s geometric ratio (L/M). The

1 - =
Eoz(gas) + €(cathode) = O(YSZ)
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cross-sectional area should be maximized, while the thickness
should be minimized to shorten the electrical path and enhance
the durability of the SOFC. Reducing the electrolyte thickness
can enhance SOFC performance at lower temperatures, with
an optimal cathode area of 0.15-0.20 cm?.[114]

It is important to consider the pressure applied when
forming the samples. When manufacturing a dense composite
cathode, uniaxial pressing with a pressure of 7-12 Mpa should
be used.['s] This pressure range ensures optimal densification
while preserving sufficient porosity for gas diffusion. Higher
pressures enhance grain boundary contact, reducing interfacial
resistance and improving overall electrochemical
performance. However, excessive pressure may decrease
porosity, hindering oxygen diffusion and negatively affecting
the kinetics of the ORR.

Furthermore, the addition of 10% ammonium acid
increases the porosity of the cathode fired at a temperature of
1300 °C, demonstrating the good compatibility of the
materials used in composite cathodes.[''Y This process
promotes the formation of interconnected pores, enhancing
gas permeability and catalytic activity. Maintaining a balance
between densification and porosity is crucial for achieving
high SOFC performance.

Additionally, alternative processing techniques, such as
tape casting and screen printing, can modify the cathode
microstructure, affecting grain size and mechanical integrity.
(71 Understanding the correlation between processing
parameters and material properties enables the optimization of
cathode performance in terms of ORR activity, conductivity,
and long-term stability. By carefully selecting manufacturing
conditions, the cathode microstructure can be tailored to
achieve the desired electrochemical properties.

7. Challenges in high-efficient SOFC cathodes

Recent advancements in rare-earth based cathode materials for
SOFCs have shown promising results.[''¥! Researchers have
explored innovative compositions, including double
perovskites and layered structures, to enhance performance
further.''™ However, challenges such as material cost,
resource availability, and the potential for rare-earth scarcity
remain significant considerations in developing and
commercializing these materials. Among these, ensuring long-
term stability remains one of the most pressing issues. As
numerous studies have demonstrated, scandium-stabilized
zirconia (ScSZ)-based electrolytes are susceptible to
degradation due to phase transformations and impurity
diffusion, which result in increased resistance and reduced
ionic conductivity, even after prolonged exposure to high
temperatures for 100-1000 hours.['?" Similarly, nickel-based
anode cermet's, particularly Ni/GDC, suffer from metallic
phase agglomeration during prolonged operation, carbon
deposition when utilizing hydrocarbon fuels, and high
sensitivity to sulfur-containing impurities, resulting in
partially irreversible degradation.[?%121l  In  industrial
applications, SOFCs are expected to operate for at least 5.000-
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40.000 hours, highlighting the critical importance of long-term
stability.

Another critical challenge is the mismatch in
thermomechanical and chemical properties among the
functional layers in the multilayer SOFC structure. The
formation of non-conductive phases, such as SrZrOs, at the
cathode-electrolyte interface due to chemical interactions
between the materials significantly degrades interfacial
conductivity.'??! Differences in the thermal expansion
coefficients of individual components can induce internal
stresses, leading to delamination and cracking of layers during
thermal cycling.['>*)

Several materials, such as ProsGdosBaCoa.yFeyOsss,
PBCO, and GBCO powders, are synthesized by solid-state
reactions used as SOFC cathodes. Thesel'?l materials were
analyzed for their electrical conductivity and thermal
expansion properties. Symmetrical cells were then prepared
for cathodic polarization resistance analysis. The findings
indicate that co-doping on the A/B sites of the materials
enhances their electrical conductivity while reducing their
thermal expansion. However, increased Fe doping in PGBCO
compositions lowers electrical conductivity despite reducing
thermal expansion.

These examples highlight the need for a systematic
analysis of technological limitations. This study classifies key
SOFC challenges by solvability, distinguishing short-term
(engineering) and long-term (fundamental) approaches with
corresponding solutions (Table 4).

Further research is needed to optimize double perovskite
materials for IT-SOFC cathodes, with a long-term focus on
enhancing their electrochemical and thermomechanical
properties.

8. Conclusion and perspective

The quest for efficient and sustainable energy solutions has
driven intensive research into improving the performance of
SOFCs, with a particular focus on cathode materials. Rare-
earth elements have emerged as valuable contributors to the
development of advanced cathodes, offering enha nced
catalytic  activity, chemical stability, and tunable
electrochemical properties.

The influence of doping on cathode materials has also been
extensively studied, with findings indicating that suitable
dopants can significantly improve the performance of
traditional cathode materials. For example, the introduction of
Co-dopants in SFM cathodes resulted in lower activation
energy, leading to improved fuel cell performance.

Recent advancements in rare-earth-based cathode
materials-including novel compositions such as double
perovskites-demonstrate considerable potential for further
enhancing SOFC efficiency and durability. However,
challenges such as material cost, long-term stability, and
resource availability remain critical concerns.

To overcome these challenges, several strategies are under
investigation:
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- development of composite and infiltrated cathodes that
combine high oxygen ion and electron conductivity;

- application of protective buffer layers (e.g., doped ceria)
between cathode and electrolyte to suppress unwanted
reactions;

- optimization of thin-film epitaxial architectures to reduce
ohmic losses and operating temperatures;

- introduction of non-precious metal-based alternatives,
such as Fe/Mn-based perovskites, to enhance cost-
effectiveness.

In summary, rare-earth-doped cathodes continue to offer
high promise for SOFC development, but future research must
increasingly focus on balancing performance with cost,
durability, and manufacturability to enable reliable and
economically viable commercial SOFC systems.

Acknowledgements

We sincerely appreciate the contributions of all researchers
whose work has provided valuable insights for this review.
Financial support from the Ministry of Science and Higher
Education of the Republic of Kazakhstan under project
AP19676821, “Development of a method for obtaining porous
cathode material for thin-film solid oxide fuel cells based on
lanthanum compounds,” is also gratefully acknowledged.

Conflict of Interest
There are no conflicts to declare.

Supporting Information
Not applicable.

Nomenclatures

ASR — Area-Specific Resistance
FC —Fuel Cell

GEIS -  Galvanostatic
Spectroscopy

H-SOFC — Proton-Exchange Solid Oxide Fuel Cell
IT-SOFC — Intermediate-Temperature Solid Oxide Fuel Cell
LT-SOFC — Low-Temperature Solid Oxide Fuel Cell
O-SOFC - Ion-Exchange Solid Oxide Fuel Cell
ORR - Oxygen Reduction Reaction

PEIS - Potentiostatic ~ Electrochemical
Spectroscopy

R-E — Rare-Earth elements

R;, — Polarization Resistance

SOFC — Solid Oxide Fuel Cell

TEC — Thermal Expansion Coefficient

TPB — Triple-Phase Boundary

Electrochemical  Impedance

Impedance

CRedit Statement

Renat Beissenov: Conceptualization, Supervision, Project
administration, Funding acquisition. Bolat Bazarbayev:
Investigation, Methodology, Formal analysis, Writing — Original
Draft, Visualization. Mukhtar Yeleuov: Data curation,
Validation, Writing — Review & Editing. Azamat Kudaibergen:

10 | Eng. Sci., 2025, 36, 1627

Resources, Software, Visualization.

References

[1] A. Hussain, S. M. Arif, M. Aslam, Emerging renewable and
sustainable energy technologies: State of the art, Renewable and
Sustainable  Energy  Reviews, 2017, 71, 12-28, doi:
10.1016/j.rser.2016.12.033.

[2] S. Gao, Y. Lin, X. Jiao, Y. Sun, Q. Luo, W. Zhang, D. Li, J.
Yang, Y. Xie, Partially oxidized atomic cobalt layers for carbon
dioxide electroreduction to liquid fuel, Nature, 2016, 529, 68-71,
doi: 10.1038/nature16455.

[3] M. Gétz, J. Lefebvre, F. Mors, A. McDaniel Koch, F. Graf, S.
Bajohr, R. Reimert, T. Kolb, Renewable power-to-gas: a
technological and economic review, Renewable Energy, 2016, 85,
1371-1390, doi: 10.1016/j.renene.2015.07.066.

[4] C. Karakaya, R. J. Kee, Progress in the direct catalytic
conversion of methane to fuels and chemicals, Progress in Energy
and  Combustion  Science, 2016, 55, 60-97, doi:
10.1016/j.pecs.2016.04.003.

[5] S. S. Martin, A. Chebak, Concept of educational renewable
energy laboratory integrating wind, solar and biodiesel energies,
International Journal of Hydrogen Energy, 2016, 41, 21036-
21046, doi: 10.1016/j.ijhydene.2016.06.102.

[6] S. Dwivedi, Solid oxide fuel cell: Materials for anode, cathode
and electrolyte, International Journal of Hydrogen Energy, 2018
[7] S.Z. Golkhatmi, M.I. Asghar, P.D. Lund. A review on solid
oxide fuel cell durability: Latest progress, mechanisms, and study
tools. Renewable and Sustainable Energy Reviews, 2022, 161,
112339, doi: 10.1016/j.rser.2022.112339

[8] M. Bik, M. Galetz, J. Dabrowa, K. Mroczka, P. Zajac, A. Gil,
P. Jelen, M. Gawegda, M. Owinska, M. Stygar, M. Zajusz, J.
Wyrwa, M. Sitarz, Polymer Derived Ceramics based on SiAIOC
glasses as novel protective coatings for ferritic steel, Applied
Surface Science, 2022, 576, 151826, doi:
10.1016/j.apsusc.2021.151826.

[9] B. Smitha, S. Sridhar, A. A. Khan, Synthesis and
characterization of proton conducting polymer membranes for
fuel cells, Journal of Membrane Science, 2003, 225, 63-76, doi:
10.1016/S0376-7388(03)00343-0.

[10] M. van den Oever, K. Molenveld, Replacing fossil based
plastic performance products by bio-based plastic products:
Technical feasibility, New Biotechnology, 2017, 37, 48-59, doi:
10.1016/j.nbt.2016.07.007.

[11]M. Z. Khan, R.-H. Song, M. T. Mehran, S.-B. Lee, T.-H. Lim,
Controlling cation migration and inter-diffusion across
cathode/interlayer/electrolyte interfaces of solid oxide fuel cells:
A review, Ceramics International, 2021, 47, 5839-5869, doi:
10.1016/j.ceramint.2020.11.002.

[12] M. J. Son, M. W. Kim, A. V. Virkar, H.-T. Lim, Locally
developed electronic conduction in a yttria stabilized zirconia
(YSZ) electrolyte for durable solid oxide fuel -cells,
Electrochimica Acta, 2020, 353, 136450, doi:
10.1016/j.electacta.2020.136450.

[13] L. Ke, S. Pang, C. Long, T. Fang, G. Yang, Y. Song, X. He,
S. Ma, Y. Qian, X. Shen, C. Chen, Quenching-induced surface

Engineered Science Publisher


https://www.espublisher.com/
https://doi.org/10.1016/j.rser.2022.112339

Engineered Science

Review article

reconstruction of perovskite oxide for rapid and durable oxygen
catalysise, Chemical Engineering Journal, 2023, 463, 142509,
doi: 10.1016/j.cej.2023.142509.

[14] J. Mermelstein, O. Posdziech, Development and
demonstration of a novel reversible SOFC system for utility and
micro grid energy storage, Fuel Cells, 2017, 17, 562-570, doi:
10.1002/fuce.201600185.

[15] I. Khan, M. 1. Asghar, P. D. Lund, S. Basu, High conductive
(LiNaK)>CO3; CepssSmo.150, electrolyte compositions for IT-
SOFC applications, International Journal of Hydrogen Energy,
2017, 42, 20904-20909, doi: 10.1016/j.ijhydene.2017.05.152.
[16] Q. Wang, H. Fan, Y. Xiao, Y. Zhang, Applications and recent
advances of rare earth in solid oxide fuel cells, Journal of Rare
Earths, 2022, 40, 1668-1681, doi: 10.1016/j.jre.2021.09.003.
[17] N. Mahato, A. Banerjee, A. Gupta, S. Omar, K. Balani,
Progress in material selection for solid oxide fuel cell technology:
A review, Progress in Materials Science, 2015, 72, 141-337, doi:
10.1016/j.pmatsci.2015.01.001.

[18] Z. Zakaria, Z. Awang Mat, S. H. Abu Hassan, Y. Boon Kar,
A review of solid oxide fuel cell component fabrication methods
toward lowering temperature, International Journal of Energy
Research, 2020, 44, 594-611, doi: 10.1002/er.4907.

[19] B. Liu, N. Li, L. Sun, Q. Li, L. Huo, H. Zhao, Rare-earth
elements doped Nd>CuOy as Cu-based cathode for intermediate-
temperature solid oxide fuel cells, Journal of Alloys and
Compounds, 2021, 870, 159397, doi:
10.1016/j.jallcom.2021.159397.

[20]Y. Xia, X. Xu, Y. Teng, H. Lv, Z. Jin, D. Wang, R. Peng, W.
Liu, A novel BaFeq3Zng 1Bio.103-s cathode for proton conducting
solid oxide fuel cells, Ceramics International, 2020, 46, 25453 -
25459, doi: 10.1016/j.ceramint.2020.07.015.

[21] H. Abdoli, S. Molin, H. Farnoush, Effect of interconnect
coating procedure on solid oxide fuel cell performance, Materials
Letters, 2020, 259, 126898, doi: 10.1016/j.matlet.2019.126898.
[22] V. A. Sadykov, E. M. Sadovskaya, N. F. Eremeev, E. Y.
Pikalova, N. M. Bogdanovich, E. A. Filonova, T. A. Krieger, Y.
E. Fedorova, A. V. Krasnov, P. I. Skriabin, A. 1. Lukashevich, R.
Steinberger-Wilckens, 1. C. Vinke, Novel materials for solid
oxide fuel cells cathodes and oxygen separation membranes:
Fundamentals of oxygen transport and performance, Carbon
Resources Conversion, 2020, 3, 112-121, doi:
10.1016/j.crcon.2020.08.002.

[23] Z. Shao, W. Zhou, Z. Zhu, Advanced synthesis of materials
for intermediate-temperature solid oxide fuel cells, Progress in
Materials Science, 2012, 57, 804-874, doi:
10.1016/j.pmatsci.2011.08.002.

[24]Y. Hu, D. Li, H. Guo, S.-H. Liu, Y. Meng, S. Ding, C.-X. Li,
Recent progress of high-performance interconnectors for SOFC:
from materials, protective coatings, optimizing strategies,
towards the real stack applications, Chemical Engineering
Journal, 2025, 505, 159321, doi: 10.1016/j.cej.2025.159321.
[25] G. Li, Y. Gou, R. Ren, C. Xu, J. Qiao, W. Sun, Z. Wang, K.
Sun, Fluorinated ProNiOs+s as high-performance air electrode for
tubular reversible protonic ceramic cells, Journal of Power
Sources, 2021, 508, 230343, doi:

Engineered Science Publisher

10.1016/j.jpowsour.2021.230343.

[26] D. Wang, Y. Xia, H. Lv, L. Miao, L. Bi, W. Liu, PrBaCo..
<1a,0s+s based composite materials as cathodes for proton-
conducting solid oxide fuel cells with high CO, resistance,
International Journal of Hydrogen FEnergy, 2020, 45, 31017-
31026, doi: 10.1016/j.ijhydene.2020.08.094.

[27]1 Y. Gao, M. Zhang, M. Fu, W. Hu, H. Tong, Z. Tao, A
comprehensive review of recent progresses in cathode materials
for Proton-conducting SOFCs, Energy Reviews, 2023, 2, 100038,
doi: 10.1016/j.enrev.2023.100038.

[28] I. Staffell, D. Scamman, A.V. Abad, P. Balcombe, P.E. Dodds,
P. Ekins, N. Shah, K.R. Ward. The role of hydrogen and fuel cells
in the global energy system, Energy & Environmental Science,
2019, 12 P.  463-491. doi: 10.1039/C8EEO01157E
[29] Zheng, B., Fan, J., Chen, B., Qin, X., Wang, J., Wang, F.,
Deng R., Liu X. Rare-earth doping in nanostructured inorganic
materials. Chemical Reviews, 2022, 122 P. 5519-5603. doi:
10.1021/acs.chemrev.1c00644

[30] M. Geofrey Sahini, S. Daud Lupyana, Perspective and
control of cation interdiffusion and interface reactions in solid
oxide fuel cells (SOFCs), Materials Science and Engineering: B,
2023,292, 116415, doi: 10.1016/j.mseb.2023.116415.

[31] S. He, S. P. Jiang, Electrode/electrolyte interface and
interface reactions of solid oxide cells: Recent development and
advances, Progress in Natural Science: Materials International,
2021, 31, 341-372, doi: 10.1016/j.pnsc.2021.03.002.

[32] Y. Feng, J. Qu, Y. Zhu, B. Wu, Y. Wu, Z. Xiao, J. Liu,
Progress and prospect of the novel integrated SOFC-ICE hybrid
power system: System design, mass and heat integration, system
optimization and techno-economic analysis, Energy Conversion
and  Management. X, 2023, 18, 100350,  doi:
10.1016/j.ecmx.2023.100350.

[33] M. Ali Azizi, J. Brouwer, Progress in solid oxide fuel cell-
gas turbine hybrid power systems: System design and analysis,
transient operation, controls and optimization, Applied Energy,
2018, 215, 237-289, doi: 10.1016/j.apenergy.2018.01.098.

[34] F. Baldi, S. Moret, K. Tammi, F. Maréchal, The role of solid
oxide fuel cells in future ship energy systems, Energy, 2020, 194,
116811, doi: 10.1016/j.energy.2019.116811.

[35] Q. Long, R. Sha, R. Wang, B. Xu, H. Men, Q. Wang, J. Hou,
Research progress of composite cathode materials for Solid oxide
fuel cells, Progress in Natural Science: Materials International,
2023, 33,267-278, doi: 10.1016/j.pnsc.2023.08.016.

[36] G. H. Byun, J. A. Kim, N. Y. Kim, Y. S. Cho, C. R. Park,
Molecular engineering of hydrocarbon membrane to substitute
perfluorinated sulfonic acid membrane for proton exchange
membrane fuel cell operation, Materials Today Energy, 2020, 17,
100483, doi: 10.1016/j.mtener.2020.100483.

[37] S. G. Peera, T. G. Lee, A. K. Sahu, Pt-rare earth metal
alloy/metal oxide catalysts for oxygen reduction and alcohol
oxidation reactions: an overview, Sustainable Energy & Fuels,
2019, 3, 1866-1891, doi: 10.1039/C9SE00082H.

[38] C. A. Campos-Roldan, D. J. Jones, J. Roziére, S. Cavaliere,
Platinum-rare earth alloy electrocatalysts for the oxygen
reduction reaction: a brief overview, ChemCatChem, 2022, 14,

Eng. Sci., 2025, 36, 1627 | 11


https://www.espublisher.com/
https://doi.org/10.1021/acs.chemrev.1c00644
https://doi.org/10.1021/acs.chemrev.1c00644

Review article

Engineered Science

€202200334, doi: 10.1002/cctc.202200334.

[39] H. Oda, Y. Okuyama, T. Sakai, H. Matsumoto, Preparation
of nano-structured LagSro4Coo2Feos03.5 cathode for protonic
ceramic fuel cell by bead-milling method. Materials Transactions,
2014, 55, P. 722-727, doi: 10.2320/matertrans.M2013426

[40] S. Zhuiykov, Nanostructured semiconductor composites for
solid oxide fuel cells (SOFCs). Nanostructured Semiconductors.
Amsterdam: Elsevier, 2018, 413-474, doi: 10.1016/b978-0-08-
101919-1.00008-8.

[41] A. M. Abdalla, S. Hossain, A. T. Azad, P. M. 1. Petra, F.
Begum, S. G. Eriksson, A. K. Azad, Nanomaterials for solid oxide
fuel cells: A review, Renewable and Sustainable Energy Reviews,
2018, 82, 353-368, doi: 10.1016/j.rser.2017.09.046.

[42] L. Wang, S. Yu, L. Zhang, Y. Gu, L. Bi, New
Sr:FeMo00.5X0.506 (X=Ni, co, Mn, Zn) cathodes for proton-
conducting SOFCs, International Journal of Hydrogen Energy,
2024, 50, 887-896, doi: 10.1016/j.ijhydene.2023.09.118.

[43] R. Tang, X. Men, L. Zhang, L. Bi, Z. Liu, Rational
modification of traditional LagsSros(Fe/Mn)O; cathodes for
proton-conducting solid oxide fuel cells: Inspiration from nature,
Ceramics International, 2023, 49, 26380-26390, doi:
10.1016/j.ceramint.2023.05.174.

[44] M. Shen, F. Ai, H. Ma, H. Xu, Y. Zhang. Progress and
prospects of reversible solid oxide fuel cell materials. Cell press:
iScience, 2021, 24 doi: 10.1016/].is¢i.2021.103464

[45] X. Xu, Y. Xu, J. Ma, Y. Yin, M. Fronzi, X. Wang, L. Bi,
Tailoring electronic structure of perovskite cathode for proton-
conducting solid oxide fuel cells with high performance, Journal
of  Power  Sources, 2021, 489, 229486, doi:
10.1016/j.jpowsour.2021.229486.

[46]M. Z. Khan, R.-H. Song, M. T. Mehran, S.-B. Lee, T.-H. Lim,
Controlling cation migration and inter-diffusion across
cathode/interlayer/electrolyte interfaces of solid oxide fuel cells:
A review, Ceramics International, 2021, 47, 5839-5869, doi:
10.1016/j.ceramint.2020.11.002.

[47] A. Wain-Martin, A. Moran-Ruiz, M. A. Laguna-Bercero, R.
Campana, A. Larrafiaga, P. R. Slater, M. 1. Arriortua, SOFC
cathodic layers using wet powder spraying technique with self
synthesized nanopowders, International Journal of Hydrogen
Energy, 2019, 44, 7555-7563, doi:
10.1016/j.ijhydene.2019.01.220.

[48] L. Bian, C. Liu, S. Li, J. Peng, X. Li, L. Guan, Y. Liu, J.H.
Peng, S. An, X. Song. Highly stable LagsSrosFeo9Moo 1034
electrode for reversible symmetric solid oxide cells. International
Journal of Hydrogen Energy, 2020, 45, P. 19813-19822, doi:
10.1016/.ijhydene.2020.05.117

[49] M. Wu, H. Cai, F. Jin, N. Sun, J. Xu, L. Zhang, X. Han, S.
Wang, X. Su, W. Long, L. Wang, L. Zhang, Assessment of cobalt—
free ferrite—based = perovskite Ln0.5Sr05Fe0.oMo0.103-5
(Ln=Ilanthanide) as cathodes for IT-SOFCs, Journal of the
European  Ceramic Society, 2021, 41, 2682-2690, doi:
10.1016/j.jeurceramsoc.2020.11.035.

[50] W. Kong, M. Zhang, Z. Han, Q. Zhang, A theoretical model
for the triple phase boundary of solid oxide fuel cell electrospun
electrodes, Applied  Sciences, 2019, 9, 493, doi:

12| Eng. Sci., 2025, 36, 1627

10.3390/app9030493.

[51] J. D. Fehribach, R. O’Hayre, Triple phase boundaries in
solid-oxide cathodes, SIAM Journal on Applied Mathematics,
2009, 70, 510-530, doi: 10.1137/080722667.

[52] K. Amezawa, X-ray absorption spectroscopic studies on
solid oxide fuel cells and proton-conducting ceramic fuel cells,
Current Opinion in Electrochemistry, 2020, 21, 250-256, doi:
10.1016/j.coelec.2020.03.017.

[53] M. Zybert, H. Ronduda, W. Rar6g-Pilecka, W. Wieczorek,
Application of rare earth elements as modifiers for Ni-rich
cathode materials for Li-ion batteries: a mini review, Frontiers in
Energy Research, 2023, 11, 1248641, doi:
10.3389/fenrg.2023.1248641.

[54] Z. Tang, Q.-A. Huang, Y.-J. Wang, F. Zhang, W. Li, A. Li, L.
Zhang, J. Zhang, Recent progress in the use of electrochemical
impedance spectroscopy for the measurement, monitoring,
diagnosis and optimization of proton exchange membrane fuel
cell performance, Journal of Power Sources, 2020, 468, 228361,
doi: 10.1016/j.jpowsour.2020.228361.

[55] S. Zarabi Golkhatmi, M. 1. Asghar, P. D. Lund, A review on
solid oxide fuel cell durability: Latest progress, mechanisms, and
study tools, Renewable and Sustainable Energy Reviews, 2022,
161, 112339, doi: 10.1016/j.rser.2022.112339.

[56] W. Wang, X.-B. Xie, Q. Xu, D.-P. Huang, M. Chen, K. Zhao,
D.-C. Chen, F. Zhang, Enhanced stability of electrocatalytic
properties against cathodic current polarization for chromium
ferrite perovskite-based composite cathodes, [Infernational
Journal of Hydrogen Energy, 2024, 55, 1174-1184, doi:
10.1016/j.ijjhydene.2023.11.214.

[571 M. Li, Z. Sun, W. Yang, T. Hong, Z. Zhu, Y. Zhang, X. Wu,
C. Xia, Mechanism for the enhanced oxygen reduction reaction
of LageSro4Coo2Feos03-5 by strontium carbonate, Physical
Chemistry  Chemical Physics, 2017, 19, 503-509, doi:
10.1039/C6CP06204K.

[58] H. Wang, W. Zhang, K. Guan, Z. Wei, J. Meng, J. Meng, X.
Liu, Enhancing activity and durability of A-site-deficient
(Lao.6Sr0.4)0.95C00.2Fe0 303-5 cathode by surface modification with
PrO,_; nanoparticles, ACS Sustainable Chemistry & Engineering,
2020, 8, 3367-3380, doi: 10.1021/acssuschemeng.9b07354.

[59] H. J. Choi, K. Bae, S. Grieshammer, G. D. Han, S. W. Park,
J. W. Kim, D. Y. Jang, J. Koo, J.-W. Son, M. Martin, J. H. Shim,
Surface tuning of solid oxide fuel cell cathode by atomic layer
deposition, Advanced Energy Materials, 2018, 8, 1802506, doi:
10.1002/aenm.201802506.

[60] S.-S. Chai, W.-B. Zhang, J.-L. Yang, L. Zhang, M. M. Theint,
X.-L. Zhang, S.-B. Guo, X. Zhou, X.-J. Ma, Sustainability
applications of rare earths from metallurgy, magnetism, catalysis,
luminescence to future electrochemical pseudocapacitance
energy storage, RSC Sustainability, 2023, 1, 38-71, doi:
10.1039/D2SU00054G.

[61] J. Ma, Y. Pan, Y. Wang, Y. Chen, A Sr and Ni doped
Ruddlesden—Popper perovskite oxide La;.¢Sr94Cuo.6Nip4Oasts as a
promising cathode for protonic ceramic fuel cells, Journal of
Power Sources, 2021, 509, 230369, doi:
10.1016/j.jpowsour.2021.230369.

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Review article

[62] K. Zouhri, M. Shinneeb, M. Chikhalsouk, J. Cress, Solid
oxide fuel cell cathode diffusion polarization: materials and
exergy study, Energy Conversion and Management, 2021, 231,
113865, doi: 10.1016/j.enconman.2021.113865.

[63] L. Gan, X. Montero, S. A. Sheikh, I. Saeki, H. Murakami,
Microstructure and area specific resistance of cathodic half cells
for solid oxide fuel cells composed of perovskite-type cathodes
and co-alloy-coated ferritic stainless steel interconnects, Surface
and  Coatings Technology, 2021, 406, 126659, doi:
10.1016/j.surfcoat.2020.126659.

[64] S. V. Panié, M. R. Pantovi¢ Pavlovi¢, M. M. Varni¢i¢, V.
Tadi¢, S. Stopi¢, B. Friedrich, M. M. Pavlovi¢, Rare-
earth/manganese  oxide-based composites materials for
electrochemical oxygen reduction reaction, Catalysts, 2022, 12,
641, doi: 10.3390/catal12060641.

[65] F. Chen, D. Zhou, X. Xiong, J. Pan, D. Cai, Z. Wei, X. Chen,
Y. Liu, N. Luo, J. Yan, T. Fujita, Doping strategy on improving
the overall cathodic performance of double perovskite
LnBaCo,0s+5 (Ln=Pr, Gd) as potential SOFC cathode materials,
Journal  of  Materiomics, 2023, 9, 825-837, doi:
10.1016/j.jmat.2023.02.004.

[66] Y. Yamaguchi, I. Kagomiya, S. Minami, H. Shimada, H.
Sumi, Y. Ogura, Y. Mizutani, Lag ¢sCao 35FeOs.; as a novel Sr- and
co-free cathode material for solid oxide fuel cells, Journal of
Power Sources, 2020, 448, 227426, doi:
10.1016/j.jpowsour.2019.227426.

[67] M. Ali S. A., M. Anwar, N. F. Raduwan, A. Muchtar, M. R.
Somalu, Optical, mechanical and electrical properties of LSCF—
SDC composite cathode prepared by Sol-gel assisted rotary
evaporation technique, Journal of Sol-Gel Science and
Technology, 2018, 86, 493-504, doi: 10.1007/s10971-018-4636-
8.

[68] Y. T. Kim, N. Shikazono, Evaluation of electrochemical
reaction  mechanisms  of  LageSro4C003.5-Gdo.1Ce902-5
composite cathodes by 3D numerical simulation, Solid State
lonics, 2018, 319, 162-169, doi: 10.1016/].51.2018.02.014.

[69] K. Sato, C. Iwata, N. Kannari, H. Abe, Highly accelerated
oxygen reduction reaction kinetics in colloidal-processing-
derived  nanostructured  lanthanum  strontium  cobalt
ferrite/gadolinium-doped  ceria  composite  cathode for
intermediate-temperature solid oxide fuel cells, Journal of Power
Sources, 2019, 414, 502-508, doi:
10.1016/j.jpowsour.2019.01.032.

[70] A. M. Mehdi, A. Hussain, R. H. Song, T.-H. Lim, W. W.
Kazmi, H. Ahmad Ishfaq, M. Z. Khan, S. Qamar, M. W. Syed, M.
T. Mehran, Improving the durability of cobaltite cathode of solid
oxide fuel cells—a review, RSC Advances,2023,13,25029-25053,
doi: 10.1039/D3RA02571C.

[71] Z. Liu, Y. Gu, L. Bi, Applications of electrospun nanofibers
in solid oxide fuel cells—A review, Journal of Alloys and
Compounds, 2023, 937, 168288, doi:
10.1016/j.jallcom.2022.168288.

[72] S.-L. Cui, D. Feng, Z.-X. Xiao, S. Liu, X.-P. Gao, G.-R. Li,
Eu,03-doped LisSiOj4 coating layer with a high ionic conductivity
improving performance of LiNiggCoo.1Mng 1O, cathode materials,

Engineered Science Publisher

Electrochimica Acta, 2022,
10.1016/j.electacta.2022.140436.
[73] J. Zhou, X. Lin, C. Long, Y. Li, Z. Tao, Performance
optimization for proton conducting SOFCs by impregnating
triple-conducting NBSCF to form composite cathode, Materials
Letters, 2022, 328, 133181, doi:
10.1016/j.matlet.2022.133181.[LinkOut

[74] C. Nicollet, A. Flura, V. Vibhu, S. Fourcade, A. Rougier, J.-
M. Bassat, J.-C. Grenier, Preparation and characterization of
ProNiOgsginfiltrated into Gd-doped ceria as SOFC cathode,
Journal of Solid State Electrochemistry,2016,20,2071-2078, doi:
10.1007/s10008-016-3211-x.

[75] A. A. Sinha, Sanjay, M. Z. Ansari, A. K. Shukla, T.
Choudhary, Comprehensive review on integration strategies and
numerical modeling of fuel cell hybrid system for power & heat
production, International Journal of Hydrogen Energy, 2023, 48,
33669-33704, doi: 10.1016/j.ijhydene.2023.05.097.

[76] A. Kasaeian, M. Javidmehr, M. R. Mirzaie, L. Fereidooni,
Integration of solid oxide fuel cells with solar energy systems: A
review, Applied Thermal Engineering, 2023, 224, 120117, doi:
10.1016/j.applthermaleng.2023.120117.

[77] Z. Zhang, D. Xie, J. Ni, C. Ni, Ba,YCu3O¢+s-based cathode
material for proton-conducting solid oxide fuel cells, Ceramics
International, 2021, 47, 14673-14679, doi:
10.1016/j.ceramint.2021.01.242.

[78] J. Yang, H. Li, R. Zhou, C. Du, S. Wang, Preparation and
properties of anode material LSCM for SOFC, Journal of Alloys
and Compounds, 2024, 986, 174145, doi:
10.1016/j.jallcom.2024.174145.

[79] A. N. Zainon, M. R. Somalu, A. M. Kamarul Bahrain, A.
Muchtar, N. A. Baharuddin, S. A. Muhammed Ali, N. Osman, A.
Abdul Samat, A. K. Azad, N. P. Brandon, Challenges in using
perovskite-based anode materials for solid oxide fuel cells with
various fuels: a review, [nternational Journal of Hydrogen
Energy, 2023, 48, 20441-20464, doi:
10.1016/j.ijhydene.2022.12.192.

[80] X. Li, X. Jiang, H. Xu, Q. Xu, L. Jiang, Y. Shi, Q. Zhang,
Scandium-doped PrBaCos-, Sc x O¢-s oxides as cathode material
for intermediate-temperature solid oxide fuel cells, International
Journal of Hydrogen Energy, 2013, 38, 12035-12042, doi:
10.1016/j.ijhydene.2013.07.024.

[81] D. Jeong, J. Kim, O. Kwon, C. Lim, S. Sengodan, J. Shin, G.
Kim, Scandium doping effect on a layered perovskite cathode for
low-temperature solid oxide fuel cells (LT-SOFCs), Applied
Sciences, 2018, 8, 2217, doi: 10.3390/app8112217.

[82] T. Raza, J. Yang, R. Wang, C. Xia, R. Raza, B. Zhu, S. Yun,
Recent advance in physical description and material development
for single component SOFC: A mini-review, Chemical
Engineering Journal, 2022, 444, 136533, doi:
10.1016/j.cej.2022.136533.

[83] A. F. M. A. Fatah, A. A. Mohamad, M. A. S. A., A. Muchtar,
N. A. Arifin, W. N. A. W. Yusoff, N. A. Hamid, Influence of ZnO
on electrochemical and physiochemical properties of lanthanum
strontium cobalt ferrite as cathode for intermediate temperature
solid oxide fuel cells, International Journal of Technology, 2023,

420, 140436, doi:

Eng. Sci., 2025, 36, 1627 | 13


https://www.espublisher.com/
http://dx.doi.org/10.1016/j.matlet.2022.133181

Review article

Engineered Science

14, 1123, doi: 10.14716/ijtech.v14i5.6341.

[84] X. Tong, S. Ovtar, K. Brodersen, P. V. Hendriksen, M. Chen,
Large-area solid oxide cells with LageSro4CoOs.s infiltrated
oxygen electrodes for electricity generation and hydrogen
production, Journal of Power Sources, 2020, 451, 227742, doi:
10.1016/j.jpowsour.2020.227742.

[85] V. Zapata-Ramirez, P. Rosendo-Santos, U. Amador, C. Ritter,
G. C. Mather, D. Pérez-Coll, Optimisation of high-performance,
cobalt-free SrFe;..Mo,Os.s cathodes for solid oxide fuel cells
prepared by spray pyrolysis, Renewable Energy, 2022,185, 1167-
1176, doi: 10.1016/j.renene.2021.12.121.

[86] S. Hussain, Y. Li, Review of solid oxide fuel cell materials:
cathode, anode, and electrolyte, Energy Transitions, 2020, 4, 113-
126, doi: 10.1007/s41825-020-00029-8.

[87]1 K. Xu, K. Pei, B. Zhao, Y. Zhao, Q. Niu, Y. Chen, An oxygen
reduction reaction active and durable SOFC cathode/electrolyte
interface achieved via a cost-effective spray-coating,
International Journal of Hydrogen Energy, 2021, 46, 32242-
32249, doi: 10.1016/j.ijhydene.2021.06.224.

[88] A. Olszewska, K. Swierczek, ReBaCo,.,Mn,Os.s (Re: rare
earth element) layered perovskites for application as cathodes in
solid oxide fuel cells, E3S Web of Conferences, 2019, 108, 01020,
doi: 10.1051/e3sconf/201910801020.

[89] S. L. A. Gongalves, R. de Carvalho Borges Garcia, T.
Matencio, Solid oxide fuel cell’s interconnectors. Solid Oxide-
Based Electrochemical Devices, Amsterdam: Elsevier, 2020, 27-
54, doi: 10.1016/b978-0-12-818285-7.00002-2.

[90] M. A. Yatoo, F. Habib, A. H. Malik, M. J. Qazi, S. Ahmad,
M. A. Ganayee, Z. Ahmad, Solid-oxide fuel cells: a critical
review of materials for cellcomponents, MRS Communications,
2023, 13, 378-384, doi: 10.1557/s43579-023-00371-0.

[91] A. Niemczyk, A. Olszewska, Z. Du, Z. Zhang, K. Swierczek,
H. Zhao, Assessment of layered La..(Sr, Ba),CuOs.; oxides as
potential cathode materials for SOFCs, International Journal of
Hydrogen  Energy, 2018, 43, 15492-15504,  doi:
10.1016/j.ijhydene.2018.06.119.

[92] B. Sundén, Modeling approaches for fuel cells. Hydrogen,
Batteries and Fuel Cells, Amsterdam: Elsevier, 2019, 167-202,
doi: 10.1016/b978-0-12-816950-6.00010-5.

[93] M. Xie, C. Cai, X. Duan, K. Xue, H. Yang, S. An, Review on
Fe-based double perovskite cathode materials for solid oxide fuel
cells, Energy Materials, 2024, 4, doi:
10.20517/energymater.2023.70.

[94] M. Dewa, W. Yu, N. Dale, A. M. Hussain, M. G. Norton, S.
Ha, Recent progress in integration of reforming catalyst on metal-
supported SOFC for hydrocarbon and logistic fuels, International
Journal of Hydrogen Energy, 2021, 46, 33523-33540, doi:
10.1016/.ijhydene.2021.07.177.

[95] H. Helal, M. Ahrouch, A. Rabehi, D. Zappa, E. Comini,
Nanostructured materials for enhanced performance of solid
oxide fuel cells: a comprehensive review, Crystals, 2024, 14, 306,
doi: 10.3390/cryst14040306.

[96] P. Zhang, Z. Yang, Y. Jin, C. Liu, Z. Lei, F. Chen, S. Peng,
Progress report on the catalyst layers for hydrocarbon-fueled
SOFCs, International Journal of Hydrogen Energy, 2021, 46,

14| Eng. Sci., 2025, 36, 1627

39369-39386, doi: 10.1016/j.ijhydene.2021.09.198.

[97] B. Xia, H. Zhang, C. Yao, H. Lou, M. Chen, Z. Zhang, Y.
Sun, W. Zhang, H. Wang, X. Lang, K. Cai, Enhancing ORR
activity and CO; tolerance of Pr4SrosCoo.FeosO3 d-based
SOFC cathode through synergistic doping and surface
modification, Applied Surface Science, 2024, 649, 159143, doi:
10.1016/j.apsusc.2023.159143.

[98] Y.-P. Wang, S.-H. Liu, H.-Y. Zhang, C.-X. Li, S.-L. Zhang,
G.-J. Yang, C.-J. Li, Structured LagsSro4Co02Fe0303.5 cathode
with large-scale vertical cracks by atmospheric laminar plasma
spraying for IT-SOFCs, Journal of Alloys and Compounds, 2020,
825, 153865, doi: 10.1016/j.jallcom.2020.153865.

[99]J. Peng, J. Huang, X.-L. Wu, Y.-W. Xu, H. Chen, X. Li, Solid
oxide fuel cell (SOFC) performance evaluation, fault diagnosis
and health control: A review, Journal of Power Sources, 2021,
505, 230058, doi: 10.1016/j.jpowsour.2021.230058.

[100] R. Wang, Review of materials for solid oxide fuel cell,
Highlights in Science, Engineering and Technology, 2023, 46,
176-180, doi: 10.54097/hset.v461.7699.

[101] Z. Zeng, Y. Qian, Y. Zhang, C. Hao, D. Dan, W. Zhuge, A
review of heat transfer and thermal management methods for
temperature gradient reduction in solid oxide fuel cell (SOFC)
stacks, Applied Energy, 2020, 280, 115899, doi:
10.1016/j.apenergy.2020.115899.

[102] C. Gumeci, J. Parrondo, A. M. Hussain, D. Thompson, N.
Dale, Praseodymium based double-perovskite cathode nanofibers
for intermediate temperature solid oxide fuel cells (IT-SOFC),
International Journal of Hydrogen Energy, 2021, 46, 31798-
31806, doi: 10.1016/j.ijhydene.2021.07.070.

[103] M. G. Sahini, B. S. Mwankemwa, N. Kanas, Ba,Sr;.
+Co,Fe 1,035 (BSCF) mixed ionic-electronic conducting (MIEC)
materials for oxygen separation membrane and SOFC
applications: Insights into processing, stability, and functional
properties, Ceramics International, 2022, 48, 2948-2964, doi:
10.1016/j.ceramint.2021.10.189.

[104] M. A. K. Y. Shah, S. Rauf, N. Mushtaq, Z. Tayyab, N. Ali,
M. Yousaf, Y. Xing, M. Akbar, P. D. Lund, C. P. Yang, B. Zhu, M.
I. Asghar, Semiconductor Fe-doped SrTiOs; perovskite
electrolyte for low-temperature solid oxide fuel cell (LT-SOFC)

operating below 520 °C, International Journal of Hydrogen

Energy, 2020, 45, 14470-14479, doi:
10.1016/j.ijhydene.2020.03.147.

[105] N. Shah, X. Xu, J. Love, H. Wang, Z. Zhu, L. Ge,
Mitigating thermal expansion effects in solid oxide fuel cell
cathodes: A critical review, Journal of Power Sources, 2024,599,
234211, doi: 10.1016/j.jpowsour.2024.234211.

[106] L. A. Omeiza, A. Kabyshev, K. Bekmyrza, K. A.
Kuterbekov, M. Kubenova, Z. A. Zhumadilova, Y. Subramanian,
M. Ali, N. Aidarbekov, A. K. Azad, Constraints in sustainable
electrode materials development for solid oxide fuel cell: A brief
review, Materials Science for Energy Technologies, 2025, 8, 32-
43, doi: 10.1016/j.mset.2024.07.001.

[107] R. Ebrahim, M. Yeleuov, A. Ignatiev, 3D porous nickel
anode for low temperature thin solid oxide fuel cell applications,

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Review article

Advanced Materials Technologies, 2017, 2, 1700098, doi:
10.1002/admt.201700098.

[108] F. Ramadhani, M. A. Hussain, H. Mokhlis, S. Hajimolana,
Optimization strategies for solid oxide fuel cell (SOFC)
application: a literature survey, Renewable and Sustainable
Energy Reviews, 2017, 76, 460-484, doi:
10.1016/j.rser.2017.03.052.

[109]J. Li, Q. Cai, B. Amini Horri, Highly conductive and stable
electrolytes for solid oxide electrolysis and fuel cells: fabrication,
characterisation, recent progress and challenges, Materials
Advances, 2025, 6, 39-83, doi: 10.1039/D4AMA00690A.

[110] L. Ye, K. Xie, High-temperature electrocatalysis and key
materials in solid oxide electrolysis cells, Journal of Energy
Chemistry, 2021, 54, 736-745, doi:
10.1016/j.jechem.2020.06.050.

[111] L. A. Dunyushkina, S. A. Belyakov, N. M. Filatov, Proton-
conducting alkaline earth hafnates: A review of manufacturing
technologies, physicochemical properties and electrochemical
performance, Journal of the European Ceramic Society, 2023, 43,
6681-6698, doi: 10.1016/j.jeurceramsoc.2023.07.011.

[112] M. Yousaf, Y. Lu, M. Akbar, L. Lei, S. Jing, Y. Tao,
Advances in solid oxide fuel cell technologies: lowering the
operating temperatures through material innovations, Materials
Today Energy, 2024, 44, 101633, doi:
10.1016/j.mtener.2024.101633.

[113] L. Fan, B. Zhu, P.-C. Su, C. He, Nanomaterials and
technologies for low temperature solid oxide fuel cells: Recent
advances, challenges and opportunities, Nano Energy, 2018, 45,
148-176, doi: 10.1016/j.nanoen.2017.12.044.

[114] M. Singh, D. Zappa, E. Comini, Solid oxide fuel cell:
Decade of progress, future perspectives and challenges,
International Journal of Hydrogen Energy, 2021, 46, 27643-
27674, doi: 10.1016/j.ijhydene.2021.06.020.

[115] V. Das, S. Padmanaban, K. Venkitusamy, R.
Selvamuthukumaran, F. Blaabjerg, P. Siano, Recent advances and
challenges of fuel cell based power system architectures and
control—-A review, Renewable and Sustainable Energy Reviews,
2017, 73, 10-18, doi: 10.1016/j.rser.2017.01.148.

[116] J. Patakangas, Y. Ma, Y. Jing, P. Lund, Review and analysis
of characterization methods and ionic conductivities for low-
temperature solid oxide fuel cells (LT-SOFC), Journal of Power
Sources, 2014, 263, 315-331, doi:
10.1016/j.jpowsour.2014.04.008.

[117] K. Lee, J. Kang, J. Lee, S. Lee, J. Bae, Evaluation of metal-
supported solid oxide fuel cells (MS-SOFCs) fabricated at low

temperature (~1, 000 °C) using wet chemical coating processes

and a catalyst wet impregnation method, /nternational Journal of
Hydrogen Energy, 2018, 43, 3786-3796, doi:
10.1016/j.ijhydene.2018.01.027.

[118] Y. Lu, M. Akbar, C. Xia, Y. Mi, L. Ma, B. Wang, B. Zhu,
Catalytic membrane with high ion—electron conduction made of
strongly correlated perovskite LaNiO3 and Ce sSmg20,-5 for fuel
cells, Journal of Catalysis, 2020, 386, 117-125, doi:
10.1016/j.jcat.2020.04.004.

Engineered Science Publisher

[119] H. G. Desta, G. Gebreslassie, J. Zhang, B. Lin, Y. Zheng, J.
Zhang, Enhancing performance of lower-temperature solid oxide
fuel cell cathodes through surface engineering, Progress in
Materials Science, 2025, 147, 101353, doi:
10.1016/j.pmatsci.2024.101353.

[120] M. Shen, P. Zhang, Progress and challenges of cathode
contact layer for solid oxide fuel cell, International Journal of
Hydrogen  Energy, 2020, 45, 33876-33894,  doi:
10.1016/j.ijhydene.2020.09.147.

[121] L. Blum, L. G. J. Bert de Haart, J. Malzbender, N. H.
Menzler, J. Remmel, R. Steinberger-Wilckens, Recent results in
Jiilich solid oxide fuel cell technology development, Journal of
Power Sources, 2013, 241, 477-485, doi:
10.1016/j.jpowsour.2013.04.110.

[122] X. Zhou, F. Zhou, Application of Lag3Sro7Feo7Tio30s-
s/GDC electrolyte in LT-SOFC, International Journal of
Hydrogen Energy, 2021, 46, 9988-9995, doi:
10.1016/j.ijhydene.2020.01.171.

[123] D. Marinha, L. Dessemond, E. Djurado, Comprehensive
review of current developments in IT-SOFCs, Current Inorganic
Chemistry, 2013, 3, 2-22, doi: 10.2174/1877944111303010003.
[124] J. P. J. de Oliveira, F. C. Antunes, T. Dias, R. Cesar, G. G.
Silva, J. Hunt, G. Doubek, H. Zanin, Porous metal substrates for
solid oxide fuel cells: Manufacturing techniques and future
perspectives, Ceramics International, 2025, 51, 10951-10972,
doi: 10.1016/j.ceramint.2025.01.059.

Publisher’s Note: Engineered Science Publisher remains
neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

Open Access

This article is licensed under a Creative Commons Attribution
4.0 International License, which permits the use, sharing,
adaptation, distribution and reproduction in any medium or
format, as long as appropriate credit to the original author(s)
and the source is given by providing a link to the Creative
Commons license and changes need to be indicated if there are
any. The images or other third-party material in this article are
included in the article's Creative Commons license, unless
indicated otherwise in a credit line to the material. If material
is not included in the article's Creative Commons license and
your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this
license, visit http://creativecommons.org/ licenses/by/4.0/.

©The Author(s) 2025

Eng. Sci., 2025, 36, 1627 | 15


https://www.espublisher.com/

