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ABSTRACT

The shift toward low-emission energy technologies is increasing interest in intermediate- temperature solid oxide
fuel cells (IT-SOFCs), where cathode performance is crucial for system efficiency and durability. The perovskite
compound Lao.7Sre.sBOs (B = Fe, Mn, Ni) is promising as a cathode material due to its flexible crystal structure
and mixed ionic—electronic conductivity (MIEC) properties. This article comparatively reviews three main
systems: Lao.7Sro.3FeOs, Lao.7Sro.sMnOs, and Lao.7Sro.3NiOs based on their crystal structure, metal ion valence,
oxygen vacancy concentration, conductivity, oxygen reduction reaction (ORR) activity, and thermal and
chemical stability. The analysis results indicate a trade-off between electrochemical activity and stability: the Fe
system has high stability but moderate activity, the Mn system offers a balance of both, while the Ni system
shows the highest activity but is susceptible to high-temperature degradation. Optimization of the composition
and oxygen vacancy (6 =~ 0.10-0.18) can improve the conductivity without compromising crystal stability. This
study emphasizes the importance of composition engineering, surface modification, and composite cathode

fabrication to produce more efficient and durable next-generation IT-SOFC perovskite cathodes.

Keywords: Lao.7Sr0.3BOs, perovskite, IT-SOFC, oxygen vacancies, cation valence, and thermal stability.
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INTRODUCTION

The global energy crisis and growing concerns about climate change are forcing the world to shift
towards clean and sustainable energy sources. Since the 19th century, humans have relied on fossil fuels
to generate electricity, which ultimately produces greenhouse gases such as CO2, CHa, and NOx. These
gases cause global warming and damage the environment '. Amidst this situation, the development of
efficient and low-emission energy conversion technologies has become crucial 3. One technology that has
attracted attention is the Solid Oxide Fuel Cell (SOFC), as it is capable of converting the chemical energy
of fuel directly into electrical energy. SOFCs are highly flexible because they can work with various types
of fuel and their efficiency can reach 60-65% *3, while producing low pollution ¢’. However, conventional
SOFCs, which require high temperatures (>900 °C), face major problems, such as electrode assembly,
temperature mismatch between components, and high production costs 8°.

To address these issues, researchers turned to intermediate-temperature SOFC (IT-SOFC) technology,
which operates at temperatures of 500-700°C !. Although its efficiency potential remains high, the impact
of thermal degradation and material packaging issues can be better controlled ° !!. The main factor
affecting IT- SOFC performance is the cathode material. At intermediate temperatures, the mechanism of
electron and ion transfer, as well as the activation of oxygen reduction reactions (ORR) on the surface, is
more difficult to achieve using cathode materials commonly used for high temperatures. Therefore, a
suitable cathode for IT-SOFC must have good electron and oxygen ion conductivity, be heat resistant, and
be able to perform ORR reactions effectively 12,

One promising candidate for IT-SOFC cathodes is the perovskite oxide Lai~SriBOs (A = La/Sr; B =
transition metal) 13!, due to its flexible crystal structure and combined ionic and electronic conductivity
(MIEC) properties ' ''. This property allows the transfer of electrons and oxygen ions to occur
simultaneously in its crystal structure at intermediate temperatures !> 4. Furthermore, research by Telford
[15] shows that in the Lai—SrFei-yMn,0s- system, the crystal structure and number of oxygen vacancies
(0) are influenced by the substitution of transition metals at the B site, thereby affecting the functional
properties of the oxide. This combination makes La-based perovskite systems, particularly La:—SrxBOs (B
= Fe, Mn, Ni), a strong candidate for IT-SOFC cathodes because they are able to maintain a balance
between electrochemical activity and high-temperature stability. Previous studies have explored the
Lai—«SrFeOs, LaiSriMnOs, and LaiSrNiOs systems separately; however, the results are sometimes
difficult to compare directly due to differences in the fabrication methods, test conditions, and
characterization techniques used '¢. Cheraparambil et al. !7 studied the LaNiFei—Os series using in-situ
testing to determine the role of Ni and Fe in the formation of surface active sites, although this study
focused on the Ni-Fe system without comparing the results with complete data for the Mn or pure Fe
systems at the same Lao.7Sro.3 composition. Meanwhile, research on the manganite family (Lai-Sr,MnOs)
shows that variations in Sr content and the effects of high temperatures influence structure, magnetic
properties, and local conductivity, although these studies are generally not designed to be directly
compared with Ni or Fe-based series under the same synthesis and testing conditions '8, Niu, Y. !2
emphasize that the decrease in ORR (oxygen reduction reaction) rate and cathode degradation are major
obstacles for IT-SOFCs, so it is important to understand directly how substitution at site B (Fe, Mn, Ni)

affects ORR kinetics, oxygen vacancy number, and thermal stability at the same base composition !0 1920-
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Therefore, there is still an imbalance in understanding how the variation of transition metals at site B
(Fe, Mn, Ni) affects the balance between electronic conductivity, oxidation-reduction reaction (ORR)
activity, and thermal stability in the same Lao.7Sto.sBOs system. As a result, this article aims to conduct a
systematic and comparative analysis of the impact of substitution at site B (Fe, Mn, Ni) on Lao.7Sr0.3BOs.
The aspects analyzed include crystal structure and metal ion valence, oxygen vacancy concentration and
ORR activity, electrical conductivity and magnetic properties, as well as thermal stability and suitability
for IT-SOFC systems. By summarizing and critiquing the latest research results from the past five years,
this article is expected to provide a comprehensive overview and direction for future research in designing
efficient and durable perovskite cathodes for IT-SOFC applications.

1. La-based Perovskite Structure
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Figure 1. Schematic illustration of the ABOs perovskite structure highlighting A-site (La/Sr), B-site (Fe, Mn,
Ni), and oxygen sublattices relevant to Lao.7Sr0.3BOs cathodes.

Structural Stblity

Figure 1 illustrates the general ABOs perovskite framework relevant to Lao.7Sro.3BOs cathodes, highlighting
the roles of the A-site, B-site, and oxygen sublattices. In this structure, La*" and Sr** cations occupy the A-site
positions, where partial substitution of La*" by Sr** introduces charge imbalance that must be compensated
within the lattice. This charge compensation occurs through changes in the oxidation state of the B-site
transition metals and/or the formation of oxygen vacancies (Vo), a characteristic feature of non-stoichiometric
perovskite oxides ?!'. The B-site cations (Fe, Mn, or Ni) are located at the centers of BOs octahedra and play a
dominant role in determining metal-oxygen bond strength, electronic transport behavior, and oxygen reduction
reaction (ORR) activity. Oxygen anions coordinate the B-site cations and serve as the primary sites for vacancy
formation, where the presence and distribution of oxygen vacancies significantly influence oxygen-ion
diffusion and surface exchange kinetics 2! 22, As the B-site element varies from Fe to Mn and Ni, systematic
changes in metal-oxygen bonding strength and oxygen vacancy concentration lead to a trade-off between
structural stability and electrochemical activity, which underpins the performance of Lao.7Sro.3BO; cathodes in
IT-SOFC applications.
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Perovskites with an ABOs crystal structure, where A is a large cation and B is a transition cation such as

Fe, Mn, or Ni, have a high ability to change their composition. By replacing ions in positions A and/or B, we
can adjust the lattice structure, oxidation state, and number of oxygen vacancies (3). In this system, the addition
of Sr** or changing the type of ion in the B position with a different ion size will change the crystal shape from
rhombohedral to cubic, along with an increase in the tolerance factor and the width of the B-O—B orbital band
1314 These changes have a direct impact on oxygen flow mechanisms and stability: more symmetrical (cubic)

structures typically have better conductivity but weaker oxygen bonds, resulting in reduced oxidative stability
323

The ionic and electronic conductivity (MIEC) properties of La-based perovskites arise due to variations in
the charge levels of transition metal ions, which enable electron movement and oxygen ion diffusion through
oxygen vacancies (9). In the context of ion-tunnel solid oxide fuel cells (IT-SOFCs), the main challenge arises
when the operating temperature is lowered to between 600 and 800 degrees Celsius, as the oxygen ion diffusion
rate and oxygen reduction reaction (ORR) rate decrease significantly. Therefore, modification strategies at site
B are crucial to maintain an optimal number of oxygen vacancies and enhance electronic conductivity at
intermediate temperatures, in order to overcome the limitations of the ORR rate at IT 12425, Recent studies
indicate that selective substitution at site B can alter the balance between electron mobility and oxygen stability;
for example, increasing Ni content enhances conductivity but reduces the bond energy between metal and
oxygen, while Mn tends to maintain a balance between thermal stability and ORR activity !72°.

In general, Lao.7Sro.sFeOs has the best chemical and thermal stability in air, but its electron
conductivity is relatively lower; Lao.7Sro.sMnOs exhibits a double exchange phenomenon that
enhances ORR activity but with moderate conductivity while Lao.7Sro.sNiOs exhibits the highest
conductivity and metallic properties, although it is more susceptible to oxygen loss at high
temperatures ' 2’. Double-exchange redox is an electron transfer mechanism between mixed-valence
cations such as Mn*/Mn*" via Mn—O—Mn pathways, originally proposed by Zener, in which charge
transport is intrinsically coupled with magnetic ordering 2® ?°. These differences confirm that the
interaction between B and O and the charge state of the transition metal are the main factors
determining the performance of IT-SOFC cathodes. A summary of the structural and functional
characteristics of the three systems is presented in Table 1. as a basis for analysis in the following
section.

Table 1. Comparison of structural, electronic, and stability characteristics of Lao.7Sro.:BOs (B = Fe, Mn,
Ni)

Parameter Fe-based (LSF) Mn-based (LSM) Ni-based (LSN)

Crystal symmetry Rhombohedral or Orthorhombic/thombohedral Cubic *
pseudo-cubic structure (composition & T,
stable under oxidizing dependent) 26%73!
conditions in air 233
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Dominant valence Fe*"/Fe** mixed Mn*/Mn*" double-exchange Ni**/Ni** mixed
state valence confirmed by redox ¢ valence, strong 3d-
XPS/Mbssbauer > 2p hybridization ¥ 3*
Conduction Small-polaron Double-exchange Mn**-O— Band-like
mechanism hopping between Mn* pathways ¢ conduction from
Fe**/Fe* sites ¥ delocalized Ni 3d-O
2p states 1737
Electrial ~102S ¢cm 2638 10>-10* S cm™* ¥ 10 S cm!' at
conductivity  at intermediate
700 °C temperatures, high
conductivity !732

Oxygen vacancy

(9)

Low-moderate (0.05—
0.10) %

Moderate (0.10-0.15) ¥

High (0.15-0.25) 3

Magnetic ordering

Weak ferromagnetic
coupling 3

Strong ferromagnetic
exchange, T(Cy~= 350 °C 36

Weak or

paramagnetic 3%4°

ORR activity Moderate (k* =~ 10°— Moderate—good (especially Very high (k* ~ 10~
10°cms ) ¥ nanostructured) 3 4? cms', ASR=0.1 Q
cm? @ 700 oC) 1743
Thermal/chemical High phase stability in Moderete, stable against Low,  segregation
stability air up to 900 °C under YSZ and GDC ## and structural
reported conditions 2 degradation reported
M under IT-SOFC
conditions (> 700
o() 4546

Based on the compiled literature, there is a trend that conductivity increases from Fe — Mn — Ni Based
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on the compiled literature, there is a trend that conductivity increases from Fe — Mn — Ni under similar

conditions 733 causing conductivity to increase with the expansion of d—p orbitals and bandwidth, as
reported by Yamamoto et al. 2> and Pchelina et al. 6. However, oxidative stability decreases due to the
decrease in M—O bond energy and the increase in Ni—O orbital hybridization, which causes a tendency to
lose oxygen at high temperatures'’ 2’. This trend indicates a trade-off between ORR activity and thermal
stability, which is the focus of further discussion in the section B-site Substitution Effects on Structural and
Electronic Properties .

Based on the characterization results of the physical properties and electrochemical performance of these
perovskite-based materials, a complex relationship is observed between chemical composition and the
resulting material performance. The data indicates that changing the B-site composition from LSF to LSN
significantly impacts electrical conductivity, oxygen defect formation, and catalytic ability in the oxygen
reduction reaction (ORR) in distinct and contrasting ways (Figure 2).

Analysis of Perovskite Properties (LSF, LSM, LSN)

| =@ Electrical Conductivity (S/cm) | ono

—l- ORR Activity (Ajcm?)
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Figure 2. Comparison of electrical conductivity, oxygen vacancy (6 ) and ORR activity of LSF, LSM, and
LSN perovskite materials.

The electrical conductivity shows a highly significant upward trend as the B-site composition shifts from
LSF to LSN. The LSF material exhibits a conductivity of 100 S/cm, which triples in LSM to 300 S/cm, and
reaches its peak in LSN at 1000 S/cm. This sharp increase indicates that atomic substitution within the crystal
structure, particularly in the LSN sample, successfully created a much more efficient electron transport
pathway, making it the most superior material in terms of electrical conduction among the three samples.

In line with the conductivity trend, the oxygen vacancy concentration also experiences a consistent increase
from LSF to LSN. LSF recorded the lowest oxygen vacancy level at 0.075 6, which gradually increased in
LSM 0.125 8 and reached the highest value in LSN 0.200 §. This increase in oxygen defects suggests that the
LSN structure possesses more vacant spaces within its crystal lattice, which theoretically could support higher
oxygen ion mobility. This proves that the modification of the B-site composition directly influences the
thermodynamic stability and defect formation of the material.

However, a contradictory result is observed in the ORR (Oxygen Reduction Reaction) activity, where
performance actually declines as conductivity and oxygen vacancy increase. Despite having the lowest
conductivity and oxygen vacancy, LSF exhibits the highest catalytic activity with a value of 0.40 A/cm?. In
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contrast, LSN, which excels in other physical properties, only recorded an ORR activity of 0.10 A/cm?. This

indicates that in this specific case, the oxygen reduction activity is more influenced by other factors, such as
oxygen gas adsorption energy on the surface or more effective charge transfer mechanisms at the Iron (F)
atoms, rather than relying solely on the high number of oxygen vacancies within the material.

2. Overview of Synthesis Routes and Their Influence on Perovskite Properties

Perovskites with the ABOs structure, including the Lao.7S10.sBOs system (B = Fe, Mn, Ni), have been
extensively synthesized using various routes, such as conventional solid-state reactions, sol-gel methods,
the Pechini method, and sol—gel auto-combustion. The solid-state reaction method typically requires high
calcination temperatures and prolonged heat treatment, which often leads to excessive grain growth and
insufficiently homogeneous cation distribution. In contrast, wet-chemical approaches such as sol-gel and
its derivatives enable cation mixing at the molecular level, resulting in improved compositional
homogeneity and lower perovskite phase formation temperatures*®

Among these methods, sol-gel auto-combustion has been widely reported as an effective approach for
synthesizing nanostructured perovskites. A study published in RSC Advances reported the successful
synthesis of double perovskite Tb.ZnMnOs via the sol-gel auto-combustion method, yielding nanosized
particles with a well-defined perovskite crystal structure*’. This result demonstrates that the self-sustaining
combustion reaction can generate sufficient localized thermal energy to promote crystalline phase
formation without requiring extremely high calcination temperatures, while simultaneously suppressing
excessive grain growth. Similar findings have been reported for various other perovskite systems
synthesized through sol-gel combustion routes, which consistently exhibit finer particle sizes compared to
those produced by conventional solid-state reactions. Furthermore, a sol-gel-based review article published
by MDPI emphasizes that molecular-level mixing enables better A-site and B-site cation homogeneity,
reduces crystallization temperature, and provides more precise control over the morphology and
stoichiometry of the final product*®. These advantages are particularly important for Lao.sSro.;BOs
perovskites, as even minor variations in B-site cation distribution can significantly influence the crystal
structure and functional properties of the material.

The synthesis method also plays a crucial role in determining oxygen vacancy formation and the
functional properties of perovskites. A review on the role of oxygen vacancies in ABOs perovskite oxides
indicates that catalytic activity toward the oxygen reduction reaction (ORR) is strongly correlated with the
concentration and distribution of oxygen vacancies, which modify the electronic structure, crystal lattice,
and surface chemistry of the material?!. These oxygen vacancies are influenced not only by chemical
composition but also by synthesis conditions, including sol-gel combustion methods, which tend to induce

higher oxygen nonstoichiometry due to the combustion process and intermediate-temperature calcination
49

3. B-site Substitution Effects

Variations in electrochemical behavior among Lao.7Sr0.sBO3 perovskites (B = Fe, Mn, Ni) originate
from differences in B-site chemistry, which directly governs metal-oxygen bond strength and defect
formation within the lattice. Substitution at the B-site modifies the electronic structure of transition-metal
cations and regulates oxygen vacancy concentration (), thereby controlling mixed ionic—electronic
conductivity and oxygen reduction reaction (ORR) kinetics in perovskite cathodes?!*!. It has been widely
reported that oxygen vacancy concentration acts as a key descriptor for ORR activity in ABOs-type
perovskite oxides, as vacancies facilitate oxygen adsorption, dissociation, and ion transport at the cathode
surface’®?, In Fe-based perovskites, strong metal-oxygen bonding suppresses oxygen vacancy formation,
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resulting in high structural stability but limited ionic transport and moderate ORR activity. In contrast, Ni-

containing perovskites exhibit weaker metal-oxygen bonding and higher covalency, which promote
increased oxygen vacancy concentrations and enhanced electronic conductivity, leading to superior ORR
kinetics but reduced chemical stability under operating conditions. Mn-based systems occupy an
intermediate regime, where reversible Mn**/Mn*" redox chemistry enables balanced oxygen vacancy
formation and mixed conduction while maintaining acceptable durability. These trends demonstrate that
conductivity, oxygen vacancy concentration, and ORR activity in Lao.7Sro.sBOs cathodes are intrinsically
coupled through B-site—controlled defect chemistry and must be interpreted as interdependent parameters
rather than independent metrics.
3.1.Fe-based System: Lao.7Sro.sFeOs
3.1.1. Structure and Electronic Properties
The iron-based perovskite Lao.;Sro.3FeOs—3 (LSF) exhibits a rhombohedral or pseudo-
cubic structure that remains stable under oxidizing environments up to approximately 900 °C
23, Partial substitution of La** with Sr?>" generates mixed-valence Fe**/Fe* states, contributing
to the formation of p-type charge carriers and enabling mixed ionic— electronic conductivity
(MIEC). This dual-conduction mechanism arises from small-polaron hopping facilitated by the
Fe-O-Fe network, where localized charge transfer occurs between Fe** and Fe* ions 3! 2.
Recent studies further indicate that higher Sr content improves the ordering of FeOs octahedra,
thereby reducing lattice distortion. Additionally, advanced XPS analyses report that the surface
Fe** fraction increases at higher Sr compositions, enhancing charge carrier mobility 3. X-ray
diffraction investigations reveal a slight contraction in lattice parameters with increasing Sr
content, while XPS and Mossbauer studies show that a stable 35-40% Fe*" fraction is
maintained—crucial for sustaining high electronic mobility without inducing structural
distortion. DFT-based calculations also show that stabilization of Fe*" eg orbitals plays a key
role in preserving mixed-conducting behavior at intermediate operating temperatures 3*. These
findings are reinforced by Mdossbauer results confirming the strong bonding character of Fe—O
under oxidative environments . The resulting structure maintains robust Fe—O bonding,
ensuring chemical stability in air..
3.1.2. ORR Activity
The oxygen reduction reaction (ORR) activity of LSF originates from its ability to transport
both oxygen ions and electronic holes across the cathode interface. However, according to 3¢ 37
, the surface exchange coefficient (k) of LSF is lower than that of Mn- or Ni-based LSF owing
to its limited oxygen vacancy formation. Surface-sensitive spectroscopic analyses further
indicate that the concentration of oxygen-containing surface species increases only slightly
with Sr doping. These results agree with findings that surface-site activation in LSF is hindered
by its relatively high vacancy formation energy 3%. This suggests that further activation
strategies—such as Co or Ni co-doping—are essential to enhance surface oxygen mobility !!
59 demonstrated that transition-metal co-doping can reduce O adsorption energy and improve
ORR kinetics. Surface reconstruction treatments through redox cycling have also been shown
to enhance oxygen mobility and diffusivity ®. Nevertheless, LSF maintains acceptable ORR
activity combined with strong durability, making Fe-based cathodes attractive for long-term
IT-SOFC operation—especially in systems where dimensional and structural stability are
prioritized over peak performance °'. This observation is further supported by results from Ni-
doped Fe-based perovskites, which demonstrate efficient and stable long-term cathodic
performance under IT-SOFC conditions .
3.1.3. Electrical and Magnetic Conductivity
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Electrical conduction in LSF is primarily governed by small-polaron hopping, especially

the localized holes on Fe** ions, which yield typical conductivities of ~10? S cm™ at 700 °C 3.

In this research, electrical conduction in La—Fe perovskites was examined using impedance

spectroscopy, and the results confirm that conduction occurs via polaron-hopping

mechanisms—supporting claims that small polarons dominate charge transport in Fe-based

perovskites . Computational and experimental studies have also shown how oxygen vacancies

and structural defects influence hole mobility and electrical conductivity in La— Sr—Fe

compositions % 9. These electron-transport processes are closely linked to the magnetic
ordering through Fe**—~O— Fe*" double-exchange interactions; the relationship between Fe
valence states, Fe—O bonding, and electron exchange pathways has been analyzed both
theoretically and experimentally . Furthermore, B-site modifications are known to alter
oxidation states and vacancy concentrations, thereby affecting both conductivity and
magnetic/electrochemical performance in Fe-based perovskites, as reported in modified LSF
systems ¢7. As temperature increases, long-range ferromagnetic order diminishes; however,
short-range spin correlations persist, enhancing charge mobility under IT conditions—
consistent with thermally activated polaron hopping models and defect-influenced transport
6. This spin-assisted transport also explains the weak magnetoresistive behavior commonly
observed in Fe-based perovskites. Unlike Ni-based perovskites, whose conduction is more
band-like and lacks significant magnetic contributions, Fe-based materials retain magnetically
mediated conductivity that stabilizes electronic pathways against lattice variations % ¢7.

3.1.4. Thermal Stability and Suitability for IT-SOFC
Lao.7Sro.3FeOs—d is well known for its excellent thermal and chemical stability under

oxidizing atmospheres across intermediate—high temperatures. Recent studies show that LSF
retains its perovskite structure without major decomposition during repeated heating cycles or
long-term operation ¢’ %, B-site compositional modifications—such as Pt, Ru, or low-
electronegativity metal substitution—have also been shown to enhance oxidation resistance
and structural stability, partly through Fe valence redistribution and oxygen vacancy regulation
69, Moreover, studies on transition-metal-doped Fe-based perovskites reveal improved redox
tolerance and mechanical strength under IT-SOFC conditions, while maintaining good thermal
compatibility with common electrolytes such as GDC. Therefore, although Fe-based
perovskites may not deliver the highest ORR activity compared with Co-based materials, their
combination of phase stability, chemical robustness, and thermal compatibility makes them
strong candidates for IT-SOFC cathodes—either as standalone materials or as components
within composite architectures 7°.

3.2.Mn-based System: Lao.7Sro.sMnO3s

3.2.1. Structure and Electronic Properties
The manganese-based perovskite Lao.7St0.sMnOs (commonly referred to as LSM) typically

forms either a rhombohedral or orthorhombic crystalline structure, influenced by the
concentration of Sr and the temperature during synthesis 7'. When La*" is partially replaced by
Sr?*, it creates mixed valence states of Mn*" and Mn*", which enhances conductivity through
double-exchange mechanisms along Mn**—O-Mn** links. An increase in Sr concentration
results in a slight reduction of lattice distortion due to the smaller ionic radius of Mn**, which
improves the overlap of Mn—O-Mn and stabilizes the movement of charge carriers 2.
Investigations using XPS and XANES demonstrate that the ratio of Mn*" to Mn** is highly
influenced by the partial pressure of oxygen, which has a direct impact on electronic
conductivity and the development of oxygen vacancies. The perovskite structure maintains its
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stability at temperatures up to roughly 900 °C in air, with limited occurrence of phase

segregation or decomposition 3.
3.2.2. ORR Activity
Among the lanthanum-based perovskites, LSM is well-known for its excellent stability,
although it has relatively limited oxygen-reduction activity 74. The step that limits the rate of
the oxygen reduction reaction (ORR) in LSM is the exchange of surface oxygen, which is
obstructed by the low levels of mobile oxygen vacancies (6 &lt; 0.1). Nonetheless, various
studies indicate that nano-structured LSM or compositions with a deficiency in A-site cations
(Lao.ssSto.sMnOs—0) can greatly improve ORR activity by enhancing the density of surface
defects. Additionally, manganese exhibits strong redox reversibility (Mn*" <> Mn*"), which
contributes to the retention of catalytic stability during cycling. The implementation of
composite cathodes, such as mixtures of LSM—GDC or LSM-LSGM, has been effective in
enlarging the active surface area and enhancing the transport of oxygen ions 7. Although LSM
has lower intrinsic activity compared to nickel-based systems, its steady-state performance is
still sufficient for prolonged operation in intermediate temperature solid oxide fuel cell (IT-
SOFC) settings .
3.2.3. Electrical and Magnetic Conductivity
The electronic conduction mechanism in LSM is chiefly influenced by the double-
exchange interactions among Mn** and Mn*" ions, which are closely linked to the local spin
ordering 77. As the temperature rises from 300 to 800 °C, the material changes from a
ferromagnetic to a paramagnetic state, coinciding with a gradual reduction in conductivity
caused by spin disorder. Nevertheless, even beyond the Curie temperature (approximately 350
°C), the process of small-polaron hopping maintains moderate conductivity levels (10*~10* S
cm™' at 700 °C) 78, In comparison to Fe-based counterparts, LSM exhibits superior magnetic
conductivity and a more significant magnetoresistive response due to enhanced spin coupling.
The Mn—O-Mn exchange shows high sensitivity to the oxygen stoichiometry §; when d
exceeds 0.15, the magnetic order diminishes, leading to a notable fall in conductivity .
Nonetheless, the magnetic aspect of charge transport positively influences electronic stability
during extended operation.
3.2.4. Thermal Stability and Suitability for IT-SOFC
Thermochemical stability is a significant benefit of cathodes made from LSM. This
material shows very low reactivity with widely used electrolytes, including YSZ, CGO, and
LSGM, and maintains its structural integrity even after extended exposure to temperatures of
800 °C ¥, Thermogravimetric studies indicate minimal weight loss up to 950 °C, demonstrating
strong resistance against reduction and oxygen loss. Nevertheless, the moderate range of d that
supports magnetic conduction also restricts the transport of oxygen, resulting in moderate rates
of the oxygen reduction reaction (ORR) and greater area-specific resistance (ASR) in
comparison to nickel-based alternatives. Regardless, the favorable combination of solid phase
stability, moderate electrical conductivity, and exceptional redox tolerance renders LSM a
compelling choice for cathodes in intermediate temperature solid oxide fuel cells (IT-SOFCs),
especially in scenarios where reliability is more crucial than achieving the highest power output
81
3.3.Ni-based System: Lao.7Sro.:NiOs
3.3.1. Structure and Electronic Properties
Recent studies have shown that LaNiOs (LNO) retains a rhombohedral perovskite structure
(space group R3c), which originates from the rotation and tilting of the NiOs octahedra. These
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structural distortions can be further modified by epitaxial strain in thin-film growth, where

lattice parameters and the Ni-O—Ni bond angle change depending on the substrate, thereby
influencing the orbital distribution of Ni-3d electrons and their hybridization with oxygen®2.
As a result, LNO exhibits metallic behavior: the Ni** electronic configuration (d’, with fully
filled tg and a partially filled e g orbital) produces highly delocalized e g states due to strong
Ni-3d-0O-2p hybridization, which explains the high electrical conductivity observed in both
bulk and thin-film samples compared to other 3d-transition-metal perovskites®’.

Moreover, structural modifications such as epitaxial strain, oxygen vacancies, and reduced
dimensionality have been shown to strongly influence this electronic behavior. For instance,
resistivity variations in strained LNO thin films indicate that tensile strain can induce higher
resistivity due to modified oxygen stoichiometry and partial reduction of Ni** to Ni**, which
disrupts the conduction pathway®*. At the atomic scale, oxygen-vacancy formation and surface
reconstruction can further alter the charge distribution and density of states near the Fermi
level, affecting stability and electronic mobility under operational conditions®’.

3.3.2. ORR Activity

Ni-containing perovskite oxides have emerged as promising non-precious electrocatalysts
for the oxygen reduction reaction (ORR) due to their tunable surface chemistry, flexible
electronic structure, and ability to host oxygen vacancies that enhance oxygen adsorption and
activation. Recent studies demonstrate that combining Ni with other transition metals (or
introducing Ni into Co/Fe perovskite frameworks) can optimize the eg orbital occupancy and
Ni-3d/O-2p hybridization, two key descriptors correlated with ORR activity—Ieading to
improved onset potentials and higher limiting currents compared to undoped oxides®*%’. In
addition, engineering of the perovskite surface (e.g., creating cation deficiencies or controlled
oxygen vacancies) increases the number of active sites and facilitates O—O bond cleavage via
a lattice-oxygen mediated mechanism, which significantly enhances ORR kinetics in alkaline
media®®. Practical implementations also show that integrating Ni-based perovskites with
conductive supports or producing nanocomposite architectures (perovskite + carbon/MWNTs)
improves mass transport and electronic conductivity, producing ORR performances that
approach those of Pt-based catalysts in specific device tests such as Zn—air and microbial fuel
cells®

In addition to B-site compositional modification, surface engineering through Ni
exsolution (the formation of partially “socketed” Ni nanoparticles emerging from the
perovskite matrix) and the introduction of nanoporosity have been shown to increase the
number of surface active sites and enhance catalytic stability. Experimental reports
demonstrate that nanoporous materials with exsolved particles exhibit significantly higher
ORR/OER activity and better cyclic stability than conventionally sintered materials. These
effects are attributed to the combination of improved surface conductivity, strong metal—oxide
interactions enabled by socketing, and favorable particle-size distributions for O—O bond
dissociation®®?!.

3.3.3. Electrical and Magnetic Conductivity

Ni-based perovskite oxides exhibit strong potential as high-conductivity materials, where
the electrical transport properties are largely influenced by B-site Ni substitution, oxygen non-
stoichiometry, and mixed-valence electronic configurations. Recent studies on
PrNio.4Feo.s0s—0 and PrNio.«Co0o.s0s—3 demonstrate that incorporation of Ni significantly
enhances charge transport due to increased carrier concentration and improved overlapping
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between Ni-3d and O-2p orbitals, resulting in improved electron mobility and band

delocalization relative to undoped perovskites®?. This enhancement arises from the formation
of mixed valence states (Ni**/Ni**) and the presence of oxygen vacancies, which support
electron hopping mechanisms and stabilize conduction pathways beneficial for intermediate-
temperature electrochemical operation®?. In addition, compositional engineering strategies
utilizing Ni-based co-doping have demonstrated that Ni can effectively tune electronic density
near the Fermi level, thereby increasing conductivity while simultaneously improving
electrocatalytic performance, indicating its dual functional benefit in perovskite frameworks
(She et al., 2022). Further, Fe/Ni co-doped perovskites such as BaCoo.sFeo.2Nio.203—0 exhibit
enhanced electronic conductivity due to cooperative oxygen defect chemistry and stronger B—
O hybridization, confirming that Ni plays a critical role in facilitating rapid charge transfer
within the crystal lattice®>. Overall, these results confirm that Ni incorporation systematically
improves electrical conductivity through oxygen-vacancy engineering, mixed-valence charge
transfer, and orbital hybridization optimization—making Ni-based perovskites strong
candidates for high-performance electrodes in SOFCs, PCFCs, and other electrochemical
energy conversion devices.
3.3.4. Thermal Stability and Suitability for IT-SOFC

Ni-doped and Ni-containing perovskite oxides can maintain structural integrity and
functional performance under elevated temperatures if properly engineered. For instance, a
comprehensive review on Ni-perovskite-based catalysts demonstrated that when synthesized
at high temperatures, Ni-containing perovskite oxides exhibit thermal stability comparable to
conventional supported metal catalysts, suggesting that Ni substitution does not necessarily
compromise high-temperature operability®. In another important study, exsolved Ni
nanoparticles on a perovskite oxide matrix (e.g. acceptor-doped SrTio.95Nio.0sO3-6, or donor-
type variants) were investigated: the authors found that the thermal stability of exsolved Ni
particles depends strongly on the defect chemistry of the parent perovskite — specifically,
oxygen vacancy concentration and surface defect characteristics, where donor-type doping
yielded more stable nanoparticle dispersion under thermal treatment than acceptor-type
doping®®. This indicates that, with proper B-site doping and defect engineering, Ni-based
perovskites can sustain high-temperature conditions without rapid degradation or particle
agglomeration. More broadly, advances in nanostructured perovskite oxides indicate improved
thermal and structural robustness, making them viable for electrocatalysis and energy-
conversion applications®. Moreover, in the context of perovskite solar cells (PSCs), even
though organic—inorganic halide perovskites face severe thermal instability, the trend toward
fully inorganic perovskite oxides (including Ni-based metal oxides) reflects their superior
thermal endurance and potential for long-term operation under heat stress®’. In-situ analyses
and coarsening studies show that the stability of exsolved Ni particles strongly depends on the
defect chemistry of the host perovskite and on the applied thermal-treatment conditions®®.
Perovskites with a balanced oxygen-vacancy concentration and appropriate donor/acceptor
doping are able to suppress particle coalescence more effectively, thereby maintaining a fine
nanoparticle distribution over prolonged operating temperatures. Therefore, beyond synthesis
parameters alone, design strategies that target vacancy control and A-/B-site stoichiometry can
significantly enhance the thermal durability of Ni-exsolved electrocatalysts in IT-SOFC
systems®.

4. Comparative of B-site Substitution Effects
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To reinforce the findings presented previously, Table 1 provides an overview of the essential

physicochemical and electrochemical properties of Lao.sSro.:BOs (B = Fe, Mn, Ni) materials. The
introduction of different transition-metal cations results in unique changes in lattice structure, oxygen ratios,
and electronic configuration, which ultimately influence their viability as cathodes in intermediate-
temperature solid oxide fuel cells (IT-SOFCs).

Fe-based perovskites are characterized by their remarkable structural and thermal resilience, but they
exhibit limited electronic and ionic transport capabilities due to the relatively confined hopping of Fe3*/Fe**
ions. In contrast, Mn-based systems, which rely on the Mn*/Mn*" double exchange mechanism, offer
moderate conductivity and enhanced magnetic interactions, resulting in satisfactory oxygen reduction
reaction (ORR) performance along with good redox reversibility. Conversely, Ni-based systems stand out
for their superior electronic conductivity and surface oxygen mobility, attributed to the extensive overlap
of Ni-O orbitals. Nevertheless, these benefits are accompanied by challenges regarding chemical durability,
as the bonding between Ni—O becomes weaker and the formation of oxygen vacancies accelerates
degradation 2'%7,

5. Correlative between Oxygen Vacancy, Valance, and ORR Activity

An integrated comparative and correlative discussion of Lao.7S10.sBOs (B = Fe, Mn, Ni) perovskite
systems is presented in this section, with an emphasis on the effects of B-site substitution on the structural,
electronic, and electrochemical properties that are pertinent to IT-SOFCs. To create systematic correlations
between lattice distortion, oxygen nonstoichiometry (3), valence state, conductivity, oxygen reduction
reaction (ORR) activity, and long-term stability, the analysis synthesizes data.

B-site replacement significantly changes the crystal symmetry and electrical structure of
Lao.7Sro.3BOs perovskites. Yamamoto et al. * and Sanchez-Caballero et al. ** found that Fe-based
compositions often have rhombohedral or pseudo-cubic symmetry and stable Fe*'/Fe** redox
couples. Mn substitution improves Mn*/Mn*" double-exchange conduction by shifting the
structure to orthorhombic symmetry 26 1%, Ni substitution brings the lattice closer to its ideal cubic
form, improving the tolerance factor and orbital overlap *’ *°. Spectroscopic experiments
(XPS/XANES) reveal that Ni-based perovskites have higher covalency and lower M-O bond
strength 17 101
distortions and enhanced electrical channels

. Co-doped systems (e.g., Lao.7Sro.3Feo.sNio.sOs) have intermediate structural
102

By expanding the bandwidth and promoting mixed ionic-electronic conduction (MIEC), the
substitution of Fe by Mn and Ni drastically increases electronic conductivity. At 700°C, Fe-based
systems typically exhibit a conductivity of ~102> S cm™ 33, Mn-based systems range from 10 to
10* S cm 3 193104 Perovskites made from Ni, particularly Lao. Senior. Due to its greater carrier
mobility, sNiOs—3 can exceed 10® S cm™ ° 7. Microstructural optimization, including controlled
sintering ' and surface reconstruction *’ further enhances ORR activity *!. Shaheen et al. %
emphasize that the creation of surface oxygen vacancies is crucial for ORR kinetics in nano-
structured cathodes. Conversely, Fe-based systems continue to perform moderately while having
better chemical compatibility with electrolytes *4.

For IT-SOFC cathodes, durability remains the biggest challenge. Fe-based materials provide
better phase integrity and thermal stability during long-term use 27 3 19 while Mn-based
perovskites exhibit moderate redox tolerance!'?’. Although Ni-based materials perform better, they
experience surface segregation and oxygen loss after prolonged exposure 2’#>, When &> 0.2, Zhan,
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W. et al** found that Ni-rich systems experience faster structural degradation. Seo, J. et al. 4

demonstrated that interface engineering and A-site deficiency improve the chemical resilience of
LaFeo.sNio.s0;3 cathodes. For IT-SOFC operation, Mn-based systems offer a good balance between
moderate conductivity and tolerable durability.

6. FElectrial and Magnetic Conductivuty Correlation

Comparative examination of recent studies shows that electronic and magnetic conductivities are
closely linked via the distribution of B-site valence and oxygen nonstoichiometry (). These factors play a
significant role in influencing the transport and catalytic properties of Lao.7St0.sBOs (B = Fe, Mn, Ni)
materials when subjected to IT-SOFC conditions.

In Fe- and Mn-based perovskites, the charge transfer mainly happens via small-polaron
hopping and double-exchange interactions among mixed-valence cations, namely Fe*/Fe*" or
Mn*/Mn*" 15 26 This mechanism of mixed-valence exchange links spin alignment with charge
mobility, resulting in magneto-transport behavior that significantly impacts the overall electronic
conductivity *3. As the substitution of Sr rises and the & value increases, the ferromagnetic order
becomes more pronounced, peaking at an optimal 6 of approximately 0.15, which enhances both
magnetic conductivity and electron hopping *® *3. However, surpassing this point leads to an
overabundance of oxygen vacancies that disrupt the B-O—B superexchange pathways, causing a
decline in magnetic coherence and compromised overall conductivity ¥,

In Ni-based perovskites, the primary mode of conduction is influenced more by band-like
transport than by magnetic exchange. The overlap between delocalized Ni 3d and O 2p states
enhances the electronic bandwidth, though it diminishes magnetic ordering *°. As a result,
electronic conductivity reaches its peak, but the absence of spin-coupled conduction leads to a
weak magnetic response and reduced thermal stability when exposed to oxidizing environments.
In contrast, Fe/Mn-rich systems exhibit a combination of spin and charge transport mechanisms,
which provides them with greater redox tolerance and better resistance to distortions in the
lattice'”’.

The relationship between J, B-site valence, and spin polarization establishes a three-way
equilibrium among electrical, magnetic, and electrochemical characteristics*®. Research uniformly
indicates that an intermediate range of 6 (0.10-0.18) along with optimized Fe/Mn ratios results in
the most effective joint electronic-magnetic conductivity, which aligns with the minimal
polarization resistance observed in IT-SOFC cathodes** 1%,

7. Conclusion

This review has comprehensively examined how substituting B-site cations (Fe, Mn, Ni) influences
the structural, electronic, magnetic, and electrochemical characteristics of Lao.7Sro.3:BOs perovskites used
in intermediate-temperature solid oxide fuel cells (IT-SOFCs). The gathered evidence indicates that the
selection of B-site cation is crucial in determining the interplay among electrical and magnetic conductivity,
the occurrence of oxygen vacancies, and thermochemical stability. Systems based on Fe demonstrate
remarkable structural integrity and long-term durability, although they exhibit restricted electronic
movement; systems utilizing Ni exhibit excellent electronic conductivity and enhanced activity in the
oxygen reduction reaction (ORR), but face challenges such as oxygen depletion and phase instability; on
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the other hand, Mn-based systems provide a balanced compromise, ensuring adequate conductivity and

magnetic ordering while maintaining moderate stability.

A correlation analysis has shown that the relationship between 8, B—-O—B orbital overlap, and spin
polarization is crucial in understanding the simultaneous development of electronic and magnetic
conduction. An appropriate level of oxygen nonstoichiometry (6 = 0.10-0.18) combined with a balanced
ratio of Fe to Mn results in ideal performance, as both charge transport and ferromagnetic interactions help
maintain low polarization resistance when subjected to IT-SOFC conditions. The examined literature
indicates that aiming to enhance conductivity while neglecting the magnetic and structural coherence results
in decreased durability, which is a significant drawback for Ni-rich systems.

In summary, the development of next-generation La-based perovskite cathodes must prioritize
compositional equilibrium over extreme doping methods. Strategies involving dual substitutions at the B-
site, such as Fe/Ni and Mn/Ni, along with interface engineering, have been recognized as effective
approaches to improve both activity and durability. Subsequent studies should concentrate on conducting
in situ magnetic and spectroscopic examinations to elucidate the interactions among spin, charge, and lattice
distortions. This understanding will aid in the methodical design of cathodes capable of maintaining long-
term stability while delivering consistent ORR performance at moderate temperatures.
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