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Abstract: Electrocatalytic water splitting is a key technology for sustainable 
hydrogen production, yet the sluggish kinetics of the oxygen evolution reaction 
(OER) and hydrogen evolution reaction (HER) hinder its efficiency. Perovskite 
oxides (ABO3) have emerged as promising catalysts owing to their tunable crystal 
structures, chemical stability, and abundant active sites. While the crystal phase of 
perovskite oxides is crucial in determining catalytic activity, charge transport, and 
reaction energetics, the complex interplay between phase transitions, lattice 
distortions, oxygen vacancy distribution, and electronic structure remains 
underexplored. This review systematically examines the structural variations across 
six primary crystal phases of perovskite oxides, including cubic, hexagonal, 
tetragonal, orthorhombic, rhombohedral, monoclinic, and their effects on catalytic 
performance. It explores how lattice symmetry, oxygen vacancy distribution, and 
electronic properties influence reaction pathways and catalytic efficiency in water 
splitting. Additionally, the review discusses the role of phase transitions, 
coordination environment adjustments, and defect engineering in optimizing 
electrocatalytic behavior. Perovskite oxides are categorized by their A-site and B-
site metal ion compositions, providing a comprehensive analysis of how these 
structural variations influence electrocatalytic mechanisms. The insights gained 
from this review offer crucial guidance for advancing the design of high-
performance perovskite oxide catalysts for sustainable water electrolysis. 

Keywords: perovskite oxides; crystal phase engineering; cation modulation; 
electronic orbital configuration; electrocatalytic water splitting 

1. Introduction

Electrocatalytic water splitting is a promising method for sustainable hydrogen production, but its efficiency 
is constrained by the sluggish kinetics of both the oxygen evolution reaction (OER) and hydrogen evolution 
reaction (HER) [1,2]. The OER involves a complex four-electron transfer and typically requires high 
overpotentials, while HER is limited by water dissociation, especially in alkaline media, reducing overall reaction 
rates [3–5]. Therefore, developing highly active, stable, and earth-abundant catalysts for both reactions is crucial 
to improving the economic feasibility of water electrolysis [6,7]. Perovskite oxides (ABO3) are regarded as promising 
catalysts for electrocatalytic water splitting due to their tunable crystal structures, versatile redox properties, and 
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excellent electrochemical stability [8–10]. The A-site cations influence lattice distortions, charge compensation, and 
oxygen vacancy formation, which in turn affect surface electronic properties and interfacial stability [11–13]. The B-
site transition metals’ d-orbital occupancy dictates redox activity and reaction selectivity [14–16]. Furthermore, 
perovskite oxides can be further optimized through B-site valence tuning, A/B-site co-doping, defect engineering, 
and heterostructure design [17–19]. Although studies have explored the role of cationic composition, oxygen 
vacancy distribution, and electronic structure in catalytic performance, the relationship between crystal phase and 
catalytic activity remains underexplored [20–22]. Variations in crystallinity directly impact electronic structures, 
oxygen species adsorption, and charge transfer pathways, yet their contributions to performance are not fully 
understood [23–25]. Additionally, structural evolution, phase stability, and surface reconstruction during water 
splitting have yet to be fully addressed, particularly in relation to phase transitions under operational conditions 
and their effects on long-term catalytic stability [26–28]. Thus, understanding the correlation between crystal phase 
and catalytic behavior is essential for optimizing perovskite oxides in water electrolysis [29–31]. 

Perovskite oxides exhibit distinctive catalytic behaviors based on their unique crystal structures, which 
directly influence their electrocatalytic performance. Analyzing perovskite oxides through the six primary crystal 
structures (cubic, hexagonal, tetragonal, orthorhombic, rhombohedral, and monoclinic) reveals significant 
differences in lattice symmetry, electronic structure, and oxygen vacancy characteristics. These structural 
variations govern the material’s reactivity and stability during electrocatalytic water splitting. Cubic perovskites, 
characterized by high symmetry, typically exhibit uniform electronic distribution and low lattice energy, which 
facilitates efficient electron and ion transport while minimizing energy dissipation, thereby enhancing reaction 
rates and catalytic stability [32–34]. In contrast, hexagonal and tetragonal perovskites, with their more pronounced 
lattice distortions, generate additional oxygen vacancies and defect sites at the surface [35–37]. These active sites 
promote the adsorption, migration, and desorption of oxygen species, thus significantly improving the OER 
activity and selectivity [38]. Orthorhombic and rhombohedral perovskites, with varying oxidation states at the B-
site metal ions, induce local electronic reorganization, optimizing the reaction pathways for oxygen species, which 
further enhances catalytic performance [39–41]. However, while existing studies have demonstrated the potential 
of different crystal phases in perovskite oxides for electrocatalytic water splitting, the underlying mechanisms that 
govern the relationship between crystal structure and catalytic performance remain underexplored. Most current 
research focuses on the impact of crystal phases on surface reactivity and charge transfer; however, the role of 
crystal structure in modulating oxygen vacancy distribution, electron transport pathways, and the adsorption-
desorption processes of oxygen species is not yet fully understood [42–44]. Specifically, the influence of lattice 
distortion in various crystal phases on catalytic efficiency and how these phases modulate the reactions at the 
catalyst surface to enhance water splitting efficiency remains inadequately addressed. Furthermore, perovskite 
oxides may undergo phase transitions during electrochemical water splitting, which significantly affects their long-
term stability and catalytic activity. Therefore, it is essential to conduct more comprehensive studies to understand 
the crystal phase-dependent structural-performance relationships, revealing the mechanisms by which crystal 
phase transitions impact catalytic efficiency and stability. Such insights will provide critical guidance for the 
design and optimization of perovskite oxides in electrocatalytic applications. 

This review provides a comprehensive analysis of the influence of crystal phase structures on the 
electrocatalytic performance of perovskite oxides for water splitting. Perovskite oxides are systematically 
categorized into six distinct crystal phases: cubic, hexagonal, tetragonal, orthorhombic, rhombohedral, and 
monoclinic. The unique structural features of these phases, including lattice symmetry, oxygen vacancy 
distribution, and electronic properties, are analyzed in relation to their catalytic behavior (Figure 1). In contrast to 
previous reviews that focus on single-phase systems or specific material types, this review emphasizes the 
interaction between crystal phase, electronic structure, and catalytic performance, highlighting their effects on 
reaction kinetics, intermediate adsorption, and charge transport. Furthermore, the role of phase transitions, 
coordination environment modifications, and defects in optimizing electrocatalytic activity is explored, stressing 
the importance of phase-engineering strategies for enhancing catalytic efficiency. This review categorizes 
perovskite oxides based on the specific types of A-site and B-site metal ions used, offering an in-depth analysis of 
the influence of these classifications on reaction pathways and mechanisms in electrocatalytic water splitting, 
drawing from current research cases. The review primarily focuses on structural perspectives, providing a 
systematic framework for designing high-performance perovskite oxide catalysts for sustainable water electrolysis 
and outlining key research directions in this field. 
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Figure 1. Schematic representation of structural and phase-dependent characteristics of perovskite oxides in 
electrocatalytic water splitting. 

2. Fundamental Principles and Structural Characteristics of Perovskite Oxides for Electrocatalytic Water 
Splitting 

Perovskite oxides play a critical role in electrocatalytic water splitting due to their distinctive electronic 
structures, chemical stability, and abundant active sites, making them ideal candidates for efficient catalysts. The 
crystalline phases of perovskite oxides not only govern charge transport, oxygen vacancy formation, and interfacial 
reaction kinetics but also significantly influence their long-term stability and catalytic efficiency [45,46]. 
Therefore, gaining a deep understanding of the fundamental catalytic mechanisms and structural characteristics of 
perovskite oxides is crucial for enhancing their catalytic performance [47,48]. This section first explores the 
fundamental catalytic mechanisms and advantages of perovskite oxides in water splitting, followed by a systematic 
examination of their six major crystalline phases. Finally, a comprehensive review and analysis of existing studies 
will provide insights into the structure-performance relationships, offering valuable guidance for the rational 
design of perovskite oxide electrocatalysts. 

2.1. Fundamental Electrocatalytic Mechanisms and the Advantages of Perovskite Oxides for Water Splitting 

Perovskite oxides (ABO3) exhibit exceptional advantages in electrocatalytic water splitting due to their 
unique crystal structure, tunable electronic properties, and precise control over defects and surface reconstruction 
during the catalytic process (Figure 2) [49–51]. The inherent stability and flexibility of the perovskite crystal 
structure enable it to maintain chemical robustness under high potential conditions, which is critical for OER. The 
A-site metal (such as rare earth metals like La and Pr) enhances the catalyst’s performance by modulating the 
electron distribution in the crystal lattice, improving its thermal stability [52–54]. In contrast, the B-site metal 
(such as Fe, Ni, and Co) plays a pivotal role in catalytic activity, particularly in OER, where transition metals at 
the B-site facilitate the adsorption, activation, and cleavage of O–O bonds due to their abundant d-electron states. 
Studies have shown that the oxidation states of B-site metals, particularly higher oxidation states such as Fe3+ and 
Ni3+, significantly influence the catalytic activity by promoting the oxygen evolution process and reducing the 
required overpotentials [55–57]. 

Another major advantage of perovskite oxides lies in their ability to modulate defects. Oxygen vacancies and 
lattice distortions not only improve the material’s conductivity but also substantially enhance catalytic activity [58]. 
The introduction of oxygen vacancies is typically achieved by adjusting the oxidation states of B-site metals, and 
these vacancies act as active sites to facilitate the adsorption and transformation of reaction intermediates, thereby 
improving catalytic efficiency [58–60]. Research indicates that oxygen vacancies can effectively promote the 
adsorption of reactants and the conversion of intermediates, lowering the overpotentials in the OER process. 
Meanwhile, lattice distortions in perovskite oxides help modify their surface electronic structure, further 
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optimizing catalytic performance [61]. Moderate lattice distortions expose more active sites on the catalyst surface, 
thus increasing the effective area for catalytic reactions and enhancing activity in water splitting [62,63]. 

 

Figure 2. Fundamental electrocatalytic mechanisms and structural advantages of perovskite oxides for water 
splitting. (a) Structure of perovskite oxides, showing A-site cations (purple), B-site cations (green), and oxygen 
anions (red), together with the BO6 octahedral unit; (b) Elemental map of possible A- and B-site cations in 
perovskite oxides; (c) HER pathways, including Volmer–Heyrovsky and Volmer–Tafel mechanisms; (d) 
Adsorption and reaction pathways during OER, illustrating AEM and LOM routes; (e) Oxygen-leaching process 
and its influence on O-2p and metal-3d orbital interactions; (f) Energy-band shifts associated with oxygen leaching, 
highlighting positive and negative level shifts; (g) Surface reconstruction under OER conditions, showing the 
evolution from the ABO3 lattice to the active reconstructed layer. 

Surface reconstruction during catalytic reactions is another key factor contributing to the superior 
performance of perovskite oxides in electrocatalytic water splitting [64–66]. Under high potential conditions, 
particularly during the OER, the surface of perovskite oxides undergoes dynamic reconstruction, where A-site 
metal ions and oxygen ions migrate, leading to structural changes on the catalyst surface [67–69]. This process not 
only exposes more active sites but also improves the catalyst’s stability during prolonged reactions [17,70]. Surface 
reconstruction, facilitated by A-site metal migration or oxygen ion exchange, optimizes reaction pathways, reduces 
energy barriers, and enhances overall catalytic efficiency in water splitting [71–73]. 

Although the catalytically active surface of perovskite oxides under OER conditions generally evolves into 
an amorphous or poorly crystalline oxyhydroxide layer, the initial bulk crystal phase and lattice symmetry critically 
govern the reconstruction pathway and its dynamic features. Different crystallographic phases impose distinct 
metal oxygen bond strengths, lattice strain distributions, and oxygen vacancy energetics, which collectively 
determine the kinetics of surface reconstruction, the thickness of the reconstructed layer, and the extent of bulk 
participation in the transformation. Low symmetry or strongly distorted perovskite phases, characterized by 
pronounced octahedral tilting and weaker average M-O bonds, typically exhibit faster reconstruction kinetics and 
form thicker oxyhydroxide layers due to lower energetic barriers for bond breaking and oxygen exchange. Beyond 
kinetics, the initial crystal phase also influences the reversibility and long term stability of the reconstructed 
surface. Perovskites with moderate symmetry reduction and controlled defect concentrations may undergo quasi 
reversible surface transformations, where the oxyhydroxide layer forms under anodic polarization and partially 
reverts upon potential relaxation, preserving bulk structural integrity. In contrast, excessively distorted or defect 
rich phases are prone to irreversible reconstruction, leading to deep lattice amorphization, cation leaching, and 
gradual performance degradation under prolonged operation. These insights highlight that surface reconstruction 
is not merely a superficial phenomenon, but a bulk surface coupled process, in which the initial crystallographic 
symmetry directly links the operando active structure to long term catalytic stability. 

Finally, the electronic structure of perovskite oxides plays a crucial role in their electrocatalytic water splitting 
performance [74–76]. The conductivity of perovskite oxides is influenced by the oxidation state of the B-site 
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metals and the density of d-electrons in the lattice [77,78]. By selecting appropriate metal ions and tuning their 
redox behavior, the electronic structure can be optimized to improve electrocatalytic efficiency. The electronic 
structure of perovskite oxides can be further manipulated through careful selection of A- and B-site metals, 
enabling enhanced electron transport and material exchange processes during catalytic reactions [79,80]. Thus, by 
tuning the electronic structure, defect characteristics, and surface reconstruction properties of perovskite oxides, 
their performance in water splitting reactions can be significantly enhanced. 

2.2. Structural Classification of Perovskite Oxides 

Structural descriptors such as “lattice distortion” and “local distortion” are employed in a crystallographic 
context to describe specific deviations from ideal perovskite symmetry, including octahedral tilting, variations in 
bond angles and bond lengths, and defect induced local relaxation. Beyond merely characterizing geometric 
deviations, these descriptors provide quantitative insight into the spatial distribution of distortions across different 
length scales, from local coordination environments to long range lattice arrangements. Their precise definitions 
ensure consistency with conventional crystallographic terminology and allow for systematic comparison across 
different perovskite compositions and structural variants. Moreover, understanding these distortions is critical for 
linking structural features to functional properties, as variations in lattice geometry can directly influence electronic 
structure, ion migration pathways, defect formation energetics, and ultimately the physical and chemical behavior of 
perovskite oxides in applications such as catalysis, energy conversion, and electronic devices. By providing a rigorous 
framework for describing and analyzing structural deviations, these descriptors enable a comprehensive and 
mechanistic understanding of the complex interplay between local structure and material functionality. 

The crystal structures of perovskite oxides are diverse, with the six major crystal phases including cubic, 
hexagonal, tetragonal, orthorhombic, rhombohedral, and monoclinic (Figure 3). These phases differ in terms of 
their lattice symmetry, atomic arrangement, and the interactions between neighboring atoms, all of which directly 
influence the pathways and efficiency of electrocatalytic reactions [81–83]. Perovskite oxides with different crystal 
phases exhibit distinct electronic structures, oxygen vacancy distributions, and catalytic active sites, leading to 
significant variations in their catalytic performance during water splitting [84–86]. Therefore, investigating the 
structural characteristics of these phases and their relationship with electrocatalytic performance provides crucial 
theoretical support for the design of perovskite oxide catalysts. 

 

Figure 3. Crystalline phase classification and structural features of perovskite oxides. (a) Cubic phase (Pm3m), 
featuring highly symmetric corner-sharing BO6 octahedra with minimal lattice distortion; (b) Hexagonal phase 
(P63/mmc), composed of face-sharing octahedral chains that induce anisotropic stacking and basal-plane lattice slip; 
(c)Tetragonal phase(I4/mcm),characterized by octahedral distortion with axial elongation/compression and reduced 
symmetry along the c-axis; (d) Orthorhombic phase (Pbca), showing cooperative octahedral rotations and A-site 
displacement that alter B–O–B connectivity; (e) Rhombohedral phase (R3c), with tilted BO6 octahedra and lattice 
expansion along the rhombohedral direction, accompanied by inclined oxygen ions; (f) Monoclinic phase (C2/c), 
exhibiting strong octahedral tilting and bond-angle deviations that generate significant lattice distortion and low-
symmetry coordination. 
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2.2.1. Cubic Phase 

The cubic phase perovskite oxides are among the most common and symmetric crystal phases, characterized 
by high lattice symmetry, typically belonging to the space group Pm3m [87,88]. In this structure, A-site cations 
are positioned at the center of the cubic unit cell, while B-site cations occupy the centers of oxygen octahedra, and 
oxygen anions are located at the vertices of the cube [89,90]. This arrangement results in a highly uniform lattice 
environment. In such a symmetric structure, the coordination environment of both A- and B-site cations is 
equivalent, with A-site cations interacting with B-site cations via oxygen anions, forming a stable three-
dimensional network [91–93]. The high symmetry of this arrangement imparts significant lattice stability and 
structural integrity to cubic perovskite oxides [94]. Another notable feature of the cubic phase is its relatively low 
lattice energy, which helps reduce energy losses during electrocatalytic processes and facilitates efficient charge 
and ion transport [95–97]. The low lattice energy leads to weaker interactions between A-site and B-site cations, 
providing flexibility for structural changes under external stimuli, such as the generation and migration of oxygen 
vacancies [98]. Additionally, the oxygen vacancy distribution in the cubic phase is relatively regular, and the 
formation and migration of oxygen vacancies can influence the kinetics of redox reactions [99]. Thus, cubic 
perovskite oxides maintain structural stability while allowing for the optimization of catalytic activity through the 
tuning of oxygen vacancies [100–102]. Regarding electronic structure, cubic perovskite oxides generally exhibit 
high conductivity and low electronic band gaps, making them effective in charge transfer processes [103]. The 
migration of electrons mainly depends on the presence and distribution of oxygen vacancies, which often leads to 
localized electron accumulation, thereby promoting the adsorption of reactants and electron transfer. Due to the 
high symmetry of the structure, the surface electron density in cubic perovskite oxides is relatively uniform, which 
helps enhance the uniformity and stability of catalytic reactions [104]. By appropriately tuning the A-site and B-
site elements, the electronic structure of cubic perovskite oxides can be further optimized to achieve higher 
electrocatalytic performance. In conclusion, the structural characteristics of cubic perovskite oxides, including 
their high symmetry, low lattice energy, stable oxygen vacancy distribution, and optimized electronic structure, 
collectively contribute to their strong potential in electrocatalytic reactions [105,106]. 

2.2.2. Hexagonal Phase 

The hexagonal perovskite oxide exhibits distinct hexagonal symmetry, typically belonging to the space group 
P63/mmc [107]. In this structure, the coordination environments of the A-site and B-site cations are notably 
different. The A-site cations are positioned at the center of the hexagonal unit cell, while the B-site cations are 
located at the center of octahedral oxygen coordination, forming nearly octahedral coordination [108]. Unlike the 
high symmetry of the cubic phase, the hexagonal phase features a layered structure, with the A-site and B-site 
cations located in separate layers [109,110]. This arrangement results in relatively weak interlayer interactions 
along the c-axis, allowing for potential lattice slip or rearrangement, which contributes to its tunable properties 
under specific conditions. In the hexagonal phase, oxygen anions form octahedra around the B-site cations, and 
these octahedra are interconnected by sharing oxygen atoms, creating a three-dimensional network [111–113]. The 
stacking along the c-axis is asymmetrical, leading to lattice distortion and significant anisotropy in lattice density 
along different directions. This asymmetrical stacking structure induces lattice strain and notably affects the 
formation and distribution of oxygen vacancies, which in turn influences the stability and catalytic activity. 
Oxygen vacancies typically arise at sites where oxygen ions are mismatched, and these defect sites not only 
facilitate the transport of electrons and ions but also serve as active sites in catalytic processes [114–116]. 
Furthermore, the electronic structure of the hexagonal phase is closely related to its lattice characteristics. Due to 
its layered structure and lattice inhomogeneity, the rate of electron migration between different crystal planes 
exhibits directional anisotropy. Compared to the cubic phase, the electronic density distribution in the hexagonal 
perovskite is highly anisotropic, causing its electrical properties to vary depending on the direction. The electronic 
configuration of the A-site and B-site cations, along with the coordination of the oxygen anions, further modulates 
its conductivity, bandgap, and conduction mechanisms. Overall, the asymmetrical layered stacking, distribution 
of oxygen vacancies, and anisotropic electronic structure of the hexagonal perovskite confer unique physical 
properties and potential tunability, providing advantages for specific applications. 

2.2.3. Tetragonal Phase 

Tetragonal-phase perovskite oxides typically belong to the I4/mcm space group, exhibiting relatively high 
symmetry. However, in contrast to the cubic phase, significant distortions along the c-axis are present in their 
lattice structure. These distortions arise from variations in the coordination environment of the B-site metal ions, 
resulting in the elongation or compression of the oxygen octahedra, which alters the coordination geometry and 
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the coordination number between the oxygen ions and B-site metal ions [117]. Specifically, in the tetragonal phase, 
the oxygen octahedra along the c-axis are of different sizes, creating anisotropy in the crystal lattice and leading 
to directional differences throughout the material. In this phase, the A-site ions are located in relatively larger 
voids, interacting weakly with the surrounding oxygen ions [118]. These ions are more susceptible to displacement 
or distortion due to external factors such as temperature and stress. The asymmetry in the structure makes the 
tetragonal phase more stable at lower temperatures but also more sensitive to structural changes induced by lattice 
stress [119–121]. The formation of oxygen vacancies in the tetragonal phase is significantly influenced by these 
lattice distortions, and the oxygen ion migration exhibits anisotropic behavior, which further intensifies the impact 
of lattice stress on structural stability. Additionally, the electronic structure and ionic conductivity of tetragonal-
phase perovskites are affected by lattice distortions. Due to the deformation of the oxygen octahedra, the tetragonal 
phase shows high anisotropy in its conductivity, with electron migration differing in efficiency across various 
directions. This non-isotropic structure imparts strong adaptability and stability under conditions of varying stress 
and temperature [122]. Although its performance is influenced by lattice changes, the tetragonal-phase perovskite 
still holds significant potential, particularly in catalytic reactions, where the dynamic behavior of oxygen vacancies 
plays a crucial role, despite the structural variations. 

2.2.4. Orthorhombic Phase 

The orthorhombic perovskite oxides crystallize in the Pbca space group, which is characterized by relatively 
low symmetry compared to other perovskite phases. The lattice consists of oxygen octahedra that undergo 
elongation or compression along three distinct directions, resulting in unequal lattice constants along each axis. 
Unlike the cubic and hexagonal phases, the internal arrangement in the orthorhombic phase is more irregular. The 
A-site cations typically reside in larger octahedral voids, but due to the crystal distortion, these cations shift 
significantly compared to other phases [123]. This shift alters the interactions between A-site cations and oxygen 
ions, affecting lattice distortion and the formation of oxygen vacancies. The lattice distortion in the orthorhombic 
phase is reflected in the varying sizes and shapes of the oxygen octahedra, leading to non-uniform oxygen ion 
arrangements and modifying the interactions between metal ions and oxygen ions. In contrast to perovskites with 
higher symmetry, the orthorhombic lattice exhibits stronger anisotropy, with notable differences in the distances 
between oxygen ions [124,125]. This heterogeneity in oxygen ion spacing complicates the distribution of oxygen 
vacancies and the coordination environment of metal ions. The weaker interactions between A-site cations and 
oxygen ions contribute to greater structural flexibility, enabling the lattice to adapt to external changes, especially 
under temperature fluctuations or stress. However, this complexity results in relatively poor stability for the 
orthorhombic phase, making it more susceptible to environmental changes. Due to the low symmetry of 
orthorhombic perovskites, the interactions between oxygen ions and metal ions are more intricate, leading to a 
strong directional dependence in the formation and migration of oxygen vacancies. The generation of oxygen 
vacancies is closely linked to lattice distortion, with their formation rate increasing under high temperatures or 
stress. This structural feature gives orthorhombic perovskites an advantage in certain catalytic reactions, 
particularly when their lattice structure can strongly interact with reactants, potentially enhancing catalytic 
performance. However, the complexity of the structure and its relatively low stability also limit the widespread 
application of orthorhombic perovskites, particularly regarding their operational stability at high temperatures and 
long-term performance [126,127]. 

2.2.5. Rhombohedral Phase 

The rhombohedral phase of perovskite oxides typically adopts the R3c space group, exhibiting lower symmetry 
compared to other perovskite structures, which results in distinct lattice distortions [128]. In this structure, the 
octahedra formed by the A-site and B-site cations are arranged asymmetrically, leading to lattice elongation or 
compression and introducing directional differences. Unlike other common crystal phases, the octahedra in the 
rhombohedral phase are not perfectly symmetrical, and undergo distortion along specific directions, resulting in a 
non-homogeneous lattice structure [129]. In the rhombohedral phase, the interactions between the A-site cations and 
the oxygen octahedra are uneven, causing the oxygen ions to arrange with tilting, which results in a non-uniform 
distribution of oxygen vacancies [130]. This local structural asymmetry affects the formation and migration of oxygen 
vacancies, and their distribution and dynamic behavior may change under varying external conditions [131,132]. 
Especially under certain conditions, the strength of the metal-oxygen bond and the coordination environment of 
oxygen ions exhibit strong anisotropy. The rhombohedral phase’s crystal structure also displays strong interlayer 
interactions, further influencing the stability of the oxygen octahedra and the mobility of oxygen ions. Due to the 
asymmetry of the lattice, the metal-oxygen coordination structure becomes looser or tighter along certain directions, 
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affecting its stability and catalytic performance [133,134]. Moreover, this asymmetry makes the rhombohedral phase 
more prone to structural deformation under high temperatures or stress, impacting its catalytic stability, particularly 
during prolonged operation, where phase transitions may occur, leading to performance degradation. In summary, 
rhombohedral-phase perovskite oxides exhibit high thermal stability; however, their structural asymmetry and 
sensitivity to environmental changes pose certain challenges for long-term applications. 

2.2.6. Monoclinic Phase 

Monoclinic perovskite oxides typically belong to the space group C2/c, exhibiting low symmetry, which results 
in unequal unit cell parameters along different directions. This reduced symmetry leads to significant distortions along 
the a- and c-axes, and the coordination environment of the oxygen octahedra becomes inhomogeneous, influencing 
the distribution of oxygen vacancies and the kinetics of electrocatalytic reactions [135,136]. In the monoclinic phase, 
the coordination between the B-site cations and oxygen ions is relatively loose, and the oxygen ions are unevenly 
positioned, leading to inconsistent bond lengths within the oxygen octahedra, further facilitating the formation of 
oxygen vacancies [137]. Oxygen vacancies play a critical role in the monoclinic phase by providing more active 
sites for reactants and accelerating the oxygen reduction reaction. Due to the strong anisotropy of this phase, the 
chemical environment varies significantly along different directions, which may result in high catalytic activity 
under specific conditions. However, this inhomogeneity also makes it prone to structural degradation or phase 
transitions at elevated temperatures, which compromises its thermodynamic stability and long-term performance. 
Consequently, while monoclinic perovskites exhibit strong activity in certain catalytic reactions, their stability and 
complex thermodynamic behavior pose challenges for practical applications. 

2.3. Impact of Crystal Phases on Electrocatalytic Reaction Mechanisms and Performance for Water Splitting 

For clarity, oxygen vacancies discussed in the following sections may originate from a variety of sources, 
including thermodynamically formed bulk vacancies, kinetically stabilized surface or near surface vacancies, and 
electrochemically induced defects generated under operating conditions. Thermodynamically formed bulk 
vacancies typically arise from intrinsic lattice instabilities or nonstoichiometry under high temperature or low 
oxygen pressure environments, whereas kinetically stabilized surface or near surface vacancies often result from 
processing conditions, surface reconstruction, or adsorption desorption dynamics. Electrochemically induced 
defects, on the other hand, are dynamically generated under applied potentials or during redox cycling, and their 
concentration and distribution can be highly sensitive to the local electrochemical environment. Unless otherwise 
specified, the discussion hereafter primarily focuses on surface-related oxygen vacancies, which are most directly 
involved in interfacial charge transfer, catalytic adsorption, and electrocatalytic reactions. These surface vacancies 
not only modulate the local electronic structure and surface reactivity, but also serve as active sites that govern 
reaction kinetics, selectivity, and overall performance in energy conversion and storage applications. 

Within this context, it is important to clarify the hierarchical relationship among lattice distortion, octahedral 
tilting, and bond angle deviation in perovskite oxides. These structural descriptors are not independent, but rather 
represent different manifestations of symmetry lowering across length scales. Lattice distortion reflects the overall 
deviation of the crystal framework from ideal cubic symmetry and is commonly accommodated through 
cooperative tilting of BO6 octahedra, which directly induces deviations of the B-O-B bond angle from 180°, 
providing a local structural parameter that governs orbital overlap, electronic bandwidth, and metal oxygen 
covalency. Consequently, bond angle deviation modulates the overlap between O-2p and transition metal 3d 
orbitals, thereby regulating electronic structure, charge transfer characteristics, and defect energetics. Beyond this, 
these structural perturbations manifest both at local and long range scales: while lattice distortion captures the 
global symmetry lowering, octahedral tilting and bond angle deviation provide a nuanced understanding of local 
distortions that directly influence the chemical environment around active sites, affecting not only electronic 
density distribution but also lattice vibrational properties and electron phonon coupling. Moreover, the anisotropic 
strain associated with tilting leads to preferential modifications in cation anion bond lengths, further tuning the 
energetic landscape for defect formation, migration, and stabilization. This is particularly relevant for oxygen 
vacancies, whose formation and mobility are highly sensitive to local coordination asymmetry, and the interplay 
between global lattice distortion and local octahedral behavior establishes a multiscale framework linking 
crystallographic symmetry, electronic structure, defect chemistry, and ultimately functional properties such as 
electrocatalytic activity, ionic conductivity, and redox behavior. 

To explore the impact of crystal phases of perovskite oxides on electrocatalytic water splitting performance, 
several critical factors must be considered, including lattice symmetry, oxygen vacancy distribution, lattice 
distortion, and surface structure, which all play a pivotal role in determining catalytic activity (Figure 4). These 
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factors not only affect the electronic structure of perovskite oxides but also govern their interaction with reaction 
intermediates during the catalytic process, thus influencing the overall electrocatalytic performance. 

 

Figure 4. Correlation between crystal phases and electrocatalytic performance in perovskite oxides. (a) Lattice 
symmetry and oxygen-vacancy distributions in ordered and distorted octahedral frameworks; (b) Electronic 
structure modulation, showing adsorbate interactions with oxygen vacancies and the relative O-2p and M-3d orbital 
levels; (c) Surface defect generation through A-site or B-site leaching, inducing local structural and electronic 
perturbations; (d) Ordered and disordered surface atomic arrangements, highlighting vacancy-induced disorder; (e) 
Lattice distortion associated with vacancy formation and cation substitution, illustrating local structural relaxation 
around defect sites. 

Firstly, lattice symmetry fundamentally dictates the electronic characteristics of perovskite oxides. 
Perovskites with high symmetry, such as the cubic phase, exhibit a more ordered and stable atomic arrangement, 
leading to relatively lower conductivity. This lack of localized electronic states limits the interaction between 
surface electrons and reactant molecules, thus reducing catalytic efficiency. In contrast, lower-symmetry 
perovskite phases, such as hexagonal and orthorhombic phases, often exhibit more structural defects and 
asymmetrical atomic arrangements. These defects serve as active sites, enhancing electron transfer and reactant 
adsorption, which boosts catalytic activity. These local defects modulate the electronic density and structure of the 
catalyst, creating more reactive sites that can accelerate electrocatalytic reactions [138]. 

Secondly, the generation and distribution of oxygen vacancies are essential for determining the catalytic 
activity of perovskite oxides. Oxygen vacancies not only act as active sites for water molecule adsorption and 
dissociation but also serve as critical sites for the adsorption of reaction intermediates, such as hydroxide ions, 
during the electrocatalytic process. In perovskite phases with lower symmetry, such as hexagonal and 
orthorhombic phases, lattice distortion enhances the formation and non-uniform distribution of oxygen vacancies, 
promoting enhanced adsorption and activation of water molecules. These defects provide a localized electronic 
structure that facilitates the dissociation of water and the formation of hydroxide intermediates. In contrast, cubic-
phase perovskites, with their more ordered structures, show more uniform and sparse oxygen vacancies, resulting 
in less catalytic activity. The density and distribution of oxygen vacancies influence the overall catalytic pathway, 
including charge transfer and the stability of reaction intermediates, which directly impact the efficiency and 
selectivity of the water splitting reaction [139,140]. 

Lattice distortion also plays a crucial role by influencing the electronic structure and charge transfer 
properties of the catalyst. Perovskites with significant lattice distortion, such as hexagonal and orthorhombic 
phases, induce localized stress effects that lead to the uneven distribution of electrons on the catalyst surface. This 
distortion can enhance the electron transfer properties of the catalyst, thus accelerating the catalytic process. The 
stress effects induced by lattice distortion create more “active states” on the catalyst surface, making them more 
effective in promoting electron and reactant molecule interactions. For instance, the higher lattice distortion in 
hexagonal-phase perovskites results in a more reactive surface, facilitating faster electron transfer and reducing 
the activation energy for water dissociation. In comparison, cubic-phase perovskites, with their symmetrical and 
less-distorted structure, exhibit weaker electron transfer capabilities, limiting the rate of catalytic reactions. 

Additionally, surface structure is crucial in determining catalytic performance. The arrangement of surface 
atoms, the presence of defects, and the distribution of these defects significantly influence the catalytic reaction. 
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Perovskite oxides typically have surfaces rich in defects and irregular atomic arrangements, which provide more 
active sites for reaction and enable better interaction with reactant molecules [141–143]. Lower-symmetry phases 
such as hexagonal and orthorhombic phases have more surface defects, promoting water adsorption, dissociation, 
and intermediate formation, leading to enhanced catalytic efficiency. On the other hand, higher-symmetry phases 
like cubic perovskites, with their smoother and more ordered surfaces, have fewer defects, resulting in lower 
surface activity and reduced catalytic efficiency [144]. Furthermore, the coordination environment between surface 
atoms and oxidation-reduction intermediates affects the catalytic reaction pathway. By adjusting the defect density 
and surface coordination environment, perovskite oxides can tune the catalytic activity, further reinforcing the 
connection between crystal phase structure and electrocatalytic performance [145–147]. 

It should be noted that, although reduced crystallographic symmetry is frequently associated with enhanced 
oxygen vacancy formation and improved electrocatalytic activity, this correlation is not universal. High symmetry 
cubic perovskites with optimized B-site valence states, strong metal oxygen covalency, and favorable electronic 
configurations can also exhibit excellent OER performance, even in the absence of a high intrinsic vacancy 
concentration. Therefore, crystallographic symmetry should be regarded as an enabling, rather than an exclusive, 
factor in governing catalytic activity. 

Moreover, it is essential to distinguish among oxygen vacancy concentration, vacancy ordering, and vacancy 
mobility, as these descriptors capture fundamentally different aspects of defect chemistry. While vacancy 
concentration reflects the thermodynamic propensity for defect formation, vacancy ordering describes the spatial 
arrangement and correlation of vacancies within the lattice, which can strongly influence electronic structure and 
lattice stability. Vacancy mobility, on the other hand, governs the dynamic accessibility of active sites and oxygen 
exchange kinetics under operating conditions. Importantly, reduced symmetry does not necessarily optimize all 
three parameters simultaneously; for instance, highly distorted structures may increase vacancy concentration but 
impede vacancy mobility due to local trapping or strong lattice distortions. 

Consequently, the dominant factor governing catalytic activity depends on the specific materials regime and 
operating conditions. In systems where bulk defect formation and lattice oxygen participation are rate limiting, 
crystallographic symmetry and its associated structural distortions play a primary role. In contrast, when electronic 
structure descriptors such as metal oxygen covalency or occupancy are optimized, or when extensive surface 
reconstruction leads to the formation of oxyhydroxide active layers, catalytic performance may become less 
sensitive to the initial bulk symmetry. This nuanced interplay underscores the necessity of considering 
crystallographic symmetry, electronic structure, and surface reconstruction as complementary, rather than 
mutually exclusive, determinants of electrocatalytic activity. 

To provide a design-oriented perspective, Table 1 establishes a unified framework that translates 
crystallographic symmetry from a qualitative structural concept into a set of quantitative and physically meaningful 
descriptors, including tolerance factor, octahedral tilting amplitudes, B-O-B bond angle deviations, and symmetry 
induced lattice strain. These symmetry derived descriptors are further correlated with oxygen defect energetics, 
such as vacancy formation energy, spatial distribution, ordering tendency, and migration barriers, thereby explicitly 
linking symmetry lowering to defect formation and transport behavior. By integrating structural, defect, and 
electronic considerations, this framework clarifies when crystallographic symmetry acts as a primary governing factor 
and when its influence is mediated through electronic structure or surface reconstruction. Importantly, it enables a 
systematic and internally consistent comparison across different crystal phases and identifies symmetry controlled 
parameters that can be deliberately tuned via composition, strain, or phase engineering to rationally optimize 
electrocatalytic activity, stability, and defect dynamics under realistic operating conditions. 

Table 1. Crystallographic symmetry derived descriptors governing oxygen defect chemistry and electrocatalytic 
behavior in perovskite oxides. 

Crystal Symmetry Space Group Symmetry Derived  
Structural Descriptors 

Oxygen-Defect 
Energetics and 
Characteristics 

Electronic/Catalytic Implications 

Cubic Phase  
(high symmetry) Pm3m 

Tolerance factor t ≈ 1; negligible 
octahedral tilting; B–O–B  

bond angle ≈ 180° 

High oxygen vacancy 
formation energy ΔEv; 

low intrinsic  
vacancy concentration 

Broad electronic bandwidth, strong 
orbital delocalization; limited surface 

defect density, typically moderate 
catalytic activity 

Hexagonal Phase P63/mmc 
Face-sharing octahedra; non-

perovskite connectivity; reduced  
B–O orbital overlap 

Preferential vacancy 
formation at  

specific lattice sites 

Distinct reaction pathways and surface 
chemistry; unique activity trends 

beyond conventional perovskite models 

Tetragonal Phase I4/mcm 
Anisotropic lattice distortion; 

moderate octahedral rotation along c-
axis; slight B–O–B angle deviation 

Moderately reduced ΔEv; 
anisotropic  

vacancy distribution 

Direction-dependent electronic 
structure; enhanced surface reactivity 

along specific  
crystallographic orientations 
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Orthorhombic Phase Pbca 
Pronounced cooperative octahedral 

tilting; significantly reduced B–O–B 
bond angle; t < 1 

Lower ΔEv; enhanced 
vacancy concentration 

and mobility 

Optimized metal–oxygen covalency and 
p–d orbital overlap; favorable balance 
between electronic conductivity and 

defect reactivity for OER 

Rhombohedral Phase R3c 
Trigonal distortion; coupled 

octahedral rotation and lattice strain; 
asymmetric local coordination 

Stabilized surface and 
near surface  

oxygen vacancies 

Enhanced adsorption of oxygen 
intermediates; improvedcharge-transfer 

kinetics and catalytic turnover 

Monoclinic Phase  
(low symmetry) C2/c 

Strong symmetry lowering; diverse 
bond-length and bond-angle 

distributions; local  
coordination heterogeneity 

Highly heterogeneous 
vacancy formation 

energies;  
defect-rich surfaces 

High density of catalytically active 
sites; enhanced reaction flexibility but 
potentially reduced structural stability 

2.4. Statistical Summary of Perovskite Oxides for Electrocatalytic Water Splitting 

To specify, we use defect related terms such as “mismatch” and “symmetry deviation” to describe specific 
physical origins, including ionic size or lattice parameter mismatches and deviations from ideal perovskite 
symmetry at both local and long range scales. These descriptors capture subtle structural perturbations that arise 
from compositional heterogeneity, cation substitution, or strain effects, which can influence lattice stability, 
electronic structure, and ion transport properties. Importantly, these concepts are distinct from intrinsic point 
defects, such as oxygen vacancies, unless explicitly stated, as they reflect broader structural inconsistencies rather 
than the presence of discrete missing or interstitial atoms. By clearly delineating these categories, we provide a 
rigorous framework for interpreting structural distortions and their consequences on the functional behavior of 
perovskite oxides, including effects on electronic conductivity, catalytic activity, and defect formation energetics. 
Such distinctions are essential for accurately correlating microscopic structural features with macroscopic material 
performance in experimental and computational studies. 

The compiled data reveal several consistent structure–performance correlations spanning crystalline 
symmetry, A-site chemistry, and B-site configuration (Table 2). Cubic and near-cubic perovskites that host Co or 
Ni at the B site and Sr or Ba at the A site frequently deliver the lowest η at 10 mA cm−2 with Tafel slopes in the 
approximate 40–70 mV dec−1 band, a trend attributable to higher tolerance factors, reduced octahedral tilts, and 
elevated B-site valence states that push eg occupancy toward unity while sustaining p-type conductivity; 
representative Sr(Co,Fe)O3−δ and Ba(Sr)CoO3−δ families typify this regime with multi-tens of hours to hundreds 
of cycles of stable operation. Rhombohedral variants containing La retain competitive overpotentials with 
improved cycling endurance, indicating that slightly lower symmetry can moderate reconstruction while 
preserving strong O 2p–TM 3d covalency. Hexagonal and tetragonal entries generally show higher kinetic slopes 
and η values unless vacancy ordering or layered stacking introduces rapid anion transport pathways, suggesting 
that anisotropic lattices require deliberate vacancy and bandwidth engineering to offset less favorable crystal-field 
landscapes. Orthorhombic compositions span a wide activity window, and performance rises markedly when A-
site Sr/Ba substitution increases average B-site valence and oxygen nonstoichiometry, highlighting a vacancy-
assisted route to accelerate *OH and *O formation. Monoclinic examples are fewer but include cases with 
respectable HER or bifunctional behavior when heteroatom doping or conductive scaffolds compensate for limited 
intrinsic transport. Across A-site chemistry, alkaline-earth substitution (Sr, Ba, Ca) consistently enhances OER 
metrics by enforcing charge compensation to TM3.5+–TM4+ and by lowering vacancy formation barriers, whereas 
rare-earth La and Gd often improve durability through stronger lattice cohesion at comparable activity. B-site 
trends indicate a hierarchy where Co > Ni > Fe for OER mass activity at similar symmetry and vacancy levels, 
while Fe incorporation in Co/Ni matrices stabilizes high-valent states and suppresses parasitic oxygen release, 
narrowing Tafel slopes without sacrificing longevity. Perovskite-derived phases, notably brownmillerites and 
vacancy-ordered orientations, show distinct advantages for both OER and HER by combining labile oxygen 
channels with electronically percolating frameworks; stability improves further when surface reconstruction yields 
thin oxyhydroxide skins over oxygen-deficient perovskite subsurfaces rather than complete amorphization. 
Composites and heterostructures in the table, including MXene-coupled and noble-metal-modified systems, lower 
η and extend cycle life by boosting charge delivery and protecting the lattice, although entries with excessive A-
site leaching or poorly anchored dopants exhibit rapid decay. Taken together, the statistics indicate that optimal 
catalysts co-maximize lattice symmetry near the cubic limit, A-site compositions that drive high B-site valence with 
controllable δ, and B-site chemistries that balance strong covalency with moderated vacancy densities, while permitting 
reconstructive formation of stable oxyhydroxide interfaces that sustain high turnover under prolonged bias. 
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Table 2. A comprehensive overview of electrocatalytic performance of perovskite oxides. 

Crystalline Phases Material Application Electrolytes Tafel Slope  
(mV dec−1) 

Overpotential  
(η @ j, mV) 

Stability 
(@ Current Density) Ref. 

Cubic phase 

LaNiO3 UOR 1 M KOH + 0.33 
M urea 33.1 - 45 h 

@ 50 mA cm−2 [148] 

BaCo0.7Fe0.2Sn0.1O OER 0.1 M KOH 68 ± 2 - - [149] 

Sm-LaCoO3 OER 1 M PBS (pH 7) 135.5 η10 = 530 50 h 
@ 10 mA cm−2 [150] 

LSCO OER 1 M KOH 76.6 η10 = 360 - [151] 

10%Fe-SrCoO3−δ OER 0.1 M KOH - η10 ≈ 410 2 h 
@ 10 mA cm−2 [152] 

MoReS2/LSC OER 1 M KOH 37.2 η10 = 210 200 h 
@ 20 mA·cm−2 [153] 

LSFN-0.4 OER 0.1 M KOH 35 η10 = 320 36 h 
@ 9.3mA·cm−2 [39] 

SFSi OER 0.1 M KOH 58 - - [154] 
BSCF OER 0.1 M KOH - - - [68] 

La0.6Ca0.4(CrMnFeCo2Ni) O3 OER 1 M KOH 57.4 η10 ≈ 340 200 h 
@10 mA·cm−2 [155] 

P-HEO OER 1 M KOH 51 - - [156] 

L-0.5/rGO OER 
HER 

1 M KOH 
1 M KOH 

80 
46 

η10 = 338 
η150 = 187 

- 
- [157] 

P-PLBC-F HER 1 M KOH 32.9 η10 = 208 - [158] 
LBSCOF HER 1 M KOH 44 η100 = 256 - [159] 

SrTi0.7Ru0.3O3−δ HER 1M KOH 40 η10 = 46 200 h 
@10 mA·cm−2 [160] 

BaMoO3 HER 1 M KOH 110 η10 = 336 - [161] 

Hexagonal phase 
6H–SrIrO3 OER 0.1 M HClO4 54.5 η10 = 256 - [162] 

LMN OER 
HER 

1 M KOH 
1 M KOH 

88.3 
96.3 

η10 = 318 
η10 = 225 

20 h 
@ 10 mA·cm−2 [163] 

Tetragonal phase PO4-PBCC OER 0.1 M KOH 51 η10 = 290 100 h 
@ 10 mA·cm−2 [164] 

PrBaCo2O5+δ OER - - - - [165] 

Orthorhombic phase 

SrIrO3 OER 0.5 M H2SO4 59.5 - - [166] 

Gd0.8Sr0.2FeO3 OER 1 M KOH 55.85 η10 = 294 20 h 
@10 mA cm−2 [167] 

Sr0.9Na0.1RuO3 OER 0.1 M HClO4 - η0.5 =120 - [168] 

LaMnO3 OER 0.1 M KOH 74 η10 = 324 10 h 
@ 10 mA cm−2 [169] 

CaMnO3/C OER 0.1 M KOH 197 - - [170] 
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Crystalline Phases Material Application Electrolytes Tafel Slope  
(mV dec−1) 

Overpotential  
(η @ j, mV) 

Stability 
(@ Current Density) Ref. 

Orthorhombic phase 

NdBaMn2O5.5 
OER 
HER 

1 M KOH 
1 M KOH 

75 
87 

η10 = 430 
η10 = 290 

50 h 
@ 10 mA cm−2 [171] 

S-LCF OER 
HER 

1 M KOH 
1 M KOH 

60 
- 

η10 = 360 
η10 = 340 

7 h 
@~11.5 mA cm−2 [172] 

La0.6Sr0.4CoO3 (HTS-2) OER 
HER 

1 M KOH 
1 M KOH 

73 
52 

η10 = 363 
η10 =261 - [173] 

Rhombohedral phase Sr0.1La0.9Ni0.5Co0.5O3 OER H2O - η1000 =1810 20 h 
@ 500 mA cm−2 [174] 

LaNiO3 nanocrystals OER 0.1 M KOH - η10 = 440 - [77] 

Monoclinic phase 

S-doped M-SrIrO3 OER 0.5 M H2SO4 58.4 η10 = 228 20 h 
@ 10 mA·cm−2 [175] 

4CeO2@SrIrO3 OER 0.5 M H2SO4 71.7 η10 = 238 50 h 
@ 10 mA·cm−2 [176] 

Ir@SrIrO3 OER 
HER 0.5 M H2SO4 

61.8 
27.6 

η10 = 229 
η10 = 28 

100 h 
@ 10 mA·cm−2 [177] 

La2(Co1/6Ni1/6Mg1/6Zn1/6Na1/6Li1/6)RuO6 HER 1 M KOH 97.8 η10 =40.7 82 h 
@ 10 mA·cm−2 [178] 

Derived structure 

PBSCF-III OER 0.1M KOH 52 η10 = 358 12 h 
@ 10 mA·cm−2 [179] 

CaCu3Fe4O12 OER 0.1 M KOH 51 η0.5 = 310 - [180] 
SrCoO2.52 OER 1.0 M KOH - η10 = 525 - [27] 

(Pr0.5Ba0.5)2Co2O5+δ OER - - - - [181] 
LaNiO3−δ (111) OER 0.1 M KOH 50.4 η1 = 450 - [182] 

CaCu3Co2Ru2O12 OER 1 m KOH 37 η10 = 198 500 h 
@ 500 mA cm−2 [183] 

LSNF30 OER 0.1 M KOH 44 η10 = 360 - [36] 

La0.6Sr0.4CoO3−δ OER 0.1 M KOH ~88 - 200 h 
@ 0.1mA cm−2 [184] 

LaMnNiCoO3 (1:2:3) OER 0.1 M KOH 80.19 η10 = 370 - [185] 
BM-SrFeO2.5 OER 1 M KOH 70.5 η1 = 460 - [186] 

BICO-2 OER 0.5 M H2SO4 46.3 η10 = 216 140 h 
@ 10 mA cm−2 [187] 

SNCF-NRs OER 
HER 

0.1 M KOH 
0.1 M KOH 

61 
134 

η10 = 390 
η10 = 262 

10 h 
@ 10 mA cm−2 [188] 

LSC/K-MoSe2 
OER 
HER 

1 M KOH 
1 M KOH 

79 
45 

η10 = 230 
η10 = 128 

2500 h 
@ 100 mA cm−2 [189] 

TRO/RKLTO HER 1 M KOH - η10 = 20 - [190] 
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It is important to emphasize that the performance data compiled in Table 2 originate from different studies 
employing varied testing conditions, including electrolyte environments, pH values, applied current densities, and 
durability evaluation protocols. As a result, direct numerical comparisons of overpotentials or current densities 
across different crystal phases may not always be strictly valid. Accordingly, the discussion in this review focuses 
primarily on identifying trend based correlations between crystallographic symmetry, defect chemistry, and 
catalytic behavior, rather than on absolute performance metrics. 

Where available, intrinsic descriptors such as Tafel slopes, electrochemically active surface area (ECSA) 
normalized activities, and stability trends under comparable conditions are emphasized, as these metrics provide 
more reliable insights into the underlying catalytic mechanisms and structure activity relationships. This approach 
allows for a more rigorous and meaningful comparison of how crystal phase and symmetry influence 
electrocatalytic performance across diverse material systems. 

3. Crystalline Structure-Dependent Electrocatalytic Behavior of Perovskite Oxides 

Perovskite oxides display distinct advantages in water splitting that arise from crystal-phase-controlled lattice 
symmetry, oxygen-defect thermodynamics, and coordination chemistry. To clarify how structure governs activity, 
the discussion is organized into two complementary categories aligned with this review’s chapter sequence. 
Section 3.1 examines A-site cation families in the order La-series, Sr-series, Ba-series, Ca-series, and Gd-series, 
emphasizing how tolerance factor, octahedral tilts, and charge-compensation pathways regulate B-site valence and 
vacancy formation [191,192]. Section 3.2 then analyzes B-site transition-metal families in the order Co-series, Ni-
series, Fe-series, Mn-series, and Cr-series, highlighting how eg occupancy, metal–oxygen covalency, and redox 
manifolds set intermediate binding and charge-transfer kinetics [193,194]. Across both categories, variations in 
symmetry, oxygen vacancy distribution, and local coordination create measurable differences in electrocatalytic 
activity, durability, and intermediate affinity under operating bias. The following subsections integrate these 
factors to extract actionable structure–activity correlations that guide the rational design of high-performance 
perovskite electrocatalysts for water splitting. 

3.1. A-Site Cation-Based Perovskite Oxides and Their Electrocatalytic Properties 

3.1.1. La-Series Perovskite Oxides 

La-based perovskite oxides exhibit significant catalytic activity in electrocatalytic water splitting, with their 
crystal structure playing a pivotal role in determining their performance [195]. The fundamental crystal structure 
of La-perovskite oxides is of the ABO3 type, where La3+ occupies the A-site, and transition metal ions occupy the 
B-site. The relatively large ionic radius of La3+ (approximately 1.36 Å) results in a larger lattice constant, typically 
around 3.84 Å, which induces lattice distortion, particularly when the distance between the A-site and B-site ions 
is stretched or compressed. This lattice distortion creates space for oxygen vacancy formation, which in turn serves 
as a catalytic center for the adsorption and dissociation of reaction intermediates [196]. Consequently, the presence 
of oxygen vacancies lowers the energy barrier for the water splitting reaction. The crystal symmetry of La-based 
perovskite oxides is relatively low, which enhances their catalytic performance. Specifically, the oxygen positions 
within the perovskite structure exhibit a high degree of delocalization, enabling more efficient participation in the 
catalytic process. The concentration of oxygen vacancies is closely related to the oxidation state and coordination 
environment of the B-site transition metal, which can be tuned by adjusting the doping of the A-site cation or by 
optimizing lattice distortion. The electrostatic effect of La3+ further enhances the oxidation-reduction capacity of the 
B-site transition metal, facilitating the OER during water splitting. Moreover, the lattice structure of La-based 
perovskite oxides allows for the fine-tuning of the electron density distribution, optimizing the reaction kinetics of 
oxidation-reduction processes, and improving the efficiency of electrocatalytic water splitting. Additionally, La-based 
perovskite oxides exhibit high thermal stability and excellent corrosion resistance, maintaining good electrocatalytic 
activity over a wide pH range, which is crucial for long-term stability in practical applications [197,198]. Therefore, 
the unique structural characteristics of La-based perovskite oxides offer distinct advantages in electrocatalytic 
water splitting. 

In recent years, significant research attention has been devoted to understanding how crystal structure 
regulation influences the electrocatalytic activity of La-based perovskite oxides for water splitting. Building on 
this foundation, Park et al. employed a template-assisted epitaxial growth strategy to precisely tailor the crystal 
orientation and interfacial electronic environment of La0.6Sr0.4CoO3−δ (LSC) through integration with MoReS2 
nanosheets [153]. As shown in Figure 5A, the atomic structure model indicates that the lattice coherence between 
the LSC (110) plane and the MoReS2 substrate promotes oriented epitaxial growth and induces moderate lattice 
distortion, thereby exposing high-energy facets favorable for oxygen adsorption and catalytic activation. Figure 5B 
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further confirms through high-resolution TEM that a coherent and defect-free van der Waals interface is formed, 
enabling efficient interfacial coupling and charge redistribution that optimize the electronic configuration of Co 
sites. Correspondingly, Figure 5C demonstrates that the facet-engineered MoReS2/LSC heterostructure achieves an 
overpotential of 210 mV at 10 mA cm−2 and a Tafel slope of 37.2 mV dec−1, outperforming pristine LSC (400 mV, 
160 mV dec−1) and even the benchmark IrO2 catalyst (340 mV). Collectively, these findings reveal that facet 
orientation control and interfacial electronic modulation synergistically enhance the oxygen evolution activity and 
reaction kinetics of La-based perovskite oxides. Following the facet-engineering approach, Yu et al. employed an 
A-site substitution strategy to precisely modulate the lattice structure and electronic configuration of LaCoO3 
perovskite oxides for enhanced electrocatalytic activity [150]. As shown in Figure 5D, the substitution of La3+ with 
various rare-earth cations introduces controlled lattice distortion and modifies the Co–O bond geometry, thereby 
optimizing the structural symmetry and facilitating charge transport during oxygen evolution. In Figure 5E, the 
HRTEM image of Sm–LaCoO3 after long-term OER testing demonstrates that the perovskite lattice remains highly 
crystalline, confirming its excellent structural integrity under electrochemical conditions. As illustrated in Figure 5F, 
the optimized perovskite, Sm–LaCoO3, exhibits an overpotential of 530 mV at 10 mA cm−2 and a Tafel slope of 
135.5 mV dec−1, outperforming both unmodified LaCoO3 and RuO2, indicating that A-site substitution–induced 
lattice modulation effectively enhances the oxygen evolution kinetics of La-based perovskite oxides. Building 
upon the compositional optimization strategy, Hu et al. introduced a surface ion-exchange and nucleation-growth 
strategy to construct a perovskite-based composite with finely tuned structural and electronic features [190]. As 
shown in Figure 5G, the schematic depicts the synthesis of Ru-doped K0.469La0.531TiO3 (RKLTO) coupled with Ti-
doped RuO2 (TRO) nanoparticles, where surface ion exchange enables Ru incorporation into the perovskite lattice 
and facilitates the controlled growth of TRO at the interface. In Figure 5H, high-resolution characterization clearly 
reveals the enrichment of Ru at the surface and edge regions, verifying the successful cation substitution and the 
formation of a coherent heterointerface. As presented in Figure 5I, the resulting TRO/RKLTO composite achieves 
an exceptionally low overpotential of 20 mV at 10 mA cm−2, surpassing commercial Pt/C and conventional oxide 
catalysts, confirming that surface ion exchange–induced lattice reconstruction and interfacial coupling 
synergistically enhance the hydrogen evolution kinetics of perovskite oxides. Extending beyond interfacial 
engineering, Cui et al. employed a high-temperature shock (HTS) synthesis approach to finely regulate the crystal 
symmetry and defect chemistry of La0.6Sr0.4CoO3 perovskite oxides for enhanced water oxidation [173]. As shown in 
Figure 5J, the atomic structure model depicts the orthorhombic phase of La0.6Sr0.4CoO3, where the ultrafast HTS 
process induces localized lattice distortion at Co sites and generates oxygen vacancies that serve as active centers for 
catalytic reactions. In Figure 5K, the HAADF-STEM image of the HTS-processed sample (HTS-2) reveals a well-
preserved orthorhombic lattice featuring uniformly distributed cations and abundant defect sites, indicating that 
rapid thermal activation simultaneously maintains crystallinity and introduces structural disorder beneficial for 
catalysis. As presented in Figure 5L, the optimized HTS-derived catalyst achieves an overpotential of 280 mV at 
10 mA cm−2 and a Tafel slope of 47 mV dec−1, confirming that HTS-induced lattice reconstruction and defect 
modulation effectively accelerate charge transfer and oxygen evolution kinetics in La-based perovskite oxides. 

3.1.2. Sr-Series Perovskite Oxides 

Sr-based perovskite oxides occupy a distinctive position in water splitting catalysis because the A-site Sr2+ 
cation, with an ionic radius that yields a tolerance factor close to unity, produces lattices with modest octahedral 
tilts, high oxygen mobility, and comparatively low migration barriers for anion transport, features that couple 
favorably to fast redox cycling at the B site. In archetypes such as SrCoO3−δ, SrFeO3−δ, SrNiO3, and related Sr-
substituted La/Ba systems, A-site Sr2+ enforces charge compensation through increased B-site valence, raising the 
average d-electron oxidation state toward Co4+, Fe4+, or Ni3+ and tuning eg occupancy toward the near-optimal 
regime for oxygen evolution, while the accompanying oxygen nonstoichiometry creates labile vacancies that 
accelerate adsorbate activation and lattice oxygen participation [199]. The perovskite–brownmillerite redox couple 
exemplified by SrCoO3−δ ↔ SrCoO2.5 delivers reversible topotactic transformations that modulate Co–O 
coordination, electronic bandwidth, and defect chemistry under bias, thereby reshaping OER pathways between 
adsorbate-evolving and lattice-oxygen mechanisms according to δ and potential. Electronic transport in these 
oxides is typically p-type with strong metal–oxygen covalency, enabling rapid charge transfer to surface 
intermediates, while the relatively open Sr framework supports high vacancy diffusivity that sustains steady-state 
turnover at elevated current densities. Under alkaline operation, surface reconstruction often yields Sr-depleted 
oxyhydroxide layers and defect-rich perovskite subsurfaces; this dynamic passivation can lower kinetic barriers 
and expand electrochemically active area, yet uncontrolled A-site leaching compromises crystallographic integrity 
and long-term stability [200–202]. Effective design therefore centers on balancing vacancy concentration with 
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electronic conductivity, stabilizing high-valent B-site states through compositional tuning or strain, and 
constraining detrimental A-site dissolution via surface terminations, heteroanion strategies, or protective scaffolds. 
Within this framework, Sr-series perovskites provide a versatile platform in which lattice symmetry, oxygen-defect 
thermodynamics, and B-site electronic structure can be co-engineered to realize high intrinsic OER activity with 
competitive durability, and to enable HER co-catalysis when coupled in bifunctional or heterostructured 
architectures [203]. 

Figure 5. Structural and phase engineering of La-based perovskite oxides greatly enhance their bifunctional 
electrocatalytic performance for overall water splitting. (A) Structural schematic of cubic LSC on MoReS2 
interface. (B) HRTEM image of MoReS2/LSC showing (110) and (001) lattice fringes. (C) OER polarization curves 
of LSC, MoS2/LSC, ReS2/LSC, MoReS2/LSC, and IrO2 [153]. Reproduced with permission from Ref. [153]. 
Copyright 2023, American Chemical Society. (D) Crystal structure model of A-site-substituted (LaA)CoO3 
perovskite. (E) HRTEM image of LaCoO3 showing (110) lattice spacing of 2.70 Å. (F) OER polarization curves 
of LaCoO3 and A-site-doped variants (Gd-, Sm-, Nd-, Pr-, Ce-LaCoO3) [150]. Reproduced with permission from 
Ref. [150]. Copyright 2022, American Chemical Society. (G) Structural schematic of TRO nanoparticles on 
RKLTO substrate. (H) HAADF-STEM image showing lattice coupling of TRO/RKLTO. (I) HER polarization 
curves of TRO/RKLTO and reference catalysts [190]. Reproduced with permission from Ref. [190]. Copyright 
2020, Royal Society of Chemistry. (J) HRTEM image of orthorhombic La0.6Sr0.4CoO3 (HTS-2). (K) Free-
energy diagram of OER pathways for orthorhombic La0.6Sr0.4CoO3. (L) HER polarization curves of HTS-2 and 
muffle-calcined samples [173]. Reproduced with permission from Ref. [173]. Copyright 2024, Elsevier. 
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To further elucidate the tunability of lattice–electronic interactions within Sr-based perovskite oxides, several 
representative studies have demonstrated that A-site engineering serves as an effective route to optimize both 
catalytic activity and structural robustness under oxygen evolution conditions. Retuerto et al. systematically 
explored Na incorporation into the SrRuO3 lattice, establishing a strong correlation between cation substitution, 
octahedral distortion, and electrocatalytic behavior in acidic environments [168]. Figure 6A illustrates the 
successful synthesis of Sr1−xNaxRuO3 (x = 0, 0.05, 0.10), where homogeneous Na+ doping preserves the 
orthorhombic perovskite framework while subtly modifying lattice parameters. Figure 6B reveals, through 
HRTEM and DDP analyses, that Na-doped samples maintain long-range crystallinity with less distorted RuO6 
octahedra, signifying enhanced structural stability. Figure 6C presents the polarization curves of SrRuO3 (black), 
Sr0.95Na0.05RuO3 (blue), and Sr0.90Na0.10RuO3 (red), confirming that Na substitution markedly improves OER 
performance, achieving approximately 0.5 mA cm−2 at 1.35 V vs. RHE (η ≈ 120 mV). Figure 6D compares the 
corresponding Tafel plots, showing that Sr0.90Na0.10RuO3 delivers a current density of ~10 mA cm−2 oxide at ≈ 1.4 V 
with a Tafel slope near 40 mV dec−1, outperforming pristine SrRuO3 and approaching the intrinsic OER activity of 
benchmark Ir-based perovskites in acidic media. To further elucidate the structure–activity correlation revealed in 
Na-doped SrRuO3, Kim et al. systematically examined the crystalline configuration and OER activity of Sr–Ir–O 
perovskites in acidic environments, elucidating the correlation between lattice symmetry and reaction kinetics [162]. 
Figure 6E illustrates the three-dimensional perovskite structure of SrIrO3, in which corner-sharing IrO6 octahedra 
construct a robust network that ensures high electronic conductivity and strong Ir–O covalency, favorable for 
charge transfer during oxygen evolution. Figure 6F displays the HAADF-STEM image of the layered Sr2IrO4 
phase with an oriented (001) facet, revealing a highly ordered arrangement of alternating IrO2 and SrO layers that 
stabilize the structure and regulate surface terminations. Figure 6G presents the corresponding atomic model of 
Sr2IrO4, showing that lattice strain and modulated Ir coordination enhance active-site accessibility and electronic 
coupling. Figure 6H compares the Tafel slopes of SrIrO–T and commercial IrO2 in 0.5 M H2SO4, where SrIrO–T 
exhibits a smaller slope of approximately 44 mV dec−1, reflecting accelerated charge-transfer kinetics and superior 
intrinsic activity. Building on the structural modulation strategies demonstrated in Sr–Ir–O systems, Dai et al. 
developed a single-phase SrTi0.7Ru0.3O3−δ (STRO) perovskite oxide to probe the atomic-level mechanisms 
underlying hydrogen evolution activity [160]. Figure 6I illustrates the cubic perovskite framework of STRO, where 
Ti and Ru cations co-occupy the B-site lattice, forming corner-sharing octahedra that facilitate robust electronic 
coupling and efficient charge delocalization. Figure 6J depicts the super-exchange interaction between adjacent 
Ti3+ and Ru5+ centers, which strengthens orbital hybridization and improves electrical conductivity. Figure 6K 
compares the ECSA-normalized specific activity of STO, STRO, and SRO catalysts, demonstrating that STRO 
achieves the highest intrinsic activity of approximately 0.15 mA cm−2 ECSA at an overpotential of 0.1 V, attributed 
to optimized electronic interactions. Figure 6L presents the corresponding Tafel plots, where STRO exhibits a 
notably smaller slope of around 40 mV dec−1, reflecting accelerated reaction kinetics and superior charge-transfer 
dynamics during the hydrogen evolution process. Following the compositional tuning explored in SrTi0.7Ru0.3O3−δ, 
Zhang et al. employed a microwave shock synthesis technique to fabricate cubic La0.5Sr0.5CoO3−δ (LSCO), enabling 
ultrafast crystallization and homogeneous phase evolution within seconds [151]. As depicted in Figure 6M, the 
atomic structure model illustrates a highly ordered cubic lattice constructed from corner-sharing CoO6 octahedra, 
forming a robust three-dimensional framework that facilitates efficient charge transport and provides abundant 
accessible active sites. This structural integrity is further corroborated by the SAED patterns in Figure 6N, which 
confirm the high crystallinity and pure cubic phase of LSCO, demonstrating the effectiveness of microwave-
assisted synthesis in stabilizing the perovskite framework. Building upon this well-defined structure, Figure 6O 
compares the OER polarization behavior of LSCO, LCO, and RuO2, revealing that LSCO exhibits a markedly lower 
overpotential and higher current density, indicative of superior intrinsic activity. Consistently, Figure 6P presents the 
corresponding Tafel analysis, where LSCO displays the smallest slope of approximately 49.5 mV dec−1, signifying 
accelerated reaction kinetics and enhanced charge-transfer dynamics during the oxygen evolution process. 

3.1.3. Ba-Series Perovskite Oxides 

Ba-series perovskite oxides exhibit significant advantages in electrocatalytic water splitting due to their unique 
crystal structure and excellent catalytic performance. The Ba3+ ion, with a relatively large ionic radius (approximately 
1.61 Å), results in a larger lattice constant, typically around 3.92 Å, which provides ample space for the formation of 
oxygen vacancies within the crystal structure. This characteristic plays a crucial role in electrocatalytic reactions. Ba-
based perovskite oxides adopt an ABO3-type structure, with Ba3+ occupying the A-site and transition metals such as 
Co3+ or Fe3+ occupying the B-site [204]. The larger size of Ba3+ induces lattice distortion, causing changes in the 
electronic structure of the B-site transition metals, which optimizes the redox reaction kinetics. This lattice distortion 
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not only facilitates the formation of oxygen vacancies but also increases their concentration, enhancing the efficiency 
of electron transfer during the oxidation-reduction process [161,205]. In Ba-series perovskite oxides, oxygen 
vacancies are critical structural features that significantly impact catalytic performance. The formation of oxygen 
vacancies not only improves electronic conductivity but also provides additional active sites, increasing the activity 
for the OER during water splitting. Due to the strong electrostatic effect of Ba3+, the oxidation-reduction reactions at 
the B-site transition metals are promoted, which accelerates the dissociation of water molecules. Compared to other 
perovskite oxides, Ba-series perovskites exhibit a higher concentration of oxygen vacancies, allowing for more 
efficient electrocatalytic reactions at lower overpotentials. Additionally, Ba-series perovskite oxides demonstrate 
superior catalytic stability over a wide pH range, which is essential for their durability in practical applications. 
Furthermore, Ba-series perovskite oxides can optimize their electronic structure by adjusting the combination of A-
site and B-site ions, enhancing the adsorption and dissociation processes of reaction intermediates. Therefore, due to 
their unique structural advantages and catalytic properties, Ba-series perovskite oxides are emerging as highly 
promising materials for efficient electrocatalytic water splitting, particularly in facilitating the OER. 

 

Figure 6. Lattice distortion and electronic modulation in Sr-based perovskite oxides drive enhanced catalytic 
performance for overall water splitting. (A) Crystal structure of Na-doped SrRuO3 perovskite. (B) HRTEM image 
and FFT pattern of Sr1−xNaxRuO3. (C) OER polarization curves of SrRuO3 and Na-doped SrRuO3. (D) Tafel plots 
comparing Sr1−xNaxRuO3 with reference oxides [168]. Reproduced with permission from Ref. [168]. Copyright 
2019, Springer Nature. (E) Crystal structure of 3D SrIrO3 perovskite. (F) HAADF-STEM image of SrIrO3 showing 
(110) and (200) planes. (G) Atomic-resolution image of SrIrO3 lattice along [001] direction. (H) Tafel plots of 
SrIrO3 samples synthesized at different temperatures [162]. Reproduced with permission from Ref. [162]. 
Copyright 2021, Elsevier. (I) Crystal structure of SrTi0.5Ru0.5O3 (STRO) perovskite. (J) Schematic illustration of 
Ru–O–Ti super-exchange and charge redistribution in STRO. (K) Tafel plots of STO, SRO, STRO, and Pt/C 
catalysts [160]. Reproduced with permission from Ref. [160]. Copyright 2020, Springer Nature. (L) Crystal 
structure of La0.2Sr0.8CoO3 with oxygen vacancies. (M) SAED pattern of cubic perovskite LSCO. (N) OER 
polarization curves of LSCO, LCO, and RuO2. (O) Tafel plots of LSCO and reference catalysts [151]. Reproduced 
with permission from Ref. [151]. Copyright 2023, Elsevier. 
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Building on the preceding discussion of the structural and electronic characteristics of Ba-based perovskite 
oxides, the following study provides a clear demonstration of how phase transformation precisely governs catalytic 
behavior through structural reorganization and electronic modulation. Xu et al. achieved the transformation of 
scheelite-type BaMoO4 into cubic perovskite BaMoO3 via a hydrogen reduction process, enabling direct 
comparison of how crystal symmetry and lattice connectivity affect electrocatalytic activity [161]. The high-
resolution TEM image (Figure 7A) reveals the formation of a highly ordered cubic lattice composed of interconnected 
MoO6 octahedra, signifying the conversion from isolated MoO4 tetrahedra to a perovskite framework that supports 
enhanced orbital overlap and electron delocalization. The polarization curves (Figure 7B) confirm that BaMoO3 
exhibits a substantially lower onset potential (−0.197 V vs. RHE) and overpotential (η10 = 336 mV) compared with 
BaMoO4 (η10 = 561 mV), evidencing that the structural reconstruction effectively accelerates charge-transfer 
kinetics and facilitates hydrogen evolution. Furthermore, the electrical conductivity data (Figure 7C) show an 
increase exceeding seven orders of magnitude—from approximately 10−6 S cm−1 for BaMoO4 to 102 S cm−1 for 
BaMoO3—reflecting a transition from insulating to metallic conduction. Collectively, these results highlight that 
the scheelite-to-perovskite phase transformation optimizes crystal symmetry, electronic structure, and active-site 
connectivity, thereby significantly enhancing the intrinsic electrocatalytic activity of BaMoO3 perovskite for 
hydrogen evolution. Building upon the understanding of phase transformation in BaMoO3, Hua et al. designed a 
fluorine-doped cubic perovskite oxide (La0.5Ba0.25Sr0.25CoO2.9−δF0.1) to elucidate how anion substitution influences 
lattice structure and catalytic activity [159]. The schematic model (Figure 7D) illustrates the ideal cubic perovskite 
framework and corresponding CoO6-δ polyhedra, where partial replacement of O2− by F− introduces controlled 
lattice distortion and oxygen vacancies, thereby modulating the local Co–O coordination environment. The 
structural representation (Figure 7E) further highlights that such fluorine incorporation enhances orbital 
hybridization between Co 3d and O 2p orbitals, facilitating charge delocalization and improving intrinsic electrical 
conductivity. As demonstrated by the polarization curves (Figure 7F), the F-doped perovskite delivers a 
significantly lower overpotential of 319 mV at 10 mA cm−2 and a smaller Tafel slope of 54 mV dec−1 relative to 
the undoped counterpart, confirming accelerated oxygen-evolution kinetics. Collectively, these findings 
demonstrate that fluorine-induced lattice modulation effectively tailors crystal symmetry and electronic structure, 
thereby enhancing charge-transfer efficiency and endowing the cubic Ba-containing perovskite with superior 
electrocatalytic activity for water oxidation. Building upon the effect of anion substitution on lattice modulation, 
Yang et al. synthesized Bi-substituted BaIrO3 (BICO) perovskites using a sol–gel method followed by high-
temperature annealing to elucidate the influence of A-site cation regulation on crystal structure and electrocatalytic 
behavior [187]. The charge-density distribution (Figure 7G) reveals that partial replacement of Ba2+ with Bi3+ 
redistributes electron density around Ir sites, weakens Ir–O bond strength, and promotes the adsorption of oxygen 
intermediates, which facilitates the lattice-oxygen mechanism. The HRTEM image (Figure 7H) of BICO-2 
exhibits distinct lattice fringes corresponding to the (004) plane, confirming a well-ordered perovskite phase with 
localized lattice distortion and surface reconstruction that expose more catalytically active Ir–O sites. The Tafel 
slope data (Figure 7I) indicate that BICO-2 achieves a significantly lower value of 46.3 mV dec−1 compared with 
82.1 mV dec−1 for pristine BaIrO3, validating the improvement in charge-transfer kinetics and oxygen-evolution 
efficiency. Collectively, these findings demonstrate that A-site Bi substitution effectively optimizes lattice 
symmetry, modulates the IrO6 octahedral framework, and enhances both the intrinsic activity and long-term 
stability of Ba-based perovskite oxides in acidic OER catalysis. Building upon the influence of A-site substitution on 
lattice distortion, Liu et al. synthesized a series of PrBaCo2−xFexO5+δ (PBCFx) perovskites via a sol–gel combustion 
method to elucidate the structural–functional relationship between ion ordering and catalytic activity [165]. The 
crystalline structure model (Figure 7J) reveals that PBCF22 adopts a cubic perovskite phase with A-site disorder, 
where the random distribution of Pr3+ and Ba2+ disrupts long-range lattice symmetry and restricts oxygen-ion 
diffusion pathways. The HAADF-STEM elemental maps (Figure 7K) confirm a uniform elemental distribution 
but the absence of distinct cation ordering, indicating a disordered lattice that reduces structural coherence and 
limits electronic conductivity. The chronoamperometry curves (Figure 7L) demonstrate that the A-site ordered 
perovskite achieves a significantly higher current density of 3.40 A cm−2 at 2.0 V and 800 °C compared with its 
disordered counterpart, validating that ordered lattice symmetry substantially enhances oxygen-ion mobility and 
surface reaction kinetics. Collectively, these findings emphasize that precise control over crystal symmetry and 
cation ordering is crucial for optimizing structural stability, charge transport, and overall electrocatalytic efficiency 
in Ba-based double perovskite systems. 
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Figure 7. Crystal structure regulation and A-site substitution in Ba-based perovskite oxides promote superior OER 
and HER activity through optimized electron transport and surface reconstruction. (A) HRTEM image and FFT 
pattern of cubic BaMoO3. (B) Electrical conductivity comparison between BaMoO4 and BaMoO3. (C) HER 
polarization curves of BaMoO4 and BaMoO3 catalysts [161]. Reproduced with permission from Ref. [161]. 
Copyright 2020, Elsevier. (D) HRTEM image and FFT pattern of cubic LBSCOF perovskite. (E) Electronic-orbital 
splitting diagram showing F-anion-induced energy-level shift. (F) Polarization curves for HER and OER of LBSCO 
and LBSCOF in 1 M KOH (η10 = 256 mV for HER, E100 = 1.748 V for OER) [159]. Reproduced with permission 
from Ref. [159]. Copyright 2018, Elsevier. (G) Charge-density difference of BIO and BICO. (H) HRTEM image 
of BICO showing IrCoOx nanoparticles. (I) Tafel plots of BIO, BICO, and IrO2 catalysts [187]. Reproduced with 
permission from Ref. [187]. Copyright 2025, Wiley-VCH GmbH. (J) Crystal structure of PrBaCo2−xFexO5+δ. (K) 
Elemental mapping of Pr, Ba, Co, and Fe in the lattice. (L) Stability and Faradaic efficiency of PBC-based 
electrodes [165]. Reproduced with permission from Ref. [165]. Copyright 2023, Wiley-VCH GmbH. 

3.1.4. Ca- and Gd-Series Perovskite Oxides 

Ca-series perovskite oxides exhibit exceptional catalytic performance in electrocatalytic water splitting, driven 
by their unique crystal structure and efficient catalytic properties. The smaller ionic radius of Ca2+ (approximately 
1.12 Å) results in a relatively compact lattice structure, with a lattice constant typically around 3.82 Å. This smaller 
ionic radius contributes to a more stable crystal lattice, which helps maintain high catalytic stability during 
electrocatalytic reactions. The Ca-series perovskite oxides adopt the ABO3-type crystal structure, where Ca2+ 
occupies the A-site and transition metal ions such as Fe3+ and Ni2+ occupy the B-site. The smaller size of Ca2+ leads 
to a stronger oxidation-reduction capacity in the B-site metal ions and, through local lattice distortion, promotes the 
formation of oxygen vacancies. These vacancies not only enhance electronic conductivity but also provide effective 
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adsorption and dissociation sites for reaction intermediates in the water splitting process [206]. From a materials 
science perspective, the crystal structure of Ca-series perovskite oxides offers clear advantages. In water splitting 
reactions, these oxides generate more oxygen vacancies due to their smaller lattice constant and pronounced local 
lattice distortions. Oxygen vacancies are crucial for catalysis as they significantly lower the energy barrier for water 
dissociation, enhance the conductivity of the catalyst, and improve the efficiency of the electrocatalytic process [207]. 
Compared to other perovskite oxides, Ca-series perovskites exhibit strong stability, particularly in acidic or alkaline 
media, with excellent corrosion resistance and durability. Additionally, the electronic structure of B-site transition 
metals in Ca-series perovskite oxides remains stable during water splitting, maintaining strong oxidation-reduction 
capabilities and promoting efficient electron transfer during the OER. Therefore, the unique structural features of Ca-
series perovskite oxides, particularly their oxygen vacancy regulation and optimized redox properties of the transition 
metals, make them highly advantageous for efficient electrocatalytic water splitting. 

Building on the above discussion of Ca-based perovskite structures, recent work has explored how tuning 
oxygen deficiency and lattice symmetry can enhance their electrocatalytic activity. Zhang et al. synthesized an 
oxygen-deficient orthorhombic perovskite Ca2Mn2O5 using a solid-state reaction method to investigate the 
intrinsic relationship between crystal structure and water-splitting performance [170]. As shown in Figure 8A, the 
HRTEM and FFT images reveal submicron-sized, well-crystallized Ca2Mn2O5 particles with distinct lattice 
fringes, confirming the formation of a highly ordered perovskite framework. Figure 8B displays the unit cell 
configuration of Ca2Mn2O5, where oxygen vacancies are periodically arranged along directions normal to the ab 
plane. These ordered vacancies generate lattice distortions, improve electronic conductivity, and act as active 
centers that facilitate the adsorption and conversion of oxygen intermediates during the oxygen evolution reaction. 
As presented in Figure 8C, the iR-corrected polarization curves show that Ca2Mn2O5/C exhibits a significantly 
lower overpotential of approximately 370 mV at 10 mA cm−2, outperforming CaMnO3/C and Vulcan carbon, 
which require overpotentials exceeding 430 mV and 500 mV, respectively. This remarkable enhancement 
demonstrates that ordered vacancy engineering within the orthorhombic perovskite lattice effectively modulates 
charge transport and reaction kinetics, leading to improved catalytic activity and long-term stability during water 
splitting. Building on the understanding of oxygen-vacancy ordering in Ca-based perovskites, Yagi et al. 
synthesized a cubic quadruple perovskite CaCu3Fe4O12 (CCFO) using a high-pressure solid-state reaction method 
to investigate the influence of covalency reinforcement on electrocatalytic behavior [180]. As shown in Figure 8D, 
CCFO exhibits a well-ordered cubic perovskite structure in which Ca, Cu, and Fe ions occupy distinct lattice sites, 
forming a highly stable and interconnected framework conducive to efficient redox processes. Figure 8E presents 
the three-dimensional electron density distribution, revealing a continuous Fe–O–Cu covalent network that 
facilitates electron delocalization and enhances charge-transfer kinetics within the lattice. Figure 8F demonstrates 
that CCFO retains nearly constant current density after 100 consecutive OER cycles, confirming its superior 
structural integrity and long-term durability. These results collectively indicate that the reinforced Fe–O–Cu 
covalent bonding network within the cubic CCFO lattice plays a decisive role in maintaining high catalytic stability 
and sustained water-splitting performance. Building upon the structural insights gained from covalency-enhanced 
Ca-based perovskites, Fan et al. synthesized a cubic quadruple perovskite CaCu3Co2Ru2O12 (CCCRO) via a high-
pressure solid-state reaction method to elucidate the structural and electronic factors governing its exceptional oxygen 
evolution reaction (OER) activity [183]. As illustrated in Figure 8G, the crystal structural model demonstrates a highly 
ordered cubic perovskite lattice in which Ca, Cu, Co, and Ru ions occupy distinct A- and B-site positions, forming a 
robust and symmetric framework conducive to efficient charge transport and redox cycling. Figure 8H presents an 
atomic-resolution HAADF-STEM image that clearly visualizes the periodic arrangement of atomic columns along 
the (001) plane, confirming the excellent crystallinity and structural stability of CCCRO. Figure 8I shows the 
corresponding Tafel plots, where CCCRO achieves a notably low slope of 37 mV dec−1, indicative of rapid reaction 
kinetics and superior catalytic efficiency. These findings demonstrate that the synergistic interactions among Cu, 
Co, and Ru ions within the cubic perovskite lattice effectively regulate the electronic structure and strengthen the 
lattice stability, thereby achieving enhanced electrocatalytic activity and durability in water-splitting reactions. 

Gd-series perovskite oxides exhibit unique crystal structural characteristics that contribute to their enhanced 
catalytic activity and stability in electrocatalytic water splitting. The Gd3+ ion, with a relatively small ionic radius 
of approximately 1.05 Å, induces higher lattice strain compared to La3+, resulting in a more distorted lattice 
structure in the perovskite oxides. These materials typically adopt the ABO3-type crystal structure, where Gd3+ 
occupies the A-site, and transition metals such as iron or cobalt occupy the B-site. Due to the smaller ionic radius 
of Gd3+, the lattice constant of Gd-based perovskite oxides typically ranges from 3.78 Å to 3.83 Å, demonstrating 
significant lattice distortion. This lattice distortion creates favorable conditions for the formation of oxygen 
vacancies, which act as catalytic centers, significantly enhancing the OER in water splitting. Oxygen vacancies 
not only accelerate the redox reaction rate but also optimize the adsorption behavior of reaction intermediates by 
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adjusting the surface electronic structure, thereby lowering the reaction energy barriers. Furthermore, the strong 
lattice distortion and smaller ionic radius of Gd result in a relatively higher surface defect density, which plays a 
crucial role in modulating the electronic environment of B-site transition metals. For example, the doping of Gd 
at the A-site helps modulate the oxidation states and coordination environments of B-site metals, thereby 
improving the electrocatalytic performance of these oxides. Studies have shown that Gd-based perovskite oxides 
exhibit enhanced catalytic efficiency in water splitting, as the oxygen vacancies not only lower the reaction energy 
barriers but also optimize the adsorption strength of reaction intermediates. Gd doping plays a pivotal role in 
improving the surface electronic structure, promoting effective interaction and electron transfer between reactants 
and catalysts. These structural characteristics enable Gd-series perovskite oxides to demonstrate distinct 
advantages, particularly in the OER, leading to significant improvements in catalytic efficiency and stability. 
Understanding these structure-performance relationships provides valuable theoretical insights for the 
development of highly efficient electrocatalysts for water splitting. 

 

Figure 8. Structural regulation of Ca- and Gd-based perovskite oxides enhances lattice distortion and oxygen-
vacancy activity for improved water-splitting electrocatalysis. (A) Crystal structure of orthorhombic Ca2Mn2O5 with 
ordered oxygen vacancies. (B) HRTEM and FFT pattern confirming orthorhombic phase. (C) Polarization curves of 
Ca2Mn2O5/C and CaMnO3/C showing enhanced OER activity [170]. Reproduced with permission from Ref. [170]. 
Copyright 2014, American Chemical Society. (D) Crystal structure of cubic CaCu3Fe4O12. (E) Electron density map 
showing Fe–O–Cu bonding. (F) LSV curves exhibiting stable OER activity over 100 cycles [180]. Reproduced with 
permission from Ref. [180]. Copyright 2015, Springer Nature. (G) Crystal structure of cubic CaCu3Co2Ru2O12. (H) 
HAADF-STEM image showing A/B-site ordering of Co and Ru in the lattice (d220 = 0.264 nm). (I) Tafel plots 
demonstrating superior OER activity of CCCRO [183]. Reproduced with permission from Ref. [183]. Copyright 2024, 
Wiley-VCH GmbH. (J) Crystal structure of GSFO-0.2 showing Sr-induced oxygen vacancies. (K) Fe3+/Fe4+ 
distribution and oxygen-vacancy formation at the GFO/GSFO-x interface. (L) LSV curves showing superior OER 
activity of GSFO-0.2 [167]. Reproduced with permission from Ref. [167]. Copyright 2023, Elsevier. 
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Gd-based perovskite oxides exhibit highly tunable lattice structures that enable precise control over their 
catalytic properties and electrochemical stability. Jiang et al. synthesized a two-dimensional porous Gd0.8Sr0.2FeO3 
with an orthorhombic perovskite structure enriched in oxygen vacancies through a microwave-shock strategy, 
achieving rapid A-site Sr incorporation and controlled 2D porous formation [167]. As shown in Figure 8J, Sr 
substitution alters the Fe3+/Fe4+ spin configuration and induces pronounced lattice distortion, effectively modulating 
the coordination environment and strengthening Fe–O orbital interactions within the perovskite lattice. Figure 8K 
illustrates the oxygen-rich vacancy structure, where lattice distortion and defect generation synergistically enhance 
electronic conductivity, facilitate charge transfer, and optimize the adsorption–desorption kinetics of key OER 
intermediates (*OH, *O, and *OOH), thus reducing the reaction energy barrier. As presented in Figure 8L, the GSFO-
0.2 catalyst delivers an overpotential of 294 mV at 10 mA cm−2 and a Tafel slope of 55.85 mV dec−1, demonstrating 
excellent activity and stability. These results confirm that the defect-engineered orthorhombic lattice with abundant 
oxygen vacancies fundamentally enhances the intrinsic catalytic performance of Gd-based perovskite oxides for 
efficient water oxidation. 

3.2. B-Site Transition Metal-Based Perovskite Oxides and Their Electrocatalytic Properties 

3.2.1. Co-Series Perovskite Oxides 

Co-based perovskite oxides constitute a prototypical platform for water splitting catalysis because the 
Co3+/Co4+ redox couple, variable spin states, and strong O 2p–Co 3d covalency jointly tune eg occupancy, oxygen-
defect chemistry, and charge transport in catalytic potential windows. In compositions such as LaCoO3−δ, 
SrCoO3−δ, BaCoO3−δ, and A-site solid solutions, partial oxidation toward Co4+ and controlled creation of oxygen 
vacancies reduce the energy cost of forming OER intermediates, while enhanced p-type conductivity expedites 
electron exchange with adsorbates. Crystal symmetry and octahedral tilt patterns regulate Co–O bond lengths, 
crystal field splitting, and spin crossover, which shift the balance between the adsorbate evolution mechanism and 
the lattice oxygen mechanism as a function of covalency and vacancy concentration. Under anodic polarization, 
surface reconstruction typically yields CoOOH-like layers interfaced with an oxygen-deficient perovskite 
subsurface; this dynamic heterostructure increases active site density and lowers kinetic barriers, provided that A-
site leaching and excessive oxygen release are mitigated [208–210]. Design strategies that stabilize high-valent 
Co without crippling conductivity include A-site tuning to adjust tolerance factor and vacancy thermodynamics, 
partial B-site substitution with Fe or Ni to modulate Co–O bandwidth and suppress deleterious phase collapse, and 
heteroanion regulation with limited sulfate, phosphate, or fluoride incorporation to restrain overreconstruction. 
Strain engineering and epitaxial control further tailor Co–O hybridization and oxygen exchange coefficients, 
enabling high intrinsic OER activity at reduced overpotentials with improved turnover stability. For bifunctional 
operation, coupling Co perovskites with conductive carbons or nitrides enhances HER kinetics by improving 
proton/electron delivery and by providing complementary adsorption energetics, while core–shell or gradient 
architectures protect the perovskite lattice during high current operation. Within these structure–property 
guidelines, Co-series perovskite oxides offer a coherent route to co-engineer electronic structure, defect 
landscapes, and interfacial dynamics for efficient and durable electrocatalysis. 

Building on previous evidence that lattice symmetry strongly influences the catalytic behavior of Co-based 
perovskites, this study investigates how dopant regulation affects phase stability and OER performance. Wygant 
et al. employed a polymerized complex method followed by high-temperature annealing to synthesize Fe- and Sc-
doped SrCoO3−δ perovskites with stabilized cubic symmetry, achieving improved electronic conductivity and 
structural robustness conducive to enhanced catalytic operation [152]. The cubic SrCoO3−δ lattice (Figure 9A) 
consists of corner-sharing CoO6 octahedra surrounding Sr2+ ions, forming a highly ordered framework that 
supports efficient Co3+/Co4+ redox transitions and facilitates rapid charge transport, thereby reinforcing both 
mechanical and electronic integrity. The HRTEM image of 10% Fe–SCO (Figure 9B) reveals that Fe incorporation 
effectively stabilizes the cubic lattice, reduces octahedral distortion, and enhances crystallinity, while the redox-
active nature of Fe further optimizes electron delocalization and catalytic turnover. In contrast, the polarization 
curves of Sc-doped samples (Figure 9C) indicate that the current density reaches 10 mA cm−2 at approximately 
1.65 V versus RHE, suggesting that although Sc incorporation preserves cubic symmetry, its redox-inert character 
restricts further enhancement of oxygen evolution activity. Building upon the dopant-regulated phase tuning 
discussed earlier, Oh et al. designed a heterostructured catalyst by integrating perovskite La0.5Sr0.5CoO3−δ (LSC) 
with potassium-intercalated MoSe2 (K-MoSe2), achieving synergistic electronic interactions that improve overall 
water-splitting activity [189]. The HR-TEM image of the LSC/K-MoSe2 composite (Figure 9D) displays a distinct 
heterojunction between the perovskite and 1T-phase MoSe2 domains, where coherent lattice alignment facilitates 
efficient interfacial electron transfer and strengthens Co–O–Se coupling within the catalytic interface. The high-
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resolution image of LSC (Figure 9E) reveals a well-ordered lattice with clearly defined (110) and (001) planes, 
confirming high crystallinity and stable CoO6 octahedral coordination that support effective charge transport and 
redox reversibility. Correspondingly, the Tafel plots (Figure 9F) demonstrate that the LSC/K-MoSe2 
heterostructure exhibits a notably smaller slope of 45 mV dec−1 compared with pristine LSC, verifying that the 
optimized interfacial electronic configuration accelerates hydrogen evolution kinetics and enhances intrinsic 
catalytic performance. Building on the interfacial coupling strategy demonstrated in the LSC/K-MoSe2 system, 
Hao et al. synthesized oxygen-deficient brownmillerite-type SrCoO2.52, a layered perovskite phase characterized 
by alternating octahedral and tetrahedral Co–O units that promote lattice flexibility and oxygen mobility [27]. The 
in situ reconstruction process (Figure 9G) demonstrates that this brownmillerite SrCoO2.52 gradually transforms 
into a spinel Co3O4 layer under anodic polarization, where controlled A-site leaching and oxygen vacancy 
generation facilitate lattice oxygen activation and efficient charge transfer. The HAADF-STEM image (Figure 9H) 
further shows atomically dispersed Ru single atoms uniformly anchored within the Co3O4/CoOOH lattice, 
stabilizing the reconstructed framework and maintaining Co–O coordination during OER operation. 
Correspondingly, the Tafel plots (Figure 9I) reveal a remarkably low slope of approximately 33 mV dec−1, 
confirming that the dynamic transformation from the brownmillerite perovskite to a spinel–oxyhydroxide interface 
effectively accelerates oxygen evolution kinetics and enhances the intrinsic catalytic activity. Building on the 
reconstruction-driven activation observed in SrCoO2.52 systems, Expanding upon the concept of structural and 
interfacial coupling introduced in previous studies, Lu et al. developed a two-dimensional perovskite oxide/MXene 
heterostructure (La0.9Sr0.1CoO3/Ti3C2Tx on Ni foam) that integrates light-assisted evaporation with electrocatalytic 
water splitting to achieve synergistic performance enhancement [163]. The XRD pattern (Figure 9J) confirms that 
the La0.9Sr0.1CoO3 nanosheets retain a well-defined perovskite lattice with hexagonal R-3m symmetry, indicating 
high crystallinity and structural integrity after integration with MXene, where the hexagonal perovskite–MXene 
interface optimizes lattice symmetry and charge exchange pathways to support efficient catalytic reactions. The 
polarization curves (Figure 9K) reveal that the LMN heterostructure requires only 279 mV of overpotential to deliver 
10 mA cm−2, demonstrating that the perovskite–MXene coupling effectively enhances charge transport and interfacial 
reaction kinetics under solar illumination. The corresponding Tafel plots (Figure 9L) show a reduced slope of 74.3 
mV dec−1, indicating that the strong interfacial electronic interaction between the perovskite and MXene layers 
accelerates oxygen evolution kinetics and ensures superior catalytic efficiency and long-term stability. 

3.2.2. Ni-Series Perovskite Oxides 

Ni-based perovskite oxides leverage the Ni3+/Ni4+ redox couple, high O 2p–Ni 3d covalency, and tunable eg 
occupancy to realize favorable scaling of intermediate binding and rapid hole transport under OER-relevant 
potentials, while offering compositional routes to stabilize active high-valent states. In archetypes such as LaNiO3, 
SrNiO3, BaNiO3−δ, and A-site solid solutions, partial substitution by alkaline-earth cations raises the average Ni 
valence toward Ni3.5+–Ni4+, compresses Ni–O bond lengths, and widens the 3d–2p bandwidth, effects that elevate 
p-type conductivity and place the eg filling near unity, a regime correlated with low OER overpotentials and 
enhanced turnover. Octahedral tilt patterns and tolerance-factor-controlled symmetry govern crystal-field splitting 
and charge-transfer energy, thereby modulating vacancy formation enthalpy and oxygen exchange kinetics that 
dictate whether adsorbate evolution or lattice-oxygen participation predominates. Under anodic bias in alkaline 
media, surface reconstruction typically generates NiOOH-rich layers coherently coupled to an oxygen-deficient 
perovskite subsurface; this graded interface increases active-site density and facilitates proton-coupled electron 
transfer, yet excessive A-site leaching or overoxidation can induce amorphization and performance decay. Rational 
design emphasizes co-doping at the B site with Fe or Co to tune covalency and suppress deleterious oxygen release, 
heteroanion regulation with limited F, S, or P incorporation to restrain overreconstruction, and strain or epitaxial 
control to adjust Ni–O hybridization and vacancy diffusivity without sacrificing conductivity [211]. For bifunctional 
devices, coupling Ni perovskites with conductive scaffolds or integrating metallic Ni/NiOx nanophases can accelerate 
alkaline HER by improving water dissociation and electron delivery, while core–shell or layered heterostructures 
protect the perovskite framework at high current densities. Within these structure–property principles, Ni-series 
perovskite oxides provide a versatile platform in which valence chemistry, defect landscapes, and interfacial 
dynamics can be co-optimized to achieve intrinsically active and durable electrocatalysis. 
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Figure 9. Structural modulation of Co-based perovskite oxides strengthens lattice distortion–activity coupling, 
directly linking crystal structure to enhanced electrocatalytic performance. (A) Crystal structure of cubic SrCoO3−δ. 
(B) HRTEM image and corresponding FFT patterns confirming the coexistence of orthorhombic and cubic 
SrCoO3−δ domains. (C) LSV curves of Sc-doped SrCoO3−δ with enhanced OER activity [152]. Reproduced with 
permission from Ref. [152]. Copyright 2016, American Chemical Society. (D) HRTEM image of the LSC/K-MoSe2 
interface. (E) HAADF-STEM image of LSC with 4 Å lattice spacing. (F) Tafel plots showing enhanced HER activity 
of LSC/K-MoSe2 [189]. Reproduced with permission from Ref. [189]. Copyright 2021, Springer Nature. (G) 
Schematic illustration of Ru single-atom anchored spinel–perovskite Rusa–Co3O4/CoOOH interface derived from 
perovskite oxide. (H) HAADF-STEM image showing atomic Ru incorporation at the perovskite–spinel boundary. (I) 
Tafel plots confirming enhanced OER activity from perovskite–spinel coupling [27]. Reproduced with permission 
from Ref. [27]. Copyright 2024, Royal Society of Chemistry. (J) XRD pattern confirming the R-3m phase of LMN 
perovskite. (K) LSV curves showing enhanced OER activity of LMN at 10 mA cm−2. (L) Tafel plots indicating 
improved kinetics of the LMN–MXene heterostructure [163]. Reproduced with permission from Ref. [163]. Copyright 
2023, Wiley-VCH GmbH. 

Building on the preceding discussion of Ni-based perovskites, this section further investigates the effect of 
crystal symmetry evolution on catalytic efficiency. Fan et al. prepared a series of La0.7Sr0.3Fe1−xNixO3−δ perovskites 
through a glycine–nitrate combustion method, achieving a gradual transition from the rhombohedral to cubic 
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structure as the Ni content increased [39]. The HRTEM image and FFT pattern in Figure 10A clearly display the 
well-ordered cubic lattice of LSFN-0.4 along the [001] zone axis, confirming the formation of a highly symmetrical 
phase with uniform atomic arrangement that inherently promotes better electronic conduction. The crystal structure 
comparison in Figure 10B reveals that Ni substitution straightens the TM–O–TM bond angles and enhances orbital 
overlap, strengthening electronic coupling and improving bulk conductivity, which collectively underpin the 
superior charge-transfer efficiency observed in the EIS results of Figure 10C, where the cubic LSFN-0.4 exhibits 
markedly lower resistance and faster interfacial electron transport. This progressive enhancement of structural 
symmetry and charge transport manifests in the IR-corrected OER polarization curves of Figure 10D, where 
LSFN-0.4 achieves an overpotential of 320 mV at 10 mA cm−2 and a Tafel slope of 35 mV dec−1, demonstrating 
that the cubic phase formed via Ni incorporation provides intrinsic advantages for highly efficient and stable OER 
catalysis. Building on the compositional modulation achieved in La–Sr–Fe–Ni systems, Wu et al. employed a 
microwave shock strategy to achieve ultrafast phase engineering of 2D LaNiO3 perovskites, enabling structural 
transformation within seconds and stabilizing a highly ordered cubic phase [148]. As shown in Figure 10E, this 
rapid heating–cooling process effectively reconstructs the lattice, generating uniform atomic ordering and enlarged 
interlayer spacing that promote efficient electron delocalization. The schematic in Figure 10F reveals that the 
expanded interlayer distance reduces charge-transfer energy and strengthens Ni 3d–O 2p orbital hybridization, 
thereby improving charge mobility and facilitating surface redox reactions. The Tafel plots in Figure 10G further 
demonstrate that the cubic LaNiO3 phase achieves a low Tafel slope of 33.1 mV dec−1 and a small onset potential, 
indicative of accelerated electron transfer and enhanced reaction kinetics. These results underscore that 
microwave-induced phase reconstruction, by enhancing lattice symmetry and electronic coupling, provides an 
effective pathway for optimizing the intrinsic activity and stability of perovskite electrocatalysts. Extending the 
understanding of phase-controlled LaNiO3 systems, Sharma et al. employed a pulsed laser deposition method to 
fabricate epitaxial LaNiO3−δ thin films with controlled (001), (110), and (111) crystal orientations, allowing precise 
adjustment of surface atomic configurations [182]. The structural representation in Figure 10I shows that the (111)-
oriented film possesses nonadjacent Ni–O planes, forming an open lattice configuration that promotes efficient 
adsorption and activation of oxygen intermediates. The cyclic voltammetry profiles in Figure 10J exhibit a distinct 
Ni redox transition near 1.4 V vs. RHE on the (111) facet, suggesting its stronger tendency to form catalytically 
active NiOOH species under operating potentials. The polarization and stability results in Figure 10K indicate that 
the (111) facet delivers a low overpotential of 0.45 V at 1 mA cm−2 and maintains consistent performance during 
repeated galvanostatic holds. These findings demonstrate that facet-controlled epitaxial growth, through the 
regulation of atomic arrangement and lattice symmetry, significantly enhances electron transport, surface 
reactivity, and structural stability, providing deeper insight into the crystallographic optimization of perovskite 
oxide electrocatalysts. Building on the facet-dependent modulation of LaNiO3−δ thin films, Forslund et al. 
synthesized a series of La0.5Sr1.5Ni1−xFexO4±δ compounds with a well-defined tetragonal I4/mmm structure via a 
modified Pechini route, enabling precise control over cation distribution and structural uniformity [36]. As shown 
in Figure 10L, the 2 × 2 × 1 unit cell reveals the ordered stacking of perovskite and rock-salt layers with evenly 
distributed La in the [001] AO planes, while the electron diffraction pattern in Figure 10M confirms the absence of 
cation or anion ordering, evidencing high crystallinity and phase purity. The cyclic voltammetry curves in Figure 10N 
exhibit a distinct anodic shift of the Ni2+/3+ redox peak with increasing Fe content, indicating that Fe incorporation 
effectively adjusts the Ni–O–Fe electronic interaction and enhances charge-transfer capability. The OER 
polarization data in Figure 10O demonstrate that the optimized LSNF30 composition achieves an overpotential of 
360 mV at 10 mA cm−2 and a Tafel slope of 44 mV dec−1, highlighting that Fe substitution within the layered RP 
framework enhances orbital hybridization, electronic conductivity, and lattice stability, thereby promoting 
efficient and durable oxygen evolution catalysis. 

3.2.3. Fe-Series Perovskite Oxides 

Fe-series perovskite oxides exhibit significant catalytic performance in electrocatalytic water splitting, driven 
by their unique crystal structure and chemical properties. These oxides adopt the ABO3-type structure, where larger 
cations, such as La3+ or Sr2+, occupy the A-site, and iron (Fe3+ or Fe2+) occupies the B-site. Iron ions possess distinctive 
electronic structures and oxidation-reduction properties, which play a critical role in catalysis during water splitting 
reactions [212]. In Fe-series perovskite oxides, the valence state change of Fe (Fe3+/Fe2+) is one of the key factors 
influencing electrocatalytic performance. During the catalytic process, Fe3+ can undergo electron transfer and react 
with reactants in water, facilitating the OER. Additionally, the lattice constant of Fe-based perovskites typically 
ranges from 3.85 Å to 3.90 Å, exhibiting moderate lattice symmetry and a relatively loose lattice structure, which 
favors the formation of oxygen vacancies and increases the number of active catalytic sites. From a materials science 
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perspective, the crystal structure of Fe-series perovskite oxides offers significant advantages for electrocatalysis. The 
coordination environment of Fe ions at the B-site can be modified by doping A-site cations or through local lattice 
distortions, thus affecting the oxidation-reduction activity of Fe. In water splitting reactions, Fe-perovskite oxides 
increase catalytic activity by creating more oxygen vacancies and enhancing surface defect density [213]. Oxygen 
vacancies not only improve charge transfer properties but also enhance the adsorption and dissociation of reaction 
intermediates, thereby lowering reaction energy barriers [214]. Furthermore, the oxidation-reduction performance of 
Fe ions plays a pivotal role in water splitting, accelerating the dissociation of water molecules and promoting OER. 
Fe-series perovskite oxides demonstrate high catalytic stability and corrosion resistance over a wide pH range, making 
them suitable for long-term use in practical applications. By optimizing the electron density distribution in the crystal 
structure and adjusting the coordination environment of the B-site metal, Fe-series perovskite oxides enhance their 
electrocatalytic performance, providing robust support for efficient water splitting. 

 

Figure 10. Structural and phase regulation of Ni-based perovskite oxides optimizes electronic configuration and 
lattice distortion, thereby enhancing their intrinsic electrocatalytic activity for overall water splitting. (A) HRTEM 
image of LSFN-0.4 perovskite showing clear lattice fringes. (B) Crystal structure evolution from rhombohedral to 
cubic phase upon Ni doping. (C) Nyquist plots showing reduced charge-transfer resistance of LSFN-0.4. (D) LSV 
curves confirming enhanced OER activity of LSFN-0.4 [39]. Reproduced with permission from Ref. [39]. 
Copyright 2021, Elsevier. (E) Phase evolution of LaNiO3 perovskite from hexagonal to trigonal and cubic 
structures. (F) Variation in [LaO]+ layer spacing and Ni 3d–O 2p hybridization among different phases. (G) Tafel 
plots confirming enhanced catalytic kinetics of cubic LaNiO3.148 Reproduced with permission from Ref. [148]. 
Copyright 2024, Wiley-VCH GmbH. (H) Atomic structure of LaNiO3 perovskite with exposed (111) facet. (I) 
Cyclic voltammetry curves of LaNiO3 thin films with (001), (110), and (111) orientations. (J) Overpotentials at 1 
mA cm−2 showing that the (111) facet exhibits the highest OER activity [182]. Reproduced with permission from 
Ref. [182]. Copyright 2023, Springer Nature. (K) Crystal structure of layered La0.5Sr1.5Ni1−xFexO4+δ perovskite 
illustrating Ruddlesden–Popper stacking. (L) Electron diffraction pattern along [110] confirming ordered lattice of 
LSNF30. (M) Cyclic voltammetry curves showing Fe substitution–induced redox enhancement. (N) LSV plots 
revealing improved OER activity of Fe-doped LSNF perovskite.36 Reproduced with permission from Ref. [36]. 
Copyright 2018, Springer Nature. 
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Building upon the intrinsic redox adaptability and oxygen-vacancy tunability of Fe-based perovskite oxides, 
further enhancement of their electrocatalytic performance has been achieved through precise structural and 
compositional engineering. Xu et al. synthesized Si-doped SrFeO3−δ perovskites (SrFe1−xSixO3−δ) via a 
conventional solid-state reaction, obtaining a cubic crystalline phase that exhibited distinct structural and electronic 
advantages for the oxygen evolution reaction [154]. As illustrated in Figure 11A, Si incorporation induced a 
tetragonal-to-cubic phase transition, accompanied by modulation of Fe–O coordination and oxygen-vacancy 
distribution, which collectively optimized the Fe oxidation state and enhanced charge-transfer dynamics, thereby 
accelerating oxygen evolution kinetics. The HR-TEM and SAED analyses (Figure 11B) confirmed the formation 
of the highly ordered cubic SrFe0.9Si0.1O3−δ lattice, featuring well-defined (110) and (001) lattice fringes and 
distinct diffraction patterns. Correspondingly, the Tafel plots (Figure 11C) revealed that the cubic SFSi catalyst 
possessed a significantly lower Tafel slope (58 mV dec−1) and nearly threefold higher OER activity compared to 
the undoped SrFeO3−δ, underscoring that Si-induced crystallographic transformation effectively optimizes lattice 
symmetry and electronic configuration to promote superior electrocatalytic performance. Similarly, Zhao et al. 
prepared double perovskite PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) nanofibers via a precise electrospinning–calcination 
route, successfully forming a well-defined orthorhombic layered double perovskite structure that exhibits superior 
catalytic activity and exceptional structural robustness toward the oxygen evolution reaction [179]. As shown in 
Figure 11D, the incorporation of Sr and Fe into the PrBaCo2O5+δ (PBC) lattice and the ordered A-site cation 
arrangement along the c-axis induce lattice modulation and oxygen-vacancy redistribution, generating a highly 
stable orthorhombic framework that facilitates efficient electron and ion transport while enhancing charge-transfer 
kinetics and lattice integrity. The unit-cell schematic (Figure 11E) further reveals the alternating Pr/Ba/Sr and 
Co/Fe–O layers, confirming the ordered double-perovskite configuration that stabilizes the lattice and optimizes 
the oxidation states of the B-site cations. The high-resolution TEM image (Figure 11F) demonstrates that after 
prolonged ultrasonic treatment and 12 h of chronopotentiometric testing at 10 mA cm−2, the PBSCF-III nanofiber 
maintained its ordered orthorhombic structure without surface amorphization, underscoring the critical role of 
crystallographic integrity and double-perovskite ordering in achieving durable and high-performance Fe-based 
electrocatalysts. In continuation of the lattice modulation observed in PBSCF double perovskites, Weng et al. 
fabricated epitaxial SrFeO3−δ single-crystal thin films with distinct topotactic phases using pulsed laser deposition 
(PLD) to elucidate the relationship between lattice structure and electronic configuration in oxygen evolution 
catalysis [186]. As shown in Figure 11G, the atomic schematic of the infinite-layer SrFeO2.0 (IL-SFO) film grown 
on the SrTiO3 (001) substrate displays a planar FeO4 coordination and an ordered oxygen-deficient lattice formed 
through controlled topotactic reduction, yielding a highly crystalline phase with tunable Fe–O bonding geometry 
that enables precise coordination tailoring and orientation control to regulate the electronic structure and reaction 
pathway. The linear sweep voltammetry (LSV) curves (Figure 11H) demonstrate that within the SrFeO3−δ series, 
the brownmillerite SrFeO2.5 (BM-SFO) phase achieves the most favorable OER performance, characterized by a 
low overpotential of 390 mV at 1 mA cm−2 and a small Tafel slope, attributed to its ordered oxygen-vacancy channels 
that facilitate efficient charge and ion transport. Furthermore, the orientation-dependent analysis (Figure 11I), closely 
related to the atomic configuration shown in Figure 11G, reveals that the (111)-oriented BM-SFO thin film exhibits 
the highest catalytic activity, as the alignment of Fe–O tetrahedra and oxygen-vacancy planes along this orientation 
enhances eg orbital occupancy and Fe–O hybridization, thereby establishing a direct link between atomic 
coordination, crystallographic orientation, and oxygen evolution efficiency. In continuation of the orientation-
dependent modulation demonstrated in SrFeO3−δ thin films, Hua et al. designed a La/Ca co-doped perovskite nanorod 
catalyst with a stable cubic structure, formulated as La0.5(Ba0.4Sr0.4Ca0.2)0.5Co0.8Fe0.2O3−δ (L-0.5), to enable efficient 
overall water splitting under alkaline conditions [157]. As illustrated in Figure 11J, the STEM-HAADF and HRTEM 
images reveal highly crystalline L-0.5 nanorods exhibiting distinct lattice fringes and ordered atomic arrangements 
characteristic of the cubic Pm-3m phase, confirming uniform A-site cation distribution and robust structural 
coherence. The optimized cubic lattice enhances e9 orbital occupancy, maintains balanced oxygen vacancies, and 
promotes rapid charge and ion transport, collectively contributing to superior intrinsic activity. The IR-corrected LSV 
curves (Figure 11K) further demonstrate that the L-0.5/rGO hybrid catalyst delivers remarkable HER performance, 
characterized by low overpotential and rapid kinetics comparable to Pt-based catalysts. These findings emphasize 
that preserving a well-ordered cubic framework and homogeneous cation arrangement is essential for achieving high 
charge-transfer efficiency and long-term catalytic durability in Fe-based perovskite electrocatalysts. 
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Figure 11. Structural tuning of Fe-based perovskite oxides enhances lattice oxygen activity and boosts electrocatalytic 
performance. (A) Cubic structure of Si-doped SrFe0.9Si0.1O3−δ perovskite. (B) HR-TEM and SAED confirm cubic phase 
with (110) and (001) planes. (C) SFSi shows a smaller Tafel slope (58 mV dec−1) and improved OER activity [154]. 
Reproduced with permission from Ref. [154]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA. (D) Crystal 
structure of double perovskite PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) with ordered A-site cations and corner-sharing 
Co/FeO6 octahedra. (E) Atomic model along [110] showing layered arrangement of Pr and Ba/Sr planes. (F) HRTEM 
image of PBSCF-III after 12 h OER at 10 mA cm−2 confirming preserved lattice order [179]. Reproduced with 
permission from Ref. [179]. Copyright 2017, Springer Nature. (G) Crystal structure of brownmillerite SrFeO2.5 with 
alternating FeO6/FeO4 layers. (H) LSV curves of PV-, BM-, and IL-SFO showing enhanced OER activity for BM-
SFO. (I) Free-energy profile of BM-SFO (111) revealing lower overpotential via lattice oxygen pathway [186]. 
Reproduced with permission from Ref. [186]. Copyright 2023, American Chemical Society. (J) HRTEM image of 
perovskite nanostructures with clear lattice fringes and FFT confirming crystallinity along [11̅1]. (K) LSV curves 
showing superior HER performance of L-0.5/rGO compared with L-0.5, PBSF, and LBSF [157]. Reproduced with 
permission from Ref. [157]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA. 



Zhou et al.   Mater. Matter 2026, 1(1), 1 

  30 of 41  

3.2.4. Mn- and Cr-Series Perovskite Oxides 

Mn-based perovskite oxides derive catalytic behavior from the Mn3+/Mn4+ redox couple, Jahn–Teller activity 
of high-spin Mn3+, and a defect chemistry that readily furnishes oxygen vacancies while preserving appreciable p-
type transport. In systems typified by LaMnO3−δ, CaMnO3−δ, SrMnO3−δ, and Ba-substituted analogues, octahedral 
tilt patterns and A-site size modulate Mn–O bond lengths, crystal-field splitting, and the balance between 
cooperative Jahn–Teller distortion and itinerancy, which in turn govern eg occupancy and the energetics for 
forming OER intermediates. Increased average Mn valence toward Mn3.5+–Mn4+ narrows the charge-transfer gap 
and strengthens O 2p–Mn 3d hybridization, improving hole conductivity and lowering barriers for *OH and *O 
formation, while moderate nonstoichiometry introduces labile vacancies that accelerate hydroxide adsorption and 
oxygen exchange [215]. Under anodic polarization in alkaline media, surfaces frequently reconstruct into MnOOH 
or mixed MnOx(OH)y layers coherently coupled to an oxygen-deficient perovskite subsurface; this graded interface 
elevates active-site density and enables partial lattice-oxygen participation when covalency and vacancy 
concentration cross critical thresholds, although excessive oxidation can trigger Mn dissolution and amorphization. 
Performance optimization centers on stabilizing high-valent Mn without suppressing transport by A-site tuning to 
adjust tolerance factor and vacancy thermodynamics, B-site alloying with Ni, Co, or Fe to regulate bandwidth and 
suppress deep-trap states, and strain or epitaxial control to temper Jahn–Teller distortion while enhancing oxygen 
diffusivity. Within such constraints, Mn-series perovskites offer a cost-effective route to robust OER catalysts that 
balance intrinsic activity with acceptable durability, and they can serve as bifunctional components when coupled 
to HER-active phases that assist water dissociation and electron delivery [216]. 

Following the general discussion of Mn-based perovskite systems, attention has been directed toward 
tailoring lattice distortion and vacancy ordering to optimize catalytic behavior. Wang et al. used a reductive 
annealing approach to prepare a layered double perovskite NdBaMn2O5.5, which converts the disordered cubic 
Nd0.5Ba0.5MnO3−δ into an ordered orthorhombic phase with alternating Nd–O and Ba–O layers [171]. As illustrated 
in Figure 12A, this ordered structure, composed of alternating MnO6 octahedra and MnO5 square pyramids, 
induces distinct Mn3+/Mn4+ coordination and strong lattice distortion that promote Mn–O covalency and accelerate 
charge transfer. The high-resolution TEM image in Figure 12B reveals a well-defined crystalline lattice and clear 
vacancy ordering, confirming the structural stability under electrochemical conditions. The OER polarization 
curves in Figure 12C show that this optimized phase exhibits an intrinsic activity over twenty times higher than 
RuO2 at 1.7 V vs. RHE, demonstrating the significant advantage of vacancy-ordered layered structures for 
achieving high-efficiency and durable bifunctional water splitting. Building on the vacancy ordering achieved in 
layered Mn perovskites, Ji et al. utilized a sol–gel synthesis method to prepare a Ca-doped high-entropy perovskite 
La0.6Ca0.4(CrMnFeCo2Ni)O3, which crystallizes into a single-phase cubic framework exhibiting uniform cation 
dispersion and enhanced structural stability [155]. As illustrated in Figure 12D, the selected-area electron 
diffraction pattern presents sharp diffraction rings, confirming the high crystallinity and ordered lattice symmetry 
of the synthesized oxide. The high-resolution TEM image in Figure 12E reveals distinct lattice fringes 
corresponding to the (100) and (110) planes, reflecting coherent crystallinity and minimal defect propagation 
across the lattice. The polarization LSV curves in Figure 12F demonstrate that this optimized phase delivers a low 
overpotential of approximately 340 mV at 10 mA cm−2 and maintains excellent operational stability, indicating 
that Ca incorporation and high configurational entropy synergistically regulate lattice distortion and oxygen-vacancy 
concentration to enhance charge transport and sustain long-term electrocatalytic efficiency. Building on the structural 
modulation achieved in Ca-doped high-entropy Mn-based perovskites, Zhang et al. prepared tetragonal 
LaMn0.5Ni0.5O3−δ (t-LMON) nanocrystals through a sol–gel calcination strategy, enabling precise control over cation 
distribution and structural distortion [169]. As shown in Figure 12G, the high-resolution TEM image exhibits distinct 
and periodic lattice fringes characteristic of the tetragonal phase, confirming well-defined crystallinity and coherent 
lattice ordering. The corresponding SAED pattern in Figure 12H presents sharp and regularly arranged diffraction 
spots, further validating the long-range structural order and uniform orientation of t-LMON grains. The OER 
polarization curves in Figure 12I reveal that this tetragonal perovskite achieves a substantially lower overpotential 
and improved kinetic response compared with IrO2, underscoring that the lattice distortion intrinsic to the tetragonal 
phase strengthens Mn/Ni–O hybridization, optimizes eg orbital occupancy, and facilitates charge transfer, thereby 
enhancing oxygen-evolution activity and ensuring structural stability under operational conditions. 

Cr-based perovskite oxides exhibit catalytic characteristics dictated by the Cr3+/Cr4+ redox manifold, strong 
crystal-field stabilization of t2g3 configurations, and comparatively strong Cr–O bonds that raise vacancy formation 
enthalpy while conferring notable structural resilience. Representative compositions such as LaCrO3, CaCrO3, 
SrCrO3, and aliovalently doped derivatives display lower intrinsic p-type conductivity than Ni- or Co-based 
analogues, yet benefit from high lattice stability and resistance to overreconstruction under OER bias [217]. 
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Electronic structure features, including a deeper O 2p band center and greater charge-transfer energy, favor 
adsorbate evolution pathways over extensive lattice-oxygen participation, placing a premium on optimizing 
intermediate binding at surface Cr sites through covalency enhancement rather than exploiting aggressive oxygen 
nonstoichiometry. Design strategies that elevate activity include A-site substitution with Sr or Ba to increase 
tolerance factor and bandwidth, limited B-site alloying with Fe, Ni, or Co to raise covalency and introduce itinerant 
carriers without compromising the Cr–O framework, and heteroanion regulation that tailors surface acidity and 
inhibits deleterious phase change. Under alkaline operation, surface layers often stabilize as CrOOH-like 
terminations with restrained A-site leaching, yielding steady catalytic kinetics at moderate overpotentials and 
sustained operation at high pH. When integrated into heterostructures that supply conductive scaffolds and water 
dissociation promoters, Cr-series perovskites contribute exceptional durability and corrosion resistance, enabling 
device architectures in which activity is co-delivered by adjunct phases while the perovskite core preserves 
mechanical and chemical integrity at elevated current densities. 

Building on prior insights into Cr-based perovskite oxides, entropy engineering offers further structural 
optimization. Kante et al. synthesized an epitaxial high-entropy perovskite oxide film, LaCr0.2Mn0.2Fe0.2Co0.2Ni0.2O3−δ, 
via pulsed-laser deposition, achieving a single-phase (001)-oriented crystalline structure with exceptional lattice 
coherence and compositional uniformity [156]. As illustrated in Figure 12J, the STEM image reveals a sharply 
defined interface between the P-HEO layer and the SrTiO3 substrate, confirming coherent epitaxial growth and 
high crystallinity. The magnified TEM view in Figure 12K further displays uniformly distributed atomic columns 
and homogeneous elemental dispersion, verifying that configurational entropy effectively stabilizes the ordered 
perovskite lattice. The cyclic voltammetry data in Figure 12L show that the P-HEO achieves an outstanding OER 
performance, delivering up to 17-fold higher current density than LaNiO3 and over 680-fold higher than LaCrO3 
at an overpotential of 450 mV, with a Tafel slope of 51 mV dec−1. These results demonstrate that multicationic 
synergy within the Cr-based perovskite lattice enhances B–O covalency, accelerates charge transfer, and yields 
superior catalytic stability under alkaline conditions. 

 

Figure 12. Phase tuning of Mn- and Cr-based perovskite oxides enhances lattice distortion and improves 
electrocatalytic activity. (A) Crystal structure of layered double perovskite NdBaMn2O5.5+δ with ordered oxygen 
vacancies in Nd–O layers. (B) HRTEM image confirming orthorhombic lattice structure and high crystallinity. (C) 



Zhou et al.   Mater. Matter 2026, 1(1), 1 

  32 of 41  

LSV curves showing enhanced OER activity of NBM5.5 over oxygen-deficient and oxygen-rich counterparts [171]. 
Reproduced with permission from Ref. [171]. Copyright 2018, American Chemical Society. (D) SAED pattern of 
La0.6Ca0.4 (CrMnFeCo2Ni)O3 showing cubic perovskite diffraction rings. (E) HRTEM image revealing (110) and 
(100) lattice fringes of 0.39 nm and 0.27 nm. (F) LSV curves of La1−xCaxB2Co series, with La0.6Ca0.4B2Co showing 
the best OER activity in 1 M KOH [155]. Reproduced with permission from Ref. [155]. Copyright 2024, Elsevier. 
(G) HRTEM lattice fringes of orthorhombic LaMnO3 nanosheets, 0.39 nm (110) and 0.275 nm (200) spacing. (H) 
SAED pattern of o-LMONs along [002] orientation, characteristic of ordered perovskite lattice. (I) Polarization 
curves of o-, t-, and h-phase LaMnO3, enhanced OER activity of orthorhombic phase [169]. Reproduced with 
permission from Ref. [169]. Copyright 2021, Wiley-VCH GmbH. (J) Cross-sectional STEM image of epitaxial P-
HEO film on SrTiO3 substrate with coherent lattice. (K) Atomic-resolution HAADF-STEM image showing 
uniformly distributed multication B-site. (L) OER polarization curves of LaBO3 and P-HEO, enhanced activity of 
high-entropy perovskite film [156]. Reproduced with permission from Ref. [156]. Copyright 2023, American 
Chemical Society. 

4. Summary, Challenges, and Perspectives 

This review examines perovskite oxides for electrocatalytic water splitting with emphasis on how crystalline 
phase governs performance through lattice symmetry, oxygen-defect thermodynamics, and electronic structure. 
The analysis first establishes fundamental mechanisms and phase-resolved structural characteristics, then 
quantifies phase effects on OER and HER kinetics, including the roles of oxygen vacancy distribution, eg 
occupancy, metal–oxygen covalency, and surface reconstruction. A comparative survey of A-site families is 
presented in the sequence La-series, Sr-series, Ba-series, Ca-series, and Gd-series, highlighting tolerance factor 
control, octahedral tilt patterns, charge-compensation pathways, and their impact on B-site valence and vacancy 
formation. B-site transition-metal families are subsequently evaluated in the sequence Co-series, Ni-series, Fe-
series, Mn-series, and Cr-series, delineating how redox manifolds and orbital configurations regulate intermediate 
binding and charge-transfer kinetics. A statistical synopsis of reported catalysts consolidates performance 
parameters across crystal phases and compositions, revealing consistent correlations between near-cubic 
symmetry, high-valent B-site states, and optimized vacancy chemistries and the attainment of low overpotentials 
with competitive durability. Collectively, these results provide design guidance for phase engineering, A/B-site 
modulation, and interface control aimed at high-efficiency perovskite electrocatalysts. 

Despite substantial advances, critical challenges continue to limit translation of perovskite oxides to robust 
water-splitting devices. The first centers on phase controllability and metastability under operando conditions. 
Narrow synthesis windows, coupled with tolerance-factor-driven octahedral tilts and defect equilibria, often yield 
mixed phases or vacancy-ordered intermediates that drift during polarization. Topotactic transformations between 
perovskite and brownmillerite frameworks tune activity but complicate reproducibility, and phase boundaries 
introduced by strain or nanostructuring can trigger unintended reconstructions that obscure intrinsic kinetics. 

A second challenge lies in governing oxygen-defect chemistry with spatiotemporal precision. Oxygen 
vacancy concentration, distribution, and mobility co-evolve with B-site valence and metal–oxygen covalency, 
shaping the balance between adsorbate-evolving pathways and lattice-oxygen participation. Insufficient control 
invites parasitic oxygen release, deep traps, or electronic localization that elevates overpotentials. Quantitative 
descriptors linking δ, eg filling, charge-transfer energy, and oxygen-exchange coefficients to intermediate binding 
remain incomplete, and deterministic routes to imprint defect gradients or ordered vacancy networks at device-
relevant thickness are still nascent. 

The third challenge concerns durability and interfacial integrity at high current density. A-site leaching, 
carbonate uptake in alkaline media, and thickening oxyhydroxide skins can erode crystallographic coherence and 
conductivity, while repeated redox cycling induces microcracking and loss of percolation in porous electrodes. Stable 
operation demands suppression of corrosive dissolution, maintenance of electronic and ionic pathways after 
reconstruction, and compatibility with concentrated electrolytes and gas evolution. Achieving these simultaneously 
with scalable synthesis, ink processability, and mechanical robustness defines the near-term barrier to deployment. 

While substantial progress has been achieved in elucidating correlations between crystallographic symmetry, 
oxygen defect chemistry, and electrocatalytic performance, future efforts should increasingly emphasize 
actionable design principles that translate symmetry concepts into practical catalyst engineering. In this context, 
crystal phase and symmetry engineering emerge as powerful levers to regulate oxygen defect energetics in 
perovskite oxides. Such control can be realized through several experimentally accessible strategies, including 
strain engineering via epitaxial growth or interfacial coupling, systematic modulation of A and B-site ionic radii 
to tune the tolerance factor, and deliberate manipulation of oxygen chemical potential through synthesis conditions 
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or electrochemical polarization. Collectively, these approaches enable the stabilization of metastable or symmetry 
lowered phases that are otherwise inaccessible under equilibrium conditions, thereby creating expanded design 
space for optimizing oxygen vacancy formation energies, migration barriers, and surface reactivity. Crucially, 
crystallographic symmetry and oxygen defect chemistry should be regarded as dynamic descriptors that 
continuously evolve under realistic electrocatalytic operating conditions, rather than as static attributes defined 
solely by ex situ characterization. The integration of in situ and operando techniques,such as operando X-ray 
diffraction, X-ray absorption spectroscopy, Raman spectroscopy, and environmental transmission electron 
microscopy with theoretical modeling provides a critical framework for capturing symmetry evolution, lattice 
distortion, and oxygen vacancy dynamics in real time. When combined with density functional theory and ab initio 
thermodynamic analyses, these methodologies can establish quantitative relationships among applied potential, 
local chemical environment, symmetry modulation, and defect energetics, thereby advancing a predictive 
understanding of structure activity relationships in perovskite electrocatalysts. From an application oriented 
perspective, a central challenge lies in preserving symmetry derived defect advantages under industrially relevant 
current densities, where large overpotentials, localized heating, and vigorous gas evolution can drive surface 
reconstruction, vacancy over accumulation, or irreversible phase transformations. Such processes may induce 
symmetry collapse or defect saturation, ultimately degrading catalytic activity and long term stability. Addressing 
these issues will require the development of symmetry stabilized catalyst architectures, operando informed design 
rules, and durability centered evaluation protocols that explicitly account for dynamic structural evolution. 
Bridging the gap between fundamental symmetry defect chemistry and scalable electrocatalytic deployment thus 
represents a critical frontier for the rational design of next generation perovskite water splitting catalysts. 
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