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Lanthanide-based materials have emerged as highly promising electrocatalysts for the oxygen evolution reaction
(OER), a pivotal process in water splitting and energy conversion applications. These materials present a sus-
tainable and cost-effective alternative to noble-metal catalysts, addressing critical challenges of scarcity and cost.
Their exceptional catalytic activity and stability are attributed to unique electronic properties, including multiple
oxidation states, large ionic radius, and strong spin-orbit coupling. Recent breakthroughs demonstrate significant
enhancements in overpotential reduction and long-term stability under extreme electrochemical conditions,
positioning lanthanides as a transformative solution for renewable energy systems. This review comprehensively
explores various classes of lanthanide-based OER electrocatalysts, including transition metals, metal-organic
frameworks (MOFs), perovskites, nanomaterials, and chalcogenides, nitrides, borides, and phosphides. Perov-
skites, in particular, have achieved remarkable stability and efficiency, underscoring their potential for real-
world applications. Tailored strategies such as anionic substitution and heteroatom doping further optimize
the electronic structure, active site stabilization, and charge transfer efficiency, driving significant performance
improvements. Notably, recent studies report a substantial reduction in overpotential by up to 200 mV for
lanthanide-based materials, along with significantly enhanced catalytic durability compared to conventional
noble-metal catalysts. Key challenges remain, such as improving electrical conductivity, scalability, and per-
formance longevity. Strategic integration of lanthanides into catalytic frameworks addresses these limitations
while reducing reliance on scarce resources. These advancements enable lanthanide-based OER electrocatalysts
to revolutionize renewable energy technologies and drive the commercialization of efficient water-splitting and
electrochemical processes.

1. Introduction

The two primary challenges facing industrialized society, which are
critical to the global economy and social sustainability, are energy and
the environment [1]. Globally, over 80 % of primary energy consump-
tion comes from traditional energy sources, such as natural gas, coal,
and petroleum, which are non-renewable and environmentally
damaging [2-4]. The International Energy Agency (IEA) has emphasized
the need to redirect investment away from fossil fuels towards cleaner
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energy technologies in order to achieve net zero emissions by 2050 [5].
Moreover, the depletion of limited fossil fuel resources and the climate
change associated with energy production and consumption are raising
global concerns about the sustainability of energy sources and supply
[6,7]. As a result, scientists are exploring alternative methods for
generating clean, renewable energy to replace fossil fuels [3,8]. Among
these, hydrogen an efficient and environmentally friendly energy carrier
can be formed using various methods, including photocatalysis, natural
energy, fossil fuels, biomass, and electrocatalysis [9-12]. Thus, the
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Fig. 1. Summary of lanthanide-based materials for OER.

development of a green, cost-effective, and efficient hydrogen produc-
tion method is essential [13].

Electrolytic water splitting is a favored approach for hydrogen pro-
duction due to its efficiency, operational simplicity, and ease of recov-
ery, although it remains energy-intensive and faces significant kinetic
barriers and overpotentials [14,15]. The efficiency of electrolysis can be
improved by the use of catalysts. Water splitting consists of two key
reactions: the hydrogen evolution reaction (HER) and the oxygen evo-
lution reaction (OER), with the OER being particularly critical due to its
involvement in a complex four-electron process. Developing electro-
catalysts with lower overpotentials and improved durability is essential
to enhancing OER efficiency. Historically, noble metal electrocatalysts
have been employed in water splitting due to their high activity in OER
[16,17]. Composites based on noble metals, such as ruthenium (Ru) and
iridium (Ir), are the most efficient commercial electrocatalysts for OER,
due to their negligible overpotential and superior kinetics [18,19].
However, the poor stability, scarcity, and high cost of these rare metal-
based composites pose significant challenges to the large-scale adoption

of OER technologies [20,21]. Thus, developing inexpensive, abundant,
and highly efficient electrocatalysts for OER is crucial.

In recent years, lanthanides have attracted considerable attention
due to their unique physical and chemical properties, which stem from
their 4f shell electronic structures [22,23]. Their ability to exhibit
multiple coordination numbers and distinctive 4f subshell orbital char-
acteristics makes them valuable for modifying the electronic structures
of transition metal-based catalysts [24,25]. The variable valence states
of lanthanides facilitate the formation of oxygen vacancies, making
these materials effective for electrocatalysis. Lanthanide metal oxides
are widely used in oxidation reactions, such as methane (CH4) and
carbon monoxide (CO) oxidation, where the adsorption, activation,
transfer, and dissociation of oxygen molecules are critical similar to the
oxygen evolution process [26,27]. In the 1970s, LaNis became the first
lanthanide metal electrocatalyst used in the hydrogen evolution reaction
[28]. Since then, lanthanide metals have been extensively studied in
electrochemistry, particularly in OER. Their ability to create oxygen
vacancies and engage in complex redox processes makes them attractive
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Fig. 2. Proposed mechanisms for OER. (a) Acidic AEM, (b) Alkaline AEM, (c) Acidic LOM, and (d) Alkaline LOM.

for improving the efficiency and stability of OER electrocatalysts. Lan-
thanides regulate the adsorption energy of intermediates, lower the
energy barriers controlling reaction rates, and enhance electron transfer
in electrocatalytic processes, owing to their strong affinity for oxygen.
Additionally, the substantial differences in atomic radius and electro-
negativity between lanthanide elements and transition metals give
lanthanides unique abilities to modulate the electronic structure of
catalysts.

For instance, Xia et al. successfully regulated and utilized 4f electrons
in lanthanide elements by constructing an electron/ion transport inter-
face composed of copper, ultrathin cerium oxide, and iron chromium
nickel hydroxide (Cu@CeO,@NFC) [29]. The study demonstrated that
the inclusion of lanthanide elements enriched the electron distribution
near the Fermi level and created a fast d-f electron transfer pathway for
adsorbed species. This indicates that the constructed lanthanide 4f
orbital ladder can effectively regulate the adsorption of reaction in-
termediates. These properties make lanthanides essential or auxiliary
metals in electrocatalytic OER. As research in this field continues to
progress, a comprehensive review of electrocatalytic OER in energy
conversion is timely and valuable. While some reviews have focused on
cerium-based catalysts [30,31], our article broadens the scope to include
a wider range of lanthanides, offering a more comprehensive under-
standing of their potential in enhancing OER performance. Currently, no
review integrates the various aspects of lanthanide-based catalysts or
provides a detailed summary of the critical roles that lanthanides play in
these catalysts. This article consolidates recent research efforts and
experimental data aimed at improving the activity and stability of
lanthanide-based materials in OER, comparing their performance to
highlight advancements in the field.

In this review, we focus on recent developments and breakthroughs
in both experimental as well as theoretical achievements and underlying
mechanisms of electrocatalysts for OER. We begin by introducing the
fundamental mechanisms of OER, which serve as a foundation for un-
derstanding the catalytic process. Following this, we explore the
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synthesis strategies and microstructural analysis of lanthanide-based
materials (Fig. 1). The catalytic activity and stability of these
lanthanide-based materials are critically examined as key factors for
OER performance. Additionally, we highlight ongoing challenges and
unresolved issues in the field, offering potential research directions to
enhance catalytic performance and material design. Finally, we provide
recommendations for future studies aimed at improving the design and
efficacy of OER catalysts. By consolidating experimental and theoretical
advancements, this review seeks to guide future research efforts and
foster innovative approaches for the development of high-performance
OER electrocatalysts.

2. Fundamentals

The fundamentals and applications of electrocatalysis are closely
intertwined, bridging the gap between physical electrochemistry and
engineering, and fostering knowledge exchange between industry and
academia [32]. Electrocatalytic water splitting is driven by an electric
current at the electrode, where charge transfer converts electrical energy
into chemical energy. During this process, water is converted into oxy-
gen (O2) at the anode and hydrogen (protons) at the cathode [33].
Minimizing overpotential is essential for facilitating electrochemical
reactions, and this can be achieved through the use of suitable electro-
catalysts. Unlike hydrocarbon reforming or cracking, water splitting is
considered a simpler, more cost-effective, and environmentally friendly
method for hydrogen production. This electrochemical process, which
transforms water into gaseous hydrogen and oxygen, is heavily depen-
dent on electrocatalysis. Direct water splitting into hydrogen and oxygen
represents a promising technology for hydrogen production. Despite
hydrogen’s long-standing industrial applications, there remains
considerable potential for advancements in water splitting, including
improvements in selectivity and stability through the use of electro-
catalysts. The four fundamental reactions in electrocatalytic hydrogen
evolution, oxygen evolution, oxygen reduction, and chlorine evolution
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Fig. 3. Schematic representation of OER mechanisms: (a) AEM, highlighting the sequential steps of adsorption, oxidation, and association of intermediates at the
electrolyte-catalyst interface, (b) LOM, depicting the role of lattice oxygen, surface vacancies, and gas-phase oxygen during bulk and surface reactions and (c)
illustration of the LOM lattice framework, highlighting oxygen diffusion, vacancy formation, and lattice oxygen replenishment in the catalyst structure.

are historically the most significant [34]. The principles of electro-
catalysis in water splitting are rooted in the kinetics and thermody-
namics of the reactions occurring at the electrode surface. The OER is
pivotal to water splitting, rechargeable metal-air batteries, and other
energy conversion technologies. At the anode, this process oxidizes
water (H20) to produce oxygen gas (O3), while releasing protons HD
and electrons (e ™). The OER is kinetically slow due to its complex four-
electron transfer mechanism, which limits the efficiency of energy
conversion systems. Two distinct mechanisms underpin the OER: the
lattice-oxygen-mediated mechanism (LOM) and the traditional adsor-
bate evolution mechanism (AEM) [35]. A thorough understanding of
these mechanisms and the ability to manipulate the reaction pathways
can enable the intrinsic control of catalyst activity. This section focuses
on both acidic and alkaline mechanisms and provides a comparative
analysis.

2.1. OER Mechanism

The OER typically proceeds via two pathways: the AEM and LOM
[36]. The AEM is widely recognized as the standard OER mechanism,
characterized by its scaling relationship among reaction intermediates
[37]. According to the Sabatier principle, the binding strength of in-
termediates on the catalyst surface affects the reaction overpotential
[38]. While the AEM’s scaling relationship enables rapid screening of
catalysts, OER activity remains limited. Experimental and theoretical
studies on reaction mechanisms and catalyst activity parameters suggest
that lattice oxygen, associated with the LOM, may play a key role in
improving OER performance [39]. The LOM overcomes the limitations
of the AEM by showing that the active sites are not the metal centers
themselves. In the LOM, bulk lattice oxygen directly participates in the
evolution of intermediate oxygen species and the formation of oxygen
[40]. Thus, electrocatalysts operating via the LOM are not constrained
by the scaling relationship and frequently demonstrate exceptional
performance. The AEM and LOM mechanisms are further explained in
detail below.

2.1.1. AEM Mechanism

It is well-established that a catalyst’s theoretical OER overpotential is
governed by the Sabatier principle, which relates to the oxygen
adsorption energy on the catalyst surface. An ideal catalyst should
interact with intermediates at an optimal strength neither too strong nor
too weak while simultaneously minimizing the overpotential as much as
possible. The primary source of oxygen in the AEM comes from adsorbed

water molecules, and there are scaling correlations among the adsorp-
tion energies of oxygenated intermediate species [41,42]. Based on
active metal sites, four cooperative proton-electron transfer processes
are typically involved in the AEM [43]. As shown in Fig. 2a for acidic
AEM, a one-electron oxidation process results in the adsorption of a
water molecule onto the metal site, forming an *OH intermediate. This
*QOH is then converted into an *O species through proton coupling and
electron elimination. In the next step, *O reacts with another water
molecule to form an O—O bond, yielding *OOH. Finally, a one-electron
transfer oxidizes *OOH, releasing O and regenerating the original metal
active site.

In the alkaline AEM, hydroxide (OH™) reacts with the active sites (*
+ OH™ — *OH + e, where * represents the active sites). Initially, OH™
is adsorbed onto the coordination-unsaturated metal site, leading to the
formation of *OH after electron loss. De-protonation of *OH then results
in electron transfer and the formation of *O (*OH + OH™ — *O + H,0 +
e”). In the next step, OH™ from the electrolyte interacts with *O to
facilitate O—O bond formation, generating the intermediate *OOH
through another electron transfer (*O + OH™ — *OOH + e"). Finally,
de-protonation of *OOH results in O evolution via the reaction *OOH
- *4+ 098 +e + HT (Fig. 2b).

2.1.2. LOM Mechanism

The OER in the AEM is constrained by a scaling relationship among
intermediates, which limits the theoretical overpotential to 0.37 V. To
overcome this limitation, various strategies have been employed to
stabilize *OOH while maintaining the adsorption of *OH. However,
recent challenges to this traditional process have led to the introduction
of the LOM, which diverges from the conventional approach. The initial
stages of acidic LOM, involving the generation of *O, are similar to those
in acidic AEM. However, in LOM, an oxygen vacancy forms in the lattice
as *O bonds with lattice oxygen, leading to the release of an oxygen
molecule. Finally, the migration of OH™ from the solution can fill the
resulting vacancy (Fig. 2c) [44]. This mechanism circumvents the
scaling relationship between *OH and *OOH, as *OOH does not form
during the LOM cycle. Additionally, since the oxygen within the catalyst
lattice serves as the intermediate, extensive surface coverage of reaction
intermediates is unnecessary.

In the alkaline LOM, OH™ groups are initially adsorbed as they fill
oxygen vacancies. The adsorbed OH™ groups undergo deprotonation,
resulting in the formation of highly electronegative O~ species without
electron transfer. The negatively charged O%~ is then oxidized to O~ by
eliminating electrons from its orbitals. Next, two neighboring O™ atoms
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hybridize their non-bonding states, facilitating O—O coupling without
electron transfer, followed by the release of an oxygen molecule (O3)
through further electron extraction from the oxygen orbitals (Fig. 2d).

The AEM and LOM mechanisms differ fundamentally in several key
respects. In AEM, O—O bond formation occurs through the attack of
OH™ from the electrolyte on adsorbed *O, leading to the production of
*OOH. In contrast, LOM achieves O—O coupling by hybridizing the non-
bonding states of adjacent lattice oxygen atoms. Moreover, AEM relies
on metal redox chemistry, where metal sites serve as active sites for
electron transfer, occurring within the lower-Hubbard bands (LHB) and
involving adsorbed oxygen-containing intermediates. Conversely, LOM
is characterized by an oxygen redox process, with oxygen sites func-
tioning as redox centers. This facilitate electron transfer among the non-
bonding states of oxygen and the reaction intermediates, fundamentally
altering the pathway of the OER [45]. The comparison of both AEM and
LOM mechanisms is provided in detail below.

2.2. Comparison of AEM and LOM Mechanisms

The AEM is a widely recognized mechanism in the OER. In this
mechanism, the formation and transformation of oxygen-containing
intermediates adsorbed on the catalyst surface are central to the OER
process. The AEM involves a series of proton-coupled electron transfer
(PCET) steps, leading to the generation of molecular oxygen [39]. In the
first step of AEM mechanism hydroxide adsorption, a hydroxide ion
(OH") from the alkaline electrolyte adsorbs onto an active site (M) on
the catalyst surface, forming an intermediate metal-hydroxide (M-OH)
(Fig. 3a) [46]. The active site is typically a transition metal or metal
oxide site, such as Fe, Ni, or Co centers in oxides like Fe;04 or Co304.
This step is energetically favorable due to the strong affinity of OH™ ions
for these active sites, facilitating the adsorption process. In the second
step, the adsorbed hydroxide intermediate (M-OH) undergoes PCET,
releasing a proton (H") and an electron (e~), resulting in the formation
of a highly reactive metal-oxo species (M-O) [47,48]. This process is a
crucial step in the OER, as the metal-oxo species serves as a critical in-
termediate. The electron is transferred to the electrode under an applied
potential, while the proton diffuses into the electrolyte. This step,
typically the first oxidation in the sequence, requires sufficient energy
from the applied voltage to overcome the reaction barrier. In the third
step, a hydroxide ion (OH ) from the electrolyte interacts with the
metal-oxo species (M-O) to form a metal-peroxide intermediate (M-
OOH). This process involves a nucleophilic attack by OH™ on the metal-
oxo group, resulting in the formation of a peroxide linkage (0O—O)
[49,50]. The creation of this bond is a pivotal step in the OER, as it
prepares the system for the eventual release of molecular oxygen. The
electronic properties of the catalyst play a critical role in facilitating this
step by stabilizing the M-OOH intermediate. In the final step, the metal-
peroxide intermediate (M-OOH) undergoes further oxidation, leading to
the release of molecular oxygen (O2) and the regeneration of the catalyst
active site (M). This step involves the breaking of the 0—O bond in M-
OOH, producing O gas, which desorbs from the surface and is released
into the environment [51,52]. The regenerated catalyst site (M) be-
comes available to participate in subsequent cycles of the OER. Addi-
tionally, the electrons produced in this step are transferred to the
electrode, contributing to the overall current in the electrochemical
process.

The LOM is an advanced pathway for the OER, which is a vital
process in energy conversion and storage systems like water splitting
and metal-air batteries. Unlike the traditional AEM, where oxygen
evolution occurs solely through the adsorption and desorption of re-
actants on catalyst surfaces, LOM contains the direct participation of
lattice oxygen (0?) in the reaction [53]. In the first step of the LOM,
lattice oxygen ions (O%7) at the catalyst surface are oxidized, releasing
oxygen gas (O2) and creating vacancies in the lattice (Figs. 3b-c). This
oxidation process disrupts the O-M bonds, where M represents the metal
in the lattice. The evolution of oxygen gas occurs at the active site,

Table 1
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Comparison table summarizing the differences between the AEM and LOM
mechanisms, along with their relevance to industrial OER electrocatalysis.

Characteristic

AEM

LOM

Basic mechanism

Involves adsorption,
transformation, and
desorption of intermediates
such as OH™ and OOH™ on
electrocatalyst surface.

Utilizes lattice oxygen (0%7)
directly in oxygen evolution.

Key step PCET converts the metal- Oxidation of lattice 0>~ —
hydroxide intermediate (M- Vacancy formation — Bulk
OH) into highly reactive oxygen diffusion — Lattice
metal-oxo species M-O) regeneration.
Electrocatalysts Transition metal oxide such High ionic conductive
examples as, NiO, Fe;04, Co304 etc. materials such as,

Reaction kinetics

Slowed by the *OH and *OOH
scaling relationship.

perovskites (LaNiOs and
SrCo03).

Faster due to bypassing
scaling limitations via lattice
oxygen involvement.

Energy The theoretical minimum Potentially lower
requirements overpotential is 0.37 V. overpotential due to lattice
oxygen redox.

Stability High stability under moderate ~ Lower stability due to
current densities but prone to  formation of vacancies,
degradation at high currents. risking structural

degradation over time.

Electrocatalyst Predictable, following the Complex, requiring

design Sabatier principle; easier to strategies to stabilize oxygen
model and optimize. vacancies and maintain
lattice integrity.

Industrial Suitable for scalable industrial ~ Promising for high-efficiency

feasibility applications requiring applications but requires
durability and reliability. advanced materials
engineering.

Efficiency Limited by scaling Higher intrinsic activity,
relationships, which restrict ideal for cutting-edge, low-
efficiency gains. overpotential applications.

Challenges Durability issues under high Catalyst degradation due to
current densities; theoretical vacancy accumulation;
overpotential limitation. complex optimization of

lattice properties.

Application Applications requiring robust Innovative applications

Industrial impact

and predictable performance
(e.g., electrolysis in alkaline
media).

Established for commercial
water electrolyzers due to
ease of scalability and
robustness.

prioritizing efficiency, such
as advanced water splitting
systems.

Emerging in niche industries
aiming for maximum
efficiency, especially under
low-energy input.

leaving behind an oxygen-deficient lattice [54]. This step is driven by
the applied electrochemical potential, which facilitates the oxidation
and subsequent release of O,. In the second step, lattice oxygen ions
(0%7) are oxidized, leading to the release of oxygen gas (O3) and the
formation of oxygen vacancies in the lattice. This process involves the
breaking of O-M bonds, where M represents a metal within the lattice
structure, such as Fe, Co, or Ni. Protons (H) and electrons (e ) may also
participate, depending on the specific reaction conditions, contributing
to the overall redox process [55]. This step is crucial for sustaining the
reaction cycle by creating reactive sites for subsequent processes. In the
third step, lattice oxygen ions (0%7) from the bulk diffuse to the surface
to replenish the oxygen that was oxidized and released as Oj. This
diffusion process is essential for maintaining the reactivity of the cata-
lyst, ensuring a continuous supply of oxygen atoms for further reactions
[48,56]. Catalysts with high ionic conductivity, such as perovskites,
facilitate this step effectively. This step highlights the importance of
oxygen ion mobility in sustaining the catalytic cycle and overall effi-
ciency of the OER. In the final step, the oxygen vacancies created earlier
are regenerated as water (H20) reacts with the catalyst. This reaction
restores the lattice oxygen network by incorporating oxygen ions (027)
into the structure, while simultaneously releasing protons (H™) and
electrons (e”) [57-59]. These protons and electrons are further utilized
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Reproduced with permission from ref [63]. Copyright Elsevier Ltd 2024.

in the electrochemical reaction, maintaining the catalytic cycle. This
step is essential for ensuring the stability and longevity of the catalyst,
enabling sustained catalytic activity throughout the reaction process.

Both AEM and LOM offer distinct advantages and challenges in OER
electrocatalysis. The AEM, which follows the Sabatier principle, provides
predictability, making it easier to model and tune catalysts [60]. This
mechanism benefits from well-established catalyst design principles.
However, the intrinsic scaling relationship between the *OH and *OOH
intermediates impose a 0.37 V theoretical minimum overpotential in
AEM, thereby limiting the potential for efficiency improvements.
Additionally, AEM dependence on metal sites can reduce catalyst
durability at high current densities [61]. On the other hand, LOM, by
circumventing the scaling relationship and directly utilizing lattice ox-
ygen, can significantly lower the overpotential, leading to catalysts with
greater intrinsic activity and lower energy requirements. However, LOM
complexity poses challenges, as the involvement of lattice oxygen results
in the development of oxygen vacancies and potential catalyst degra-
dation over time (Table 1). As a result, optimizing and developing LOM-
based catalysts is more difficult due to their unconventional nature. The
choice between AEM and LOM largely depends on the specific applica-
tion. AEM, being more predictable and easier to work with, is suitable
for scenarios that require stability and reliability. In contrast, LOM may
be more appropriate for applications where minimizing overpotential is
critical, although this comes at the potential cost of catalyst stability and
lifespan. Therefore, LOM is often considered for cutting-edge applica-
tions that prioritize catalytic efficiency over durability. Both mecha-
nisms have distinct roles in industrial OER electrocatalysis. While AEM
is the backbone of current hydrogen production technologies, LOM
holds the key to future innovations in high-efficiency, low-overpotential
applications. Advances in material science and a deeper understanding
of lattice dynamics are critical for bridging the gap among lab-scale
promise and industrial-scale deployment for LOM-based catalysts. A
deeper understanding and optimization of both mechanisms could lead
to the progress of more durable and effective OER electrocatalysts in the
future.

3. Fabrication methods and microstructural analysis of
lanthanide-based materials

Lanthanide-based materials are synthesized using various methods,
each offering distinct advantages that influence the composition,
structure, and performance of the electrocatalysts. The preparation
technique critically impacts the chemical as well as physical properties
of these materials, including crystallinity, particle size, surface area, and
active site availability, all of which are vital for the efficacy and stability
of the OER activity. Research indicates that lanthanide-based materials
are becoming increasingly important for sustainable energy solutions.
This section examines different fabrication methods and their micro-
structural analysis, highlighting their advantages and limitations.

3.1. Hydrothermal method

Hydrothermal synthesis crystallizes materials from aqueous solu-
tions under elevated temperature and pressure in a sealed autoclave.
This technique provides precise control over crystal growth, ensures
phase purity, and facilitates the formation of nanostructures, thereby
enhancing the catalytic efficiency of lanthanide-based materials [62].
For instance, our group developed a NiSe,-Cez(CO3)20 heterojunction
homogeneously grown on carbon cloth (CC) as a self-supported elec-
trode for highly efficient OER. This electrode was fabricated using a
straightforward two-step hydrothermal method (Fig. 4a). The NiSe,-
Ce2(CO3)20 exhibits a rice-granular structure, with protuberant nano-
particles securely anchored to the CC, enhancing its stability (Fig. 4b).
Transmission electron microscopy (TEM) images support the scanning
electron microscopy (SEM) findings, confirming the rice-granular
morphology of NiSes-Ce2(CO3)20 (Fig. 4c). High-resolution TEM (HR-
TEM) images (Fig. 4d) further confirm that the NiSe;-Ce3(CO3)20 het-
erostructure was successfully prepared, showing distinct lattice fringes
corresponding to the cubic NiSe, (200) plane, orthorhombic NiSe, (020)
plane, and Ce3(C0O3)20 (011) plane with interplanar distances of 0.298
nm, 0.308 nm, and 0.576 nm, respectively. High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) and
energy-dispersive X-ray spectroscopy (EDS) elemental mapping images
(Fig. 4e) demonstrate that Ni, Ce, Se, O, and C are uniformly dispersed
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Fig. 5. (a) The schematic diagram of the fabrication process for Co-CeO5/C aerogels. (b) SEM, (c) TEM, and (d-e) HR-TEM images of Co-CeO,/C aerogels. (f) HAADF-
STEM and elemental mapping images of Co-CeO,/C aerogels. Reproduced with permission from Ref. [68]. Copyright 2022 Royal Society of Chemistry.

throughout the heterostructure [63].

Similarly, Alharbi et al. synthesized Er,03-NiO nanocomposites using
the hydrothermal method, which revealed a nanoflake-like morphology
[64]. Liao et al. utilized a one-step hydrothermal process to form 2D Gd-
decorated CeO,/Ce(OH)CO3 nanohybrids, pioneering their use as stable
as well as effective catalysts for OER activity [65]. The resulting CeOy/
Ce(OH)COg3 displayed a nanoflower structure composed of nanosheets.
TEM analysis revealed that the prepared nanohybrid featured a homo-
geneous nanosheet structures. The uniform grain attachment and
morphological changes suggest that Gd plays a pivotal role in control-
ling crystal growth. Furthermore, Hussain et al. fabricated a Samarium-
doped SnFe;04 electrocatalyst to improve OER activity. The incorpo-
ration of Sm ions into the lattice significantly altered the morphology of
SnFe,04, resulting in less dense, well-shaped nanoparticles that formed
interconnected structures, which greatly improved OER performance
[66].

These examples demonstrate the versatility of the hydrothermal
method in fabricating lanthanide-based materials with optimized mi-
crostructures for enhanced OER performance. However, the method’s
reliance on high temperatures and pressures, along with its relatively
long processing times, can be seen as limitations that may affect scal-
ability and cost-effectiveness in large-scale applications.

3.2. Sol-gel method

The sol-gel technique includes via metal salts and metal ester pre-
cursors that are combined with various organic ligands and reacted at
controlled temperatures for the formation of a gel. This gel is then
processed through calcination and drying to produce oxide materials. In
the synthesis of lanthanide-based materials, metal nitrates are
commonly used as precursors, along with ligands such as poly-
vinylpyrrolidone (PVP) and citrate. The sol-gel method facilitates ho-
mogeneous doping of various elements under relatively mild reaction

conditions, making it particularly effective for synthesizing multi-
component lanthanide-based materials. The resulting products typi-
cally exhibit high-surface area, thereby advantageous for catalytic ap-
plications [67].

In another study, Liu et al. prepared a new of Co-CeO, hetero-
nanoparticles (NPs) uniformly dispersed within three dimension (3D)
porous carbon aerogels (Co-CeOy/C). The Co-CeO,/C aerogels were
produced via the sol-gel technique by polymerizing chitosan, CeCls, as
well as K3Co(CN)g, followed by freeze-drying and pyrolysis (Fig. 5a).
The resulting Co-CeO5/C aerogels displayed a porous three-dimensional
nanostructure composed of nanoparticles and interconnected carbon
(Fig. 5b). TEM images (Fig. 5¢) confirmed the SEM findings, showing a
uniform distribution of Co and CeO, nanoparticles throughout the car-
bon matrix with minimal aggregation. A histogram of particle diameters
indicated that the Co and CeO» nanoparticles were relatively small,
ranging from 6 to 12 nm, as measured from 100 nanoparticles in random
regions (inset of Fig. 5¢). The nonappearance of isolated particles in the
TEM recommends effective interactions between the chitosan and metal
ions. HR-TEM magnification (Fig. 5d, marked by orange grid lines)
showed two types of grating boundaries: one with a spacing of 0.309 nm,
matching to the (111) plane of the fcc phase of CeO,, and the other with
a spacing of 0.205 nm, corresponding to the (111) plane of the fcc phase
of Co (Fig. 5e). Furthermore, Fig. 5f shows the HAADF-STEM with
elemental mappings, revealing that Ce, O, C, and Co are uniformly
distributed in the aerogels [68].

In another example, Munawar et al. used the sol-gel process to syn-
thesize Nd-doped CeO; (CeNdO;) nanostructures co-doped with
lanthanide metals [69]. The synthesized material exhibited a contiguous
paternoster-like structure. Huang et al. applied the sol-gel process to
investigate the electrocatalytic properties of 214-type encapsulated
crystalline oxide LnSrCoO4 (where Ln stands for La, Pr, Sm, Eu, or Ga),
which demonstrated semiconductor-like activity. Among these,
PrSrCoO;4 exhibited a slightly smaller particle size but formed irregular,
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Fig. 6. (a) The schematic diagram of synthesis process, (b) crystal structure of CeO, (c-d) SEM and (e-f) TEM images of 2 % Gd doped CeO, nanostructures.

Reproduce with permission from ref. [71]. Copyright Elsevier Ltd. 2024.

small bulk structures prone to aggregation [70].

The sol-gel method offers several advantages, including the capa-
bility to control the composition as well as structure at the nanoscales,
producing materials with high surface area and homogeneous doping.
However, it also has some limitations, such as the tendency for particle
aggregation in some systems and the need for subsequent high-
temperature treatments to achieve crystallization, which can lead to
sintering and loss of surface area. Despite these challenges, the sol-gel
method remains a versatile as well as extensively used technique for
fabrications of lanthanide-based materials.

3.3. Co-precipitate method

Co-precipitation is another extensively used approach for preparing
lanthanide-based materials. This approach contains precipitating metal
ions from a solution, often resulting in the simultaneous deposition of
multiple components. However, the equilibrium transition during co-
precipitation can lead to the formation of impurities or contaminants.
The efficiency of the precipitation reaction depends on several aspects,
like temperature, pH, dielectric constant, as well as other reaction
conditions. Despite these challenges, co-precipitation is valued for its
low reaction temperature and ease of operation, making it an effective
method for producing large quantities of catalysts. Consistent agitation
during synthesis is essential to ensure the homogeneity of the final
products.

In a study by Swathi and colleagues, Gd-doped CeO, was prepared
using a simple co-precipitation approach (Fig. 6a). Fig. 6b illustrates the
cubic crystal structure of CeO2. The SEM images (Figs. 6¢-d) reveal a
uniform dispersal of spherical nanoparticles on the surface. The incor-
poration of Gd ions into the CeO; crystal lattice caused slight morpho-
logical distortions, with feather-like structures emerging due to the
doping. TEM images (Figs. 6e-f) further illustrate the well-dispersed,
agglomerated crystallite particles with a spherical shape. The Gd

dopant was crucial for promoting crystal formation, enhancing the
material’s structure [71].

Yu et al, synthesized RuO; supported on CeO, using a co-
precipitation method. EDS analysis demonstrated a uniform distribu-
tion of Ru as well as Ce along the scanning line, indicating the even
dispersion of RuOs particles on the CeO5 support. Interestingly, smaller
grains were observed surrounding the CeO., particles, which contrasted
with the TEM images of pure defective CeOs, highlighting the role of
RuO; in modifying the morphology [72]. Similarly, Kutlusoy et al.,
prepared La-based perovskites using the co-precipitation method. The
resulting particles displayed an isometric shape, without a preferred
surface orientation, indicating that the synthesis process allowed for
random crystallographic growth [73].

The co-precipitation method is both simple and scalable, rendering it
a perfect choice for the large-scale production of electrocatalysts.
Nevertheless, the process requires careful control of reaction conditions
to avoid contamination and ensure homogeneous product formation.
Additionally, optimizing variables such as temperature, pH, and stirring
rates is critical to achieving consistent results.

3.4. Method of MOFs pyrolysis

MOFs are widely utilized in the development and production of
earth-abundant metal electrocatalysts due to their ability to serve as
carbon skeletons and sources of heteroatoms, which enhance the pro-
tection of active metal sites and improve charge transport. MOFs offer
adjustable composition, high porosity, and large specific surface areas,
making them ideal precursors for electrocatalyst production. Pyrolysis
of MOFs facilitates the production of lanthanide-based materials incor-
porating carbon and heteroatoms, which can be combined with addi-
tional metal catalysts. Preserving the large surface area of MOF-derived
materials while forming porous oxide structures during pyrolysis re-
quires careful control of the conditions to maximize catalyst
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Fig. 7. (a) Fabrication process, (b) SEM of CoCe@ZIF-8, and (c) Co/Ce@NC. (d) TEM and (e) HR-TEM of Co/Ce@NC. (f-k) HAADF and elemental mapping of Co/
Ce@NC. Reproduced with permission from Ref. [74]. Copyright © 2024, American Chemical Society.

performance and atomic efficiency.

For example, Wu et al. prepared an electrocatalyst featuring atomic
distributions of Ce and Co on a NC substrate via incorporating the
lanthanide element Ce and Co into a MOF precursor. The preparation
process for Co/Ce@NC is shown in Fig. 7a. Initially, ZIF-8 is synthesized
by adding a calculated amount of Zn?*/Ce3* to a solution containing 2-
methyl imidazole as an organic ligand, resulting in a white precipitate.
After continuous stirring, a Co?' ion solution is added dropwise, pro-
ducing a purple solution and forming ZIF-8 doped with Co?*/Ce>*. This
mixture is stirred for 24 h, followed by centrifugation, washing, and
drying. The Co?*/Ce3*-doped ZIF-8 precursor is then carbonized at
1000 °C in an argon atmosphere, yielding the Co/Ce@NC catalyst. As
presented in Figs. 6b-c, the SEM image of Fig. 7b representing the
CoCe@ZIF-8 precursor shows a well-defined regular dodecahedral
structure, which is comparable to the structure of the ZIF-8 precursor. As
illustrated in Fig. 7c, the hollow polyhedra collapsed and formed porous
structures after carbonization. Furthermore, CNTs were formed and
protruded from the surface of Co/Ce@NC catalyst. The development of
CNTs is further verified through the TEM (Fig. 7d), which shows that the
carbon scaffolds and CNTs are interconnected to form a three-
dimensional structure. In the HR-TEM image of Co/Ce@NC (Fig. 7e),
distinct Co nanoparticle lattice fringes with interlayer distances of 0.2,
0.18, and 0.125 nm, which is corresponding to the (111), (200), and
(220) planes of Co metal. Additionally, the 0.34 nm separation match
the (002) plane of graphitic carbon. Figs. 7f-k presents the HAADF im-
ages along with the corresponding EDS mapping of Co/Ce@NC. The EDS
maps reveal that Co, Ce, N, and C are uniformly distributed in the carbon
matrix. The energy spectrum reveals that Co and Ce are positioned in

close proximity, and their distribution appears scattered. Additionally,
the images indicate that both Co and Ce exist predominantly in a single-
atom form [74].

In another example, Zhang et al. developed a new acetylene black
(AB)-supported LapO3-Co/AB electrocatalyst, derived from a La-doped
ZIF-67 via a composite synthesis approach. The pyrolysis product was
stabilized by LayOs, and the coordination between lanthanum as well as
cobalt prevented the formation of La-ZIF-67 crystals, enhancing the
contact of active sites thus improving catalytic performance [75].

Additionally, Munawar et al., used pyrolysis and hydrothermal ap-
proaches to produce Nd;O3@C and V,0s5@C materials derived from
MOFs. The internal structure of the VoO5@C nanocomposite was char-
acterized by the embedding of V,05 nanoparticles within amorphous
carbon layers, which served as a bridge connecting the V205 nano-
particles. After pyrolysis, the nanocomposite exhibited irregular spher-
ical nanoparticles, highlighting the structural transformation and
carbonization effects [76].

MOF pyrolysis provides multiple benefits, such as generating porous
materials high-surface area as well as incorporating heteroatoms to
enhance the catalytic properties of the resulting materials. However,
careful control of pyrolysis conditions is necessary to preserve the
structural integrity and optimize the performance of the catalysts. By
fine-tuning these parameters, MOF-derived materials can achieve
excellent performance in the field of OER.

3.5. Microwave method

The microwave technique has gained popularity as a rapid, efficient,
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and highly controllable method for synthesizing lanthanide-based ma-
terials, particularly for applications in OER electrocatalysis. This method
uses microwave radiation to uniformly heat reactants, significantly
reducing reaction times and energy consumption compared to conven-
tional methods. Microwave synthesis is an attractive approach for
tailoring nanostructured catalysts because as it facilitates accurate
manipulation of the size, morphology, and defect formation of the
resultant materials.

Furthermore, Zhang et al. used microwave approach to fabricate a
defect-rich OER catalyst, Fe/Ce02-400, with oxygen vacancies (Oy),
calcined at 400 °C. The process used K3[Fe(C304)3]-3H20 as both the
iron and C,0%~ sources, resulting in Fe-doped cerium oxalate within 30
min (Fig. 8a). Furthermore, defect models (containing O, defects) of
CeOo, Fe/Ce02-400, Fe/Ce02-500, and Fe/CeO2-600 (Figs. 8b-e). SEM
images revealed the flake-like structure of the calcined materials
(Figs. 8f-i). When the calcination temperature increase, the size of the
nanosheets (NSs) steadily decrease from 100 pm in the precursors to 2
pm in Fe/CeO2-600. TEM images of Fe/CeO2-400, Fe/Ce02-500, and
Fe/Ce02-600 (Fig. 8,1, and n, respectively) supported the SEM findings,
showing that size reduction occurred with increasing temperature.
Additionally, Fig. 8k, m, and o revealed microscopic dumps on the NSs,
indicating that calcination at high temperature disrupted the basal
plane, leading to defect formation [77].

Using microwave-assisted hydrothermal methods, Kashinath and
Byrappa synthesized highly crystalline hexagonal CeO5 nanoparticles on
the multilayer surface of nitrogen-doped graphene oxide (NGO). This
technique enhances the formation of high-density active sites on
CeO2@NGO composites while reducing the presence of oxygen
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structures in ultrafine Ce—O particles, thus improving the composites’
charge transfer capabilities. Microstructural analysis revealed that the
wrinkled or distorted sheets were decorated with nanoparticles, and
nitrogen doping led to twisted sheets, increasing their surface area [78].

Xian et al. developed a microwave shock technique that enables the
rapid one-step preparation of two-dimension porous Gdg gSrg 2FeOs
(GSFO) perovskite. This method uses a transiently adjustable high-
energy microwave shock heating and cooling process to replace Sr at
the GdFeO3 A-site and create a 2D porous morphology. The resulting
GSFO-0.2 nanosheets, with transverse dimensions of up to 10 pm,
exhibited a curly and flexible structure, demonstrating exceptional ho-
mogeneity. Microstructural analysis indicated that the lattice streaks of
GFO and GSFO-0.2 had spacings of 2.81 A and 2.85 A, individually,
corresponding to the (020) planes. The incorporation of Sr expanded the
lattice spacing of GSFO-0.2 due to crystal distortion, and the Sr cations
improved structural adaptability and functionality via electronic in-
teractions. [79].

The microwave method offers several advantages, including rapid
synthesis, reduced energy consumption, and precise control over ma-
terial properties. However, the high-energy input and rapid heating/
cooling cycles can introduce defects, which may either enhance or
degrade the performance of the catalyst depending on the application.
With continued optimization, microwave-assisted synthesis holds great
promise for producing high-performance lanthanide-based materials
catalysts for OER and other electrocatalytic applications.
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Fig. 9. (a) Illustration of the preparation process of CeO,-CoO nanofibers. SEM and TEM images of (b-c) 10 % CeO,-Co304 NFs and (d-e) 10 % CeO,-CoO NFs. (f)
TEM image of 10 % CeO,-CoO NFs. (g) HR-TEM image of 10 % CeO,-CoO nanofibers (inset: large magnification of the HRTEM image). (h) HAADF-STEM image and
(i-k) the corresponding EDX elemental mappings of O, Co, and Ce of 10 % CeO»-CoO NFs. Reproduced with permission from ref. [81]. Copyright © 2021, American
Chemical Society. (1) Fabrication diagram of PNC electrocatalyst on graphite. (m) TEM of PNC and inset demonstrate the SEM image of PNC along with the size
distribution of Pt and CeO, nanoparticles. (n) HR-TEM image of PNC. Reproduced with permission from ref. [83]. Creative Commons Attribution License 4.0 (CC BY
4.0). Copyright © 2020 Linghang Wang et al. Exclusive licensee Science and Technology Review Publishing House.

3.6. Other methods

Electrospinning is a simple yet powerful technique for producing
nanofibers using a high-voltage electric field. Over the decades, it has
evolved significantly, especially with the advancement of nanotech-
nology in the 1990s, becoming a key method for fabricating one-
dimensional (1D) nanomaterials [80]. Electrospinning creates ultra-
thin fibers with porosity and through high surface area applying high
voltage to a polymer solution containing lanthanide precursors. The
characteristics of porosity and high surface area are critical for growing
the contact of active sites, further enhances the electrocatalytic perfor-
mance of lanthanide materials in oxygen evolution reactions (OER).
Moreover, electrospun nanofibers improve ion and electron transport,
which is crucial for OER performance. For instance, Zhao, et al. devel-
oped a novel nanofibrous hybrid structure using electrospinning, calci-
nation, and reduction techniques to combine CeO5/CoO surfaces into an
excellent performance of OER. The synthesis of CeO5-CoO nanofibers
(NFs) involved three key steps: electrospinning a precursor solution
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including PVP, ethanol, DMF, Co(NOs)2, and Ce(NOgs)s, followed
through calcination at 550 °C under air flow to prepare CeO2-Co304
nanofibers (Figs. 9a-c). The resulting CeO2-CoO nanofibers exhibited a
rough surface with diameters ranging from 95 to 135 nm (Figs. 9d-e),
ascribed to the decomposition of Co304 and carbon during the two-step
calcination approach. The magnified TEM image in Fig. 9f of the CeO»-
CoO nanofibers reveals a coarse surface that enhances the exposure of
active sites, facilitating better interact with electrolytes throughout the
catalytic process. Furthermore, HR-TEM indicates well-defined crystal-
line phases of CeO5/Co0, verifying the effective integration of these two
materials (Fig. 9g). Additionally, a unique interface is observed, in
parallel to the (111) surface of CeO; and forms an angle of approxi-
mately 35° with the (111) surface of CoO. This interfacial structure is
believed to contribute to the formation of additional active site, thereby
boosting catalytic performance. Furthermore, HAADF-STEM and EDX
indicate a even distribution of Ce, Co, and O, suggesting the homoge-
neous development of CeOy/CoO within the nanofibrous structures
(Figs. 9h-k) [81].
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Fabrication Suitability for OER Advantages Disadvantages Scalability and industrial relevance
Method
Hydrothermal High-performance, well-defined, pure Excellent control over size/ High cost, long reaction time, Scalable; suitable for industries
materials. morphology, high purity, high temp/pressure. needing pure, crystalline materials.
scalable.
Sol-gel Thin films/coatings with large surface High surface area, homogeneous  Limited scalability, long Suited for lab/small industrial scale;

area but require modification.
Bulk materials with uniform composition;
needs extra treatments for optimization.

Co-precipitate

MOFs Pyrolysis High-surface-area catalysts with active High activity, dispersed
metal sites via MOF pyrolysis. nanoparticles, versatile
precursors.
Microwave Quick synthesis with improved Energy-efficient, rapid synthesis,
characteristics; scalability limited. small uniform particles.
Electrospinning Nanofiber-based materials with high High porosity, controlled
surface area and active sites. nanofiber diameters.
Electrodeposit- Thin films/coatings with excellent High purity, substrate adhesion,
ion material property control. precise composition.

materials, versatile.
Fast, simple, cost-effective,
uniform composition.

processing, post-heat required.
Difficult size/morphology
control, agglomeration risk.
Complex optimization, high
temp, potential by-products.

scalability improvements needed.
Scalable for bulk production; needs
control for high-performance use.
Promising for high-value catalysts;
requires MOF/pyrolysis
advancements.

Limited scalability; suited for
prototyping/niche applications.
Specialized applications; scalability
improvements required.

Highly scalable for thin films; ideal for
targeted high-performance OER.

High cost, non-uniform heating,
scalability issues.

Small-scale, limited to fibers,
precise control needed.
Ineffective for bulk materials,
requires conductive substrates.

Electrodeposition is another promising method, offering several ad-
vantages, including precise control over the size and quantity of deposits
through the modification of plating parameters such as electrolyte
concentration, voltage, and deposition time. This method provides a
rapid, efficient approach for producing uniformly distributed electro-
catalysts without requiring capping agents or reductants. Moreover, it
operates under ambient conditions and is highly scalable. Electrodepo-
sition also allows for regulated, patterned, and faceted crystallization of
nanostructures, making it an ideal method for advanced material
development [82].

Liu et al. utilized electrodeposition to prepared ultrafine Pt NPs
decorated on Ni(OH),/CeO2 nanosheet. This process involved a two-step
cathodic electrodeposition procedure (Fig. 9l). First, a graphite substrate
was positively charged to insert nitrate ions into the graphite layers,
improving the interface between the electrocatalyst as well as the sub-
strate. Then, the potential was inverted to facilitate the cathodic co-
electrodeposition of CeO2 and Ni(OH), onto the graphite. Pt nano-
particles were subsequently deposited onto the Ni(OH),/CeO2 nano-
sheets to form the PNC hybrid electrode. This approach reduced Pt
loading while maximizing Pt exposure, thereby enhancing its utilization.
TEM images (Fig. 9m) revealed a uniform distribution of Pt nano-
particles over the hydroxide substrate, with an average size of 3.1 nm,
smaller than those in Pt nanoparticles (3.4 nm) as well as Pt graphite
(13.2 nm). High-resolution TEM (HR-TEM) analysis indicated lattice
spacings of 0.314 nm and 0.227 nm, conforming the (111) plane of fcc
CeO5 and Pt, respectively (Fig. 9n) [83].

Both electrospinning and electrodeposition offer unique advantages
for the fabrication of nanostructured electrocatalysts (Table 2). Elec-
trospinning excels at producing high-surface-area nanofibers with
enhanced ion and electron transport, while electrodeposition provides
precise control over nanostructure formation, allowing for optimized
catalyst design and performance. These methods, combined with others,
offer significant potential for driving progress in the field of OER
electrocatalysis.

4. Critical role of lanthanide-based materials for enhancing OER
performance

Lanthanide-based materials have attracted significant interest for
their ability to improve OER activity, a critical step in water splitting.
The unique electronic structure of lanthanides, characterized by
partially filled 4f orbitals, allows them to stabilize multiple oxidation
states and interact effectively with oxygen species. These properties are
vital for improving the efficiency as well as durability of OER electro-
catalysts. Additionally, the broad ionic radii and high coordination
numbers of lanthanides facilitate their incorporation into various
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material matrices, allowing for fine-tuning of the electronic configura-
tion near active sites. This versatility enables the creation of hybrid
materials that combine the strengths of lanthanides with other elements,
improving catalytic activity and stability under operational conditions.
Lanthanide-based materials also exhibit high thermal and chemical
resilience, making them ideal for harsh OER environments, particularly
at high temperatures and in corrosive media. Advanced synthesis
methods allow for the incorporation of lanthanides at the nanoscale,
optimizing the distribution of active sites and improving catalytic effi-
cacy. By integrating lanthanides into catalytic frameworks, researchers
have enhanced OER catalyst activity, selectivity, and durability,
bringing these materials closer to practical applications in renewable
energy. This section explores the role of lanthanide-based materials,
including transition metals, MOFs, perovskites, nanomaterials, and
other compounds including chalcogenides, nitrides, borides, and phos-
phides, advancing OER performance in alkaline and in acidic media.

4.1. Lanthanide-based transition metal

Recent studies have focused on developing earth-abundant metal
catalysts have potential to match the competence of noble metals while
using inexpensive and abundant materials. Transition metals catalysts
are seen as promising for its alternatives because of their low over-
potential and remarkable stability [84,85]. Transition metals (TMs) are
classified by their valence electronic configuration in the d-orbitals, and
their interaction with oxygen-containing species facilitates electron
transport at the catalyst surface. However, challenges such as poor
conductivity, limited accessibility to active sites, and high activation
energy barriers hinder the performance of TMs catalyst. Numerous ap-
proaches have been employed to modify their optimize intermediate
adsorption/desorption, electronic structures, and improve electron
transfer, but most approaches that focus on a single aspect have yet to
meet the criteria for high-performance OER catalysts [86]. The intro-
duction of lanthanides, such as cerium (Ce), into transition metal-based
catalysts has proven beneficial in enhancing OER performance. Ce,
known for its outstanding redox features, crystal stability, and elec-
tronic/ionic conductivity, can significantly improve the OER activity of
transition metals by altering their microstructure and electronic states
[87,88]. For example, our group synthesized a NiSey-Ce2(CO3)20 het-
erostructure using a hydrothermal method. This structure demonstrated
enhanced OER performance, with NiSe;-Ce3(CO3)20 requiring only 268
mV to reach 50 mA cm 2, outclassing other catalysts. Furthermore,
corresponding Tafel slope was lowest as 86.2 mV dec™!, demonstrating
improved OER kinetics (Figs. 10a-b). Additionally, the electrochemical
Cgqi value was 2.2 mF cm ™2, further confirming the superior performance
of prepared material. This heterostructure also showed stable
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performance over 120 h with no detectable decline in activity at 50 mA
em~2 (Figs. 10c-d). Enhanced hydrophilicity, as demonstrated by the
reduced contact angle of 16.4°, improved electrolyte wettability and
transport, further is boosting OER performance (Figs. 10e-f). Incorpo-
rating lanthanides like Ce into catalytic structures optimizes the elec-
tronic environment and improves the adsorption of OER intermediates,
resulting better electrocatalytic efficiency. For instance, computational
studies revealed that NiOOH/Ce2(CO3)20 exhibited a lower Gibbs free
energy for the rate-determining step (RDS) of *O to *OOH trans-
formation (1.41 eV) compared to NiOOH (1.88 eV), confirming that the
incorporation of Cey(CO3)20 significantly improves the electronic
structure and catalytic activity of the material (Figs. 10f-i). The density
of states (DOS) analysis revealed increased electron density close to the
Fermi level, signifying improved electrical conductivity as a result of Ce
incorporation (Figs. 10j-k) [63].

Lanthanide-based transition metal catalysts can be broadly classified
into two categories based on how the lanthanide metal is integrated into
the catalyst, doping into the crystal structure of the transition metal
catalyst or incorporating the lanthanide metal or its oxide to form a
composite. These two strategies lead to distinct structural and electronic
properties, which, in turn, influence the catalytic performance in re-
actions such as the OER. Doping involves introducing lanthanide ions
directly into the crystal lattice of a transition metal catalyst. This sub-
stitution modifies the electronic structure and can enhance properties
like electrical conductivity and catalytic activity. For instance, Hussain
et al. synthesized a samarium (Sm)-doped SnFe;04 electrocatalyst via a
hydrothermal method, which demonstrated enhanced OER perfor-
mance. At 10 mA cm ™2 the overpotential was reduced to 179 mV for Sm-
doped SnFe;04, compared to 239 mV for undoped SnFep04 (Fig. 101).
The corresponding Tafel slope of was 32 mV dec™! for Sm-doped
SnFe,04 indicated excellent reaction kinetics outperforming other pre-
pared electrocatalysts (Fig. 10m). The Sm-doped catalyst also exhibited
a higher Cq) of 4.46 mF cm 2, demonstrating its improved surface area
and stability over 50 h of operation (Figs. 10n-0) [66]. The Sm-doped
SnFe,04 catalyst incorporates Sm directly into the crystal structure of
SnFe;04, which modifies the electronic structure of the prepared elec-
trocatalyst. This alteration leads to enhanced conductivity, increased
surface area, and faster reaction kinetics. The lowest overpotential as
well as Tafel slope observed for the Sm-doped catalyst indicate its
improved efficiency and faster electron transfer during OER. The cata-
lyst also demonstrated high stability of continuous operation, suggesting
that doping with Sm not only improves catalytic performance but also
enhances the durability of the catalyst.

Another strategy is combining lanthanide metals or their oxides with
transition metal catalysts to form heterostructures. The components
interact at the interface, leading to synergistic effects that enhance
catalytic performance. For example, Zhou et al. successfully synthesized
a Co4N@CeO; heterostructure supported by nickel foam (NF/CosN@-
CeO) using a hydrothermal-impregnation-nitridation process. In the
CosN@CeO, system, CeOq functions as an “electron pump”, effectively
drawing electrons from Co4N and facilitating charge redistribution at
the heterointerface. This modification facilitated the catalyst to attain
10 mA cm™2 with a lower overpotential of 263 mV for OFR in alkaline
media (Fig. 10p). Similarly, NF/CosN @ CeOy shows the fastest OER
kinetics, with the lowest Tafel slopes of 60.9mV dec! compare to other
prepared catalysts (Fig. 10q). The operando EIS measurements were
conducted on Co4N/NF and CosN@CeO,/NF to investigate the effect of
CeO5, on electrode-electrolyte interactions during OER. As the potential
reaches 1.5 Vryg, the phase angle in the low frequency area of Bode plots
(Figs. 10r-s) indicates charge transfer at the electrode-electrolyte inter-
face. OER onset occurs between 1.45 and 1.50 Vgyg, consistent with both
NF/CosN and NF/Co4N @ CeO4 onset potentials. When the potential
range is 1.50 to 1.60 Vgryg, NF/Co4N @ CeO-, exhibits a lower peak phase
angle than NF/Co4N, indicating that CeO2 enhances charge transfer
during OER. The reaction mechanism was investigated in detail using
DFT calculations. The optimized structural models of CosN and
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Co4sN@CeO; are shown in Figs. 10t-(i-iv), respectively. Further differ-
ential charge densities were calculated to analyze the electronic in-
teractions at the CosN@CeO; heterointerface. As depicted in Fig. 10u,
electrons are clustered on the CeOy side of the interface, confirming
electron transfer from Co4N to CeO,. The DOS of Co4N and CosN@CeO,
are shown in Fig. 10v, reveal continuous electronic states across the
Fermi level, representing metal-like electron transport characteristics.
Notably, Co4sN@CeO5 exhibits a higher number of electronic states at
the Fermi level compared to Co4N, highlighting that the introduction of
CeO-, significantly improves the electronic conductivity of the electro-
catalyst. Fig. 10w reveals that for U =0V, CosN@CeO, has a lower OH™
adsorption barrier of 0.93 eV than Co4N (0.97 eV), suggesting a more
suitable heterointerface for OH™ adsorption. After adding CeO-, the OER
RDS on CoyN shifts from *OOH production with a barrier of 1.69eV to
O, formation with a reduced barrier of 1.53eV. Thus, theoretically
proves that the CosN @ CeOs, heterointerface development facilitates the
OER process [89]. The CosN @ CeO, composite catalyst works through
the synergistic interaction between CosN and CeO,, where CeO, func-
tions as an electron pump to enable electron transfer among two com-
ponents. This composite approach improves the electronic conductivity
of the catalyst and improves charge transfer during the OER process. The
operando EIS and DFT studies revealed that CeO, not only accelerates
charge transfer at the electrode-electrolyte interface but also lowers the
OH™ adsorption barrier, making it more effective at the OER potential-
determining step. The combination of fast reaction kinetics and
increased catalytic efficiency makes the Co4sN @ CeO, composite catalyst
a promising material for OER applications.

Incorporating lanthanide elements into transition metal catalysts can
be achieved through doping or composite formation, each offering
distinct advantages and challenges. Doping involves substituting
lanthanide ions into the crystal lattice of the host catalyst, which can
enhance electronic conductivity and modify the electronic structure to
improve catalytic activity. However, this method is often constrained by
the limited solubility of dopants and the potential introduction of defects
that may adversely affect performance. On the other hand, composite
formation entails physically combining lanthanide compounds with
transition metal catalysts to create heterostructures. This approach le-
verages synergistic interactions between the components, potentially
leading to enhanced catalytic properties and the ability to fine-tune
characteristics by adjusting component ratios. Nevertheless, challenges
such as achieving uniform distribution, ensuring strong interfacial in-
teractions, and preventing phase separation over time can complicate
the synthesis and stability of these composites. Therefore, the selection
between doping and composite formation should consider factors such
as the desired electronic properties, structural stability, and the specific
operational conditions of the OER electrocatalytic application.

In another study, Wang et al. developed ternary NiFeM (M: La, Mo)
electrocatalysts along with asymmetrical M-NiFe units to optimize d-
orbital and electronic structures for enhanced OER activity. The intro-
duction of La improved d-orbital and O 2p hybridization, strengthening
oxygen intermediate adsorption and lowering the RDS energy barrier.
The 5d-La incorporation NiFeLa catalyst displayed an lower over-
potential of 190 mV at 10 mA cm ™2 and demonstrated long stability at
100 mA cm~2 for 600 h in alkaline media [90]. Lanthanide-based ma-
terials offer unique advantages in OER electrocatalysis, including
enhanced redox features, high thermal and chemical resilience, and the
ability to optimize the electronic environment around active sites. By
incorporating lanthanides into transition metal-based catalysts, re-
searchers can significantly improve the performance of OER catalysts,
making them more efficient and durable for practical applications in
renewable energy systems. Through advanced synthesis techniques and
careful tuning of material properties, lanthanide-based materials are
poised to play a vital role in the future of energy conversion
technologies.

Most OER catalysts exhibit inferior activity and stability in acidic
media compared to alkaline media, with even noble metals like RuO,
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Fig. 11. (a) iR-corrected CV curves and (b) Tafel plots for both catalysts. (c) ECSA-normalized CV curves with the inset showing Jrcsa-normalized @t 450 mV over-
potential. (d) Co K-edge XANES spectra showing absorption edge shifts after OFR testing. (e) Average Co oxidation states and Ioc/Iie ratios. (f) k®-weighted Co K-edge
EXAFS Fourier transforms before and after OER. (g) Schematic bonding changes in Co304 and electronic modifications in Co304/CeO» post-OER. Reproduced from
ref. [91]. (CC BY 4.0), Nature Portfolio 2021. (h) LSV curves, (i) Tafel plots, and (j) fitted plots showing the Cq values for 4 % Er-Coz04, ErCoO3, and Co304. ()
Chronopotentiograms of 4 % Er-Co304 and Co3z04 at 10 mA em 2. (1) Calculated 1D surface Pourbaix diagram. (m) Calculated 2D surface Pourbaix diagram. (n)
Microkinetic volcano model for OER. Reproduced from ref. [92]. (CC BY 4.0), American Chemical Society @ 2024.

and IrOy facing dissolution issues. The activity-stability tradeoff in
acidic OER complicates catalyst design, limiting the availability of earth-
abundant, highly efficient catalysts, though cobalt-based materials show
promise. However, mechanistic insights for these emerging catalysts in
acidic conditions remain scarce. For example, Huang et al. developed a
Co304/Ce05 nanocomposites directly on fluorine-doped tin oxide (FTO)
electrodes by electrodeposition, where nanocrystalline CeO2 modifies
the redox properties of Co304, enhancing its intrinsic OER activity in
acidic conditions. Co304/CeO;, effectively regulates the redox properties
of Co304, significantly enhancing its acidic OER performance. The
Co304/Ce0; catalyst with 10 at.% Ce exhibited an 84-mV reduction in
overpotential (423 + 8 mV vs. 507 + 5 mV for Co304) at 10 mA cm 2
and a lower Tafel slope of 88.1 mV dec™}, indicating faster OER kinetics
(Figs. 11a-b). The introduction of CeO; eliminates charge accumulation,
leading to improved catalytic efficiency compared to pure Co3O4. After
normalizing the catalytic current density by the ECSA derived from Cgq,
Co304/Ce0, exhibited a significantly lower OER onset potential and a
higher ECSA-normalized catalytic current density of 23.7 pA cm™? at
450 mV overpotential, double that of Co304 (Fig. 11c). These results
confirm that Co304/CeO has enhanced intrinsic OER activity in acidic
media compared to Co304. The Co K-edge X-ray absorption near-edge
spectra revealed that Co304/CeO, exhibited a slightly higher Co
oxidation state than Co3O4 before OER testing, with both catalysts
reaching similar higher oxidation states after testing. The average Co
oxidation states were calculated to be 2.43 and 2.54 for as-synthesized
Co304 and Co304/CeOs,, respectively, and increased to 2.63 and 2.64
after OER testing (Figs. 11d-e). This indicates that while CeO slightly
altered the Co oxidation state, this difference did not persist after OER,
suggesting that the distinct electrochemical properties of Co304/CeO2
cannot be solely attributed to the Co oxidation state change. Besides the
higher Co oxidation state, significant changes in the local bonding
environment of Co304 were induced by CeOs, as revealed by extended X-
ray absorption fine structure (EXAFS) analysis. Fourier transforms of k>-
weighted Co K-edge EXAFS spectra for both Co304 and Co304/CeOy
catalysts displayed three major signals associated with the Co—O, Co-
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Cooct (octahedral site), and Co-Coy (tetrahedral site) scattering paths.
Compared to the as-synthesized Co304, a shorter Co—O bond distance
was observed in Co3z04/CeOs, likely due to the higher positive charge
density at the Co centers after electron redistribution from Co304 to
CeO». This redistribution leads to a higher Co oxidation state in Co304/
CeOq, which facilitates the OER process. After OER testing, the bond
distances in Co304/CeO; remained unchanged, as indicated by the
identical intensity ratio of Co-Coqct and Co-Coye scattering paths before
and after the reaction, suggesting that the crystal structure of Co304/
CeO, remained stable during OER. In contrast, Co304 exhibited distinct
changes in bonding distances after OER testing, including shortening of
the Co—O and Co-Coyt bonds and elongation of the Co-Coyc; bond.
These changes are reflected in the altered intensity ratio of Co-Cogct to
Co-Coret (Inct/Iter), Which increased from 1.44 to 1.52 after OER testing,
indicating that the crystal structure of Co304 underwent dynamic
changes during the reaction (Figs. 11f-g). These structural modifications
in Co304 may be related to the formation of active structural motifs,
similar to those observed in OER reactions in alkaline or neutral media,
suggesting that CeOs-induced structural stability in Co304/CeO4 con-
tributes to its enhanced OER performance [91].

Pan et al. proposed a strategy to enhance the catalytic activity and
stability of Co304 for acidic OER through Er doping, demonstrating that
4 % Er-doped Co304 exhibited an overpotential of 321 mV at 10 mA
em~2 (Fig. 11 h). As shown in Fig. 111, the 4 % Er-Co304 electrocatalyst
exhibited a lower Tafel slope of 75.9 mV dec™! compared to Co304
(102.5 mV dec™ ) and ErCoOs3 (159 mV dec_l), indicating superior re-
action kinetics for the 4 % Er-Co304. In terms of ECSA, 4 % Er-Co304
demonstrated the highest double-layer capacitance (Cq)) of 511.8 mF
cm 2 (Fig. 11j), significantly outperforming Co304 (372.3 mF cm™2) and
ErCoOj3 (3.2 mF cm™2), suggesting greater exposure of catalytic active
sites. The CP curve in Fig. 11 k further illustrates the excellent stability
of 4 % Er-Co304, showing only a slight increase of 92.5 mV in over-
potential after 250 h of operation. Notably, the voltage increase rate was
just 0.37 mV/h, indicating remarkable durability in acidic electrolytes,
with no significant loss in catalytic performance. This is consistent with
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the high Faradaic efficiency of 98.43 %. In contrast, Co3O4 showed
significant deactivation after only 50 h (Fig. 11 k). The surface Pourbaix
diagram was used to determine the most thermodynamically stable state
of Co304 (311). Figs. 111-m present the 1D and 2D surface Pourbaix
diagrams of Co304 (311) under experimental conditions. The 11/12 ML
O* coverage was identified as the lowest-energy configuration under
OER operating conditions, indicating that this coverage on Co304 (311)
is the most favorable surface configuration for OER, compared to the
pristine Co304 (311). Further theoretical investigations were conducted
on the Er-doped Co304 (311) with 11/12 ML O* coverage to assess its
OER performance. Ab initio molecular dynamics (AIMD) simulations
showed that Er-doped Co304 maintains high stability without significant
structural deformation. To better understand the enhanced OER activity
of Er-doped Co304, advanced microkinetic volcano modeling was
employed to analyze the OER activity as a function of Go-Gyp, consid-
ering both the kinetics and thermodynamics of the essential OER steps.
The OER activities of Er-doped Co304 (311), along with other high-
performance OER catalysts, were predicted by the volcano model at
10 mA cm™2 (Fig. 11n). The results suggest that introducing a small
amount of Er into Co304 (311) significantly enhances the OER activity of
the surface [92]. The strategic doping of Er into Co3zO4 significantly
improves its catalytic activity, stability, and durability for acidic OER,
demonstrating its potential as an effective and long-lasting electro-
catalyst for water-splitting applications.

Lanthanide-based transition metal catalysts have shown tremendous
promise for improving the OER in both alkaline and acidic media, of-
fering enhanced performance and stability. In alkaline media, lantha-
nides play a pivotal role in enhancing the electronic structure and
conductivity of catalysts, facilitating faster reaction kinetics and
lowering overpotentials. Their ability to increase ionic conductivity,
promote the formation of oxygen vacancies, and optimize the adsorption
of reaction intermediates are key factors contributing to their enhanced
catalytic efficiency. Additionally, lanthanide incorporation stabilizes
catalytic structures, ensuring long-term durability under harsh oper-
ating conditions. These advantages make lanthanide-based materials
excellent candidates for large-scale, sustainable energy conversion
technologies, particularly in alkaline water splitting applications.

In acidic media, lanthanides continue to exhibit transformative ef-
fects by addressing the challenges of poor stability and high dissolution
rates that typically limit many OER catalysts in such environments.
Lanthanides enhance the redox properties and local bonding environ-
ment of transition metal catalysts, improving their resistance to degra-
dation. This modification leads to a more favorable electron transfer
process, reduced activation energy barriers, and accelerated reaction
kinetics, resulting in higher catalytic activity. By preventing charge
accumulation and mitigating the dissolution of catalysts, lanthanide
incorporation ensures a more stable and efficient OER performance in
acidic conditions, where noble metals like RuO; and IrO; often face is-
sues of degradation. This makes lanthanide-based catalysts highly
promising for OER in acidic electrolytes, further advancing the potential
of water-splitting technologies.

Overall, lanthanides, play a crucial role in enhancing the efficiency
and stability of OER catalysts in both alkaline and acidic media. In
alkaline conditions, they improve conductivity, oxygen vacancy for-
mation, and intermediate adsorption, leading to better catalytic per-
formance and durability. In acidic conditions, lanthanides help stabilize
the catalyst, enhance electron transfer, and reduce activation energy
barriers, ensuring a more efficient and stable OER process. By modifying
the electronic environment around active sites and preventing catalyst
dissolution, lanthanides offer a dual benefit, making them valuable for
OER in both media. With continued research and optimization,
lanthanide-based materials are poised to play a key role in the devel-
opment of cost-effective, efficient, and durable electrocatalysts for next-
generation water-splitting technologies.

Coordination Chemistry Reviews 534 (2025) 216573

4.1.1. Practical implications of integrating lanthanides

Integrating lanthanides into transition metal-based catalysts for OER
electrocatalysis presents both opportunities and challenges, particularly
regarding cost and synthesis challenges.

(i) Enhanced catalytic performance: Lanthanides introduce
unique and transformative properties to transition metal-based
catalytic systems by modulating electronic structures,
enhancing synergistic interactions, and accelerating OER Kki-
netics. The ability of lanthanides f-orbitals to interact effectively
with the d-orbitals of transition metals plays a critical role in
stabilizing reaction intermediates and lowering overpotentials.
This interaction not only improves catalytic efficiency but also
enhances durability, making lanthanide-doped systems a prom-
ising choice for advanced catalytic applications [93-95]. These
attributes underline their potential in developing high-
performance, long-lasting catalysts for energy conversion and
chemical transformation processes.

(ii) Cost implications: Lanthanides have demonstrated the potential
to enhance catalyst performance significantly. However, their
integration into catalytic systems raises critical concerns
regarding cost. Although certain lanthanides, such as cerium and
neodymium, are relatively abundant, their extraction and pro-
cessing remain expensive due to complex supply chains and
limited sources. This perception of rarity often inflates market
prices compared to more commonly used transition metals. The
economic implications are particularly pronounced in large-scale
industrial applications, where cost-effectiveness is a primary
consideration. While some lanthanides, like cerium, are more
affordable, others, such as terbium and dysprosium, are less
common, resulting in higher material costs [96-99]. These
challenges necessitate careful evaluation of the trade-offs be-
tween performance benefits and economic viability. To address
these concerns, minimizing the amount of lanthanide used while
maximizing its catalytic impact is essential for the commerciali-
zation of lanthanide-enhanced catalysts.

(iii) Synthesis challenges: Incorporating lanthanides into transition
metal catalysts presents significant synthesis challenges.
Achieving uniform dispersion of lanthanide elements and precise
control over doping levels is complex due to variations in ionic
radii and reactivity. Advanced synthesis techniques, such as hy-
drothermal methods, sol-gel processes, co-precipitation, or MOF
pyrolysis, are often required to address these issues. These tech-
niques, however, can be time-consuming, energy-intensive, and
difficult to scale for industrial applications [100-102]. Addi-
tionally, maintaining phase purity and avoiding the formation of
undesirable secondary phases during synthesis is critical for
ensuring optimal catalytic performance. Precise control of stoi-
chiometry in such multi-component systems further complicates
the process, making reproducibility and scalability challenging.
These complexities underscore the need for innovative ap-
proaches to balance performance with practical production
constraints.

(iv) Industrial relevance: Integrating lanthanides into transition
metal catalysts requires a careful balance between performance
enhancements and the complexities and costs associated with
their synthesis. Scalable and cost-effective methods, such as co-
precipitation and electrodeposition, offer potential pathways
for industrial adoption. However, further research is essential to
streamline synthesis protocols, minimize the dependency on
costly lanthanides, and develop efficient recycling strategies for
recovering lanthanide elements from spent catalysts [103,104].
These advancements are crucial for enhancing the sustainability
and economic viability of lanthanide-based catalytic systems.

Lanthanide integration into transition metal-based catalysts offers



S. Muhammad et al.

Coordination Chemistry Reviews 534 (2025) 216573

150 )t.as. ( )m\ ( )sor - ) 7
(a ) ~——— Dy@Ni-MOF (b ~—— Dy@Ni-MOF E —— Initial d ‘ (e Dy;0,/NIOOH ]
L) —— Ni-MOF —— Ni-MOF L) —— After 1000 CV 1
§ —RuO, s ——RuO, — § c® e — h
g 100 = 0.30- < 100 r - !
H 3 ] § 20, mmm—— 3
> s oA > g uperhydrophilicity H ‘
£ H A o § 3 2 Ni-MOF g | woou 1Formi fove
g 50 g 0.25- 965" - g s0 1 a
- — B g S 10
5 il g mV 98¢ £ o
3 o 3 Dy@Ni-MOF
° 0 020 ° a0 0 ] 3 3 3
0.0 0.2 04 08 0.8 1.0 12 02 Electrocatalyst Energy (V)
Overpotential (V) log |jmAcm ? Overpotential (V)
0
(f) Dy,0/NIOOH T o (g) _(hr —— Dy,0,NIOOH 0,(0)+* (i) 600 ::::r (j) 038 « Fe203 @47
e . sy . - 57 % 500 |—Pr-MOFFez05 038 + Pr-MOF B
- . 2 | ooH 3 4 Pr-MOFiFe203
F] " ) / 3 20 034
s i : Y g z Z on
a ! : Y o, 3 133 e £ 300 )
S | vioon | Formi love! - Aatids O Ahrars P8 4 4 1asev 3 030
] : % oo m ‘%W 18 2 / } 20 028, 39 mvidec
: R e Il H / ° 024 /4/
' 0 e et u=ov o
; . : A WiNaieiuss SNRNS SR e sATN SRS AN NIRRT R 10 12 14 18 18 20 06 07 08 09 10 11 12 13
) -3 0 3 Poteatial vs RITE N
Energy (eV) Reaction coordinate Log jmA/cm?)
k [ Co-MOF/CP - —— Co-MOF/CF 51 & Goamens
k) |, [rwomes: 0 == (m) (n)y- —
- - 300 w162
10 H —_— =
ca=ssme " i ' 2159
2 / g — 3200 s
209 5 - < . 1.56
H £ @5
os . i =
¢ 0 100 ~
1.50
o7 o /
147
H 0 15 2 2 o EY % py
2 13 14 15 7 18 19 08 1.6 0 20 40 60 80 100
Scan rate mvis Tome i) RS L ]l-,‘ v \”'('['"_." £ B Scan Rate/mV s
.......................................... ) E [5) E
: 0 * ) ( )l( . Le ( )‘
® . (@ {r)’[—c, ,r s X t
) < b { » < b = i Y Ce I 4
o 60 1 IO ]
e 1 2 1 -
5 = i / >
<w 1 ; 0 i CJ
£ 1 % 1 22
520 H 8., H 2
1 as 1 1
0 i & i
T B 1 1 3
EA v RHE ! 10 I of —
. 1
0 20 1) g O
- JTimc%n » 8 4 2 0 2 4 6 - =6 ¢ -2 0 2 @4 @6 O un;{ 6} B OOH" 0,
E-E; (eV) E-E; (eV) esearch step

Fig. 12. The OER performance in 1.0 M KOH. (a) LSV curves and (b) Tafel slopes. (c) LSV curves before and after 1000 cycles (the inset CP at 10 and 100 mA cm™~2).
(d) Contact angles. (e) Calculated DOS and (f) PDOS of Ni 3d and O 2p for Dy,03/NiOOH and NiOOH. (g-h) OER mechanism and Gibbs free energy diagrams for
Dy»03/NiOOH and NiOOH. Reproduced with permission from ref. [111]. Copyright Elsevier Ltd. 2024 (i) LSV curves and (j) Tafel slope of Fe;O3, Pr-MOF and Pr-
MOF/Fe503. (k) Cq; curve and (1) Chronoamperometry of Pr-MOF/Fe,03. Reproduced with permission from ref. [112]. Copyright Elsevier Ltd. 2023. (m) LSV and (n)
Tafel plots. (0) Cq curves. (p) I-t curve of CoCe-MOF/CP for OER. (q) Charge densities of CoCe-MOF/CP. (r) DOS around the doping site in Co-MOF/CP. (s) DOS
around the doping site in CoCe-MOF/CP. (t) Gibbs free energy changes during the OER process. Reproduced with permission from ref. [113]. Copyright Wiley-

VCH 2024.

transformative potential for OER electrocatalysis, enhancing perfor-
mance and long-term stability. However, cost and synthesis challenges
remain significant hurdles. Addressing these issues through innovative
synthesis strategies, process optimization, and the use of abundant
lanthanides will be key to realizing the industrial-scale application of
these advanced catalysts.

4.2. Lanthanide-based MOFs

MOFs have garnered significant attention as electrocatalysts for
batteries and supercapacitors due to their unique properties, such as
high surface area, tunable pore sizes, low density, thermal stability, and
organized crystal structures. These properties also contribute to favor-
able OER performance. However, the low electrical conductivity and
poor durability of MOFs limit their efficiency in energy storage and
conversion [105-109]. Addressing these challenges requires strategies
such as photo-induced lattice strain, pore-space partitioning, hetero-
interface engineering, and heteroatom doping [110]. Heteroatom
doping modifies the electronic structure of pure MOFs, enhancing sur-
face characteristics, charge transfer, and lowering the OER reaction
energy barrier, which improves catalytic activity. Additionally, the
incorporation of a second metal into pristine MOFs alters the electronic
structure of the metal center, further boosting electrical conductivity.

Lanthanides, which typically exhibit a stable +3 valence state, can
form stable compounds and, due to their filled 5s and 5p orbitals, shield
their 4f orbitals from the chemical environment. This shielding effect
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allows lanthanide-based materials to display strong performance in
electrocatalytic processes such as the OER and oxygen reduction reac-
tion (ORR). Our group has explored an innovative approach using
dysprosium (Dy) doping to enhance the electrocatalytic activity of
MOFs. This approach involves fabricating Dy-doped Ni-MOF (Dy@Ni-
MOF) nanoneedles on carbon cloth (CC) through a Dy-induced valence
electronic perturbation technique. The OER performance of the syn-
thesized electrocatalysts was tested in a 1.0 M KOH solution [111].

As shown in Fig. 12a, the linear sweep voltammetry (LSV) curves
reveal that Dy@Ni-MOF exhibits superior OER activity, requiring
overpotential of only 246 mV to achieve 10 mA cm ™2, outperforming Ni-
MOF and RuOs. The Tafel slope of Dy@Ni-MOF (96.5 mV dec™) is
notably lower than that of Ni-MOF (129.4 mV dec_l) and comparable to
RuO, (94.6 mV dec™!), indicating improved OER kinetics due to Dy
doping (Fig. 12b). After 1000 cycles, the polarization curves remained
nearly unchanged (Fig. 12c¢), demonstrating the excellent cycling sta-
bility of Dy@Ni-MOF. Furthermore, Dy@Ni-MOF maintained stable
performance at current densities of 10 and 100 mA cm ™2 for over 80 h
without noticeable degradation, confirming its long-term stability
(Fig. 10c, inset). The incorporation of Dy also significantly enhanced
hydrophilicity, as reflected in the reduction of the contact angle from
21° (Ni-MOF) to 0° (Dy@Ni-MOF), which improves electrolyte inter-
action and mass transfer (Fig. 12d).

Density functional theory (DFT) calculations were conducted to
assess the effect of Dy doping on the electronic structure of Dy@Ni-MOF
after the OER process. The density of states (DOS) analysis (Fig. 12e)
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revealed a substantial DOS at the Fermi energy level (Ef) for Dy;03/
NiOOH, indicating enhanced electrical conductivity and charge transfer
efficiency. The partial density of states (PDOS) analysis showed signif-
icant orbital overlap between Ni and adsorbed oxygen intermediates
near Eg, suggesting strong electron coupling between Ni 3d orbitals in
Dy»03/NiOOH and O 2p orbitals of the adsorbed oxygen intermediates
(Fig. 12f). The OER mechanism and optimal adsorption configurations
of OER intermediates for Dy;03/NiOOH and NiOOH are depicted in
Fig. 12g, showing that the rate-determining step (RDS) for Dy,03/
NiOOH involves the conversion of *O to *OOH. The AGs value for
Dy»03/NiOOH is 1.56 eV, significantly lower than the 1.85 eV for
NiOOH, suggesting improved OER kinetics for Dy;03/NiOOH
(Fig. 12h). This highlights how Dy doping optimizes the electronic
structure of Ni active sites, improving electron interactions, optimizing
oxygen intermediate adsorption, and accelerating OER kinetics [111].

In another study, Shabbir et al. synthesized Pr-MOF/Fe;O3 using a
hydrothermal approach. The polarization curves (Fig. 12i) showed that
Pr-MOF/Feo03 exhibited an overpotential of 238 mV, which was lower
than those of Pr-MOF (265 mV) and Fe;03 (304 mV), indicating superior
OER performance. The Tafel slope of Pr-MOF/Fe;03 (37 mV dec™) was
also lower compared to Fez0s (39 mV dec™)) and Pr-MOF (47 mV
dec™), indicating faster OER kinetics (Fig. 12j). The double-layer
capacitance (Cq) of Pr-MOF/Fe,O3 was measured at 9.5 mF cm’z,
further supporting its enhanced catalytic activity (Fig. 12k). Chro-
noamperometry tests over 40 h in a 1.0 M alkaline solution showed that
the material maintained a relatively constant activity level throughout
the electrolysis process, with only minor decreases in current density
over time (Fig. 121) [112]. Furthermore, Liao et al. developed a Co-MOF
nanoflower on carbon paper (CoCe-MOF/CP) using cerium doping via a
solvothermal method to enhance OER performance. The CoCe-MOF/CP
exhibited a low overpotential of 267 mV at 10 mA cm™2 (Fig. 12m). The
Tafel slope, derived from LSV curves, was used to evaluate OER reaction
kinetics (Fig. 12n). For Co-MOF/CP without Ce doping, the Tafel slope
was 132.5 mV dec™?, indicating that the first electron transfer step of the
OH™ group was RDS. With Ce doping, the Tafel slope decreased to 96.1
mV dec”}, suggesting a mixed rate-determining step involving both the
first and second electron transfer steps, highlighting that Ce doping
promotes the first electron transfer in the OER process. Notably, CoCe-
MOEF/CP exhibits the largest Cq; (29.7 mF cm 2 compared to other
catalysts (Fig. 120), indicating a higher number of electrochemically
active sites and increased surface area exposed in the electrolyte solu-
tion. The stability and durability of CoCe-MOF/CP were assessed by
performing a 100 h I-t-test and LSV measurements after 3000 cycles
(Fig. 12p). After 100 h of continuous electrolysis at a constant potential
of 1.74 V versus RHE, the current density only slightly dropped from
71.61 to 71.23 mA-cm 2, indicating excellent stability with minimal
change. The charge difference density slice of CoCe-MOF/CP in Fig. 12q
shows that the introduction of Ce atoms significantly redistributes the
charge density, particularly around the Co atoms near the Ce atoms. This
redistribution is due to the different charge densities of the doped Ce
atoms compared to the original Co atoms in Co-MOF/CP. The electronic
structure of Co-MOF/CP is tailored by charge redistribution near the Ce
atoms, attributed to the interaction through Co-O-Ce bonds. The intro-
duction of Ce atoms in CoCe-MOF/CP notably redistributes the charge
density, particularly around the Co atoms near the Ce sites. The DOS
plots in Figs. 12r-s show that Ce doping leads to the formation of ghost
states near the Fermi level, due to the interaction between Co 3d, O 2p,
and Ce 4f orbitals, forming Co-O-Ce bonds. The Gibbs free energy
change (Fig. 12t) reveals that the RDS for both CoCe-MOF/CP and Co-
MOF/CP is the transformation from *OH to *O, with Ce doping
reducing the energy barrier for this step and thus improving OER per-
formance. The high electrocatalytic activity of CoCe-MOF/CP is attrib-
uted to its interlaced sheet structure, the strong Co 3d-O 2p-Ce 4f orbital
coupling, and the reduced energy barrier for oxygen intermediates
[113].

In another study, K. Shrestha et al. developed a Ce-doped MIL-88B

18

Coordination Chemistry Reviews 534 (2025) 216573

(Ni)/NF anode using a solvothermal method to induce site-selective
crystalline/amorphous heterostructures in the MIL-88B(Ni) frame-
work. The optimized Ce-doped MIL-88B(Ni)/NF exhibited outstanding
OER performance with overpotentials of 205, 290, 410, and 450 mV at
current densities of 10, 100, 1000, and 2000 mA cm ™2, respectively, and
a Tafel slope of 46.09 mV dec™ . Supported by DFT calculations, Ce
doping enhanced the OER activity by inducing crystal disorder [114].
This study highlights the significant role of lanthanides like Ce in
improving the electrocatalytic performance and durability of materials
for advanced energy conversion processes. Additionally, Ma et al. syn-
thesized Fe-MOF nanosheet arrays on nickel foam through erbium
doping (Ergp 4 Fe-MOF/NF) using a solvothermal method and applied
them as OER electrocatalysts. The Erp4 Fe-MOF/NF demonstrated
excellent OER performance, achieving a current density of 100 mA cm ™2
at an overpotential of 248 mV and maintaining outstanding electro-
chemical durability for over 100 h. Even at large current densities of 500
and 1000 mA cm™2, overpotentials of only 297 mV and 326 mV were
observed, showcasing its industrial potential. The enhancement was
attributed to synergistic effects between Fe and Er, with Er optimizing
the electronic states of Fe sites to boost OER activity. This approach
highlights the potential of lanthanide metal ion doping in designing
MOF-based catalysts for industrial OER applications [115].

The above studies demonstrate that lanthanide doping in MOFs
significantly improves their OER performance by enhancing conduc-
tivity, stability, and reaction kinetics. Incorporating lanthanides into
MOF-based electrocatalysts can thus pave the way for more efficient and
durable OER systems, contributing to advancements in renewable en-
ergy technologies.

Lanthanides in MOFs significantly enhance catalytic activity, sta-
bility, and reaction kinetics, making them ideal candidates for OER
electrocatalysis. Their unique electronic configurations optimize the
electronic structure of MOFs, facilitating charge transfer during OER by
reducing energy barriers, which makes the reaction more energetically
favorable and improves overall catalytic efficiency. The incorporation of
lanthanides creates or modifies active sites, improving the interaction
between the catalyst and oxygen-containing intermediates, thereby
accelerating reaction rates.

Moreover, lanthanide-based MOFs exhibit enhanced structural sta-
bility, crucial for maintaining long-term catalytic efficiency under harsh
electrochemical conditions. Lanthanides can also alter the morphology
of MOFs, improving accessibility to reactants and facilitating better
mass transfer. These attributes position lanthanide-based MOFs as
promising alternatives to noble metal-based catalysts for energy con-
version technologies. As research advances, these materials are
emerging as sustainable and cost-effective solutions in clean energy
applications, representing both a scientific frontier and a practical
approach to addressing global energy challenges.

4.3. Lanthanide-based perovskite

Perovskites are a broad class of materials with the general formula
ABXj3, where A represents an alkaline or lanthanide element, B repre-
sents transition metals (TMs), and X is typically oxygen or sulfur. In
traditional single-perovskite oxides, B-site metals form octahedral [BOg]
structures, while A-site elements form cuboctahedral structures.
Lanthanide-based perovskites have garnered significant interest in en-
ergy electrocatalysis due to their structural flexibility and potential for
enhanced OER performance. To optimize their catalytic efficiency, re-
searchers have employed strategies such as elemental doping and defect
engineering, which improve oxygen vacancies and cation substitution in
these materials.

These modulation techniques adjust the O 2p band center, influ-
encing the binding strength of B—O bonds and surface oxygen exchange
rates [116-118]. This fine-tuning leads to a universal design strategy for
high-performance lanthanide-based perovskites, as surface oxygen ex-
change produces lattice oxygen, directly enhancing oxygen
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RuO,/NF catalyst. (g) Tafel slopes. (h) Cq plot. (i) Chronoamperometric stability curves measured at 10 and 100 mA cm ™2 over 100 h. Reproduced with permission
from ref. [122]. Copyright MDPI 2023. OER performance of LnSrCoO,4 (Ln = La, Pr, Sm, Eu, and Gd) catalysts in 1 M KOH. (j) LSV curves. Inset: LSV curves in the
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[70]. Copyright © 2024, American Chemical Society.

electrocatalysis. The OER activity of perovskites is often linked to the
occupancy of B-site transition metals, as it affects the d-band center,
leading to increased orbital overlap with adsorbed oxygen intermediates
and altering the covalent binding between B-site cations and these in-
termediates [119].

While A-site lanthanide cations do not directly participate in elec-
trocatalysis, they indirectly influence the electronic structure and con-
ductivity of perovskites, thereby impacting electrocatalytic
performance. A-site substitution of lanthanides realigns bent B-O-B
bonds in perovskite oxides to a linear 180° configuration, improving
B—O hybridization, electron transport between B-site ions, and oxygen
vacancy formation in bulk perovskite oxides. This realignment elevates
the B—O bonding band closer to the Fermi level, enhancing the eg
orbital occupancy of B-site cations and balancing the adsorption/
desorption strength of intermediates [120,121]. Consequently, A-site
lanthanide cations serve as excellent indirect enhancers of electro-
catalysis. Lanthanide-based perovskites also exhibit high electronic
density due to the modulation effects of lanthanide species, as shown by
Hirshfeld charge population analysis. This redistribution of charge
density enhances the electronic conductivity of lanthanide-based
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perovskites, indicating their potential for energy-related electrocatalysis
applications.

For example, Xian et al. developed a two-dimensional (2D) porous
GdFeO3 (GFO) perovskite using A-site strontium (Sr) substitution via a
microwave shock technique. The resulting Gd gSrg 2FeO3 (GSFO) elec-
trocatalyst demonstrated an impressive overpotential of 294 mV at a
current density of 10 mA cm 2 and a minimal Tafel slope of 55.85 mV
dec™! in alkaline electrolytes (Figs. 13a-b). Additionally, GSFO-0.2
exhibited a high Cqg) value of 14.66 mF em 2, significantly higher than
that of GFO and other GSFO variations (Fig. 13c). GSFO-0.2 showed
exceptional stability during an accelerated durability test, maintaining
excellent OER performance after 3000 cycles of cyclic voltammetry
(Figs. 14d-e) [79]. Similarly, Shinde et al. synthesized lanthanide-doped
double perovskites, specifically MoNiMnOg (where M = Eu, Gd, Tb),
using a solid-state reaction approach. Among the catalysts studied,
TboNiMnOg exhibited outstanding OER characteristics, with a low
overpotential of 288 mV to achieve a current density of 10 mA cm 2 and
a reduced Tafel slope of 38.76 mV dec ™! (Figs. 13f-g). The Cq; value for
TboNiMnOg was also high at 11.36 mF cm™2, indicating an increased
electrochemically active surface area compared to EusNiMnOg (6.36 mF
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cm’z) and Gds;NiMnOg (2.22 mF cm’z) (Fig. 13h). During chro-
nopotentiometry tests conducted at 10 and 100 mA cm™2 over 100 h,
TboNiMnOg demonstrated stable performance with vigorous gas pro-
duction at both the cathode and anode, even under higher current
densities, where minor fluctuations occurred due to bubble formation
(Fig. 13i) [122].

Furthermore, Huang et al. investigated the electrocatalytic effect of
LnSrCoO4 (Ln = La, Pr, Sm, Eu, and Ga), 214-type perovskite oxides with
semiconductor like behavior synthesized using the sol-gel method. The
overpotentials of LaSrCoO4, SrCo04, GdSrCo0O4, PrSrCo04, SmSrCo0y4,
and Eu catalysts were 405, 375, 397, 394, and 386 mV at 10 mA cm_z,
respectively, and the lowest overpotential was observed for PrSrCoO4
(Fig. 13j). In addition, the Tafel slope values describing the reactive
kinetics of these five catalysts (Fig. 13k) were 79.1, 83.4, 86.0, 90.3, and
79.9 mV dec ™, respectively. The smallest value of the Tafel slope for
LaSrCoOy4 represents the fastest kinetic process, while it has the largest
value of the perovskite potential, which indicates that the reactive ki-
netics is only one of the important factors affecting the magnitude of the
perovskite potential. Furthermore, (Fig. 131) shows the Cq of the five
catalysts. PrSrCoO4 has the highest value of 4.25 mF cm ™2 compare to
other catalysts. Moreover, PrSrCoO4 has a very high stability compared
with other catalysts (Fig. 13m). DFT was then used to calculate the four-
electron processes of OER reaction in LaSrCoO4, PrSrCoO, and
EuSrCoO4 oxide catalysts as shown in (Figs. 13n-q). The rate-
determining steps of these three catalysts include all the processes of
O, generation from OOH*, and the calculated Gibbs free energy changes
(AG) are 4.10, 2.68, and 3.37 eV, respectively. PrSrCoO4 has lower AG
and larger DOS, which reduces the energetic barrier of the OER reaction
process and improves the electrocatalytic performance [70]. In another
study, Kumar et al. reported the synthesis of double perovskite oxide
materials LnBag 5Srg 5C01 sFeg 506 (LnBSCF, Ln = Pr, Nd, Sm, Gd) using
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a citrate-nitrate-based sol-gel method. Among these, GABSCF exhibited
the best catalytic performance in 0.1 M KOH, with a Tafel slope of 83 mV
dec™! [123].

These studies demonstrate that lanthanide-doped perovskites can
enhance OER performance by improving conductivity, stability, and
reaction kinetics. The flexibility in modulating the electronic and
structural properties of perovskites through lanthanide doping makes
them promising candidates for next-generation energy conversion
technologies, providing a sustainable alternative to noble metal-based
catalysts.

Perovskite materials have garnered significant attention in the field
of acidic OER electrocatalysis due to their unique structural and elec-
tronic properties, which enhance their catalytic performance in acidic
electrolytes. Their tunable crystal structure, high conductivity, and the
ability to incorporate various metal or lanthanide elements make pe-
rovskites highly effective in promoting acidic OER. For example, Garcia
et al. developed Ru-based perovskites, specifically Dy,NiRuOg, which
exhibited the highest OFR activity (1.507 V at 10 mA cm™2), using the
citrate method (Fig. 14a). Fig. 14b shows the Tafel plots for each cata-
lyst, calculated from the 30th voltammogram. DysNiRuOg exhibits a
slope of just 58 mV dec™!, while the other catalysts have slopes
exceeding 128 mV dec ™!, with Nd and Pr catalysts showing slopes over
200 mV dec™!. These findings suggest that the type of rare earth element
influences not only the catalytic activity of the perovskites but also the
underlying OER mechanism. To understand why Dy-containing perov-
skite exhibits the highest activity, crystallographic parameters were
correlated with catalytic performance. Fig. 14c shows that as the Ru—0
distances in RoNiRuOg decrease, the activity improves, indicating that
shorter Ru—O bonds favor OER. Shorter Ru—O distances are linked to
higher Ru oxidation states, which enhance OER activity, as seen in
Dy,NiRuOg with a calculated valence of +3.9. This demonstrates a
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consistent correlation between shorter Ru—O distances and increased
OER activity across the entire family of compounds. The Fig. 14d illus-
trates how the electrolyte interacts with the Dy,;NiRuOg structure,
facilitating the adsorption of water molecules (H20) and Oz in-
termediates, ultimately promoting the OER process. The presence of Dy
in the perovskite structure enhances the catalytic activity by stabilizing
key intermediates and optimizing the adsorption of oxygen species,
which is crucial for efficient OER [124].

Furthermore, Morales et al. developed Ir-based double perovskites,
BayMIrOg (M =Y, La, Ce, Pr, Nd, and Tb), which demonstrate tunable
performance for acidic OER. In 0.1 M HClOy4, the OER activity of these
double perovskites varies based on the B-site cation, following the order
Ce~Tb~Y < La~ Pr < Nd. Despite containing 32 wt% less Ir than IrO,,
all BapMIrOg perovskites exhibit more than threefold higher OER ac-
tivity compared to IrO,. Among them, BayPrirOg and BayYIrOg showed
remarkable stability under acidic OER conditions, outperforming IrO,,
while La, Nd, and Tb-based perovskites lost activity within 1 h of testing.
BayPrirOg emerged as the best-performing catalyst, surpassing IrO, in
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both activity and stability. The superior performance of these perov-
skites is attributed to their 3D network of corner-shared octahedra,
which optimizes orbital interactions, adjusts bond distances, and ac-
commodates local charge changes. Further improvements in perfor-
mance could be achieved by tailoring the A, B, and B' cations and
optimizing the synthesis process to reduce particle size [125].

The development of efficient OER electrocatalysts is crucial for
reducing overpotentials and improving reaction kinetics, ultimately
leading to more cost-effective clean energy production. While progress
has been made in OER catalyst development, a deeper understanding of
the active site mechanism is still needed [127,128]. Theoretical ap-
proaches, particularly DFT, have become essential in exploring potential
catalyst materials, accelerating the development process and reducing
research costs [129-131]. DFT allows for precise analysis of electronic
structures, helping to establish composition-structure-function re-
lationships and predict high-performance catalysts. With advancements
in computer technology, DFT offers valuable insights into electro-
catalytic active sites and mechanisms at the atomic level [132,133]. For
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example, Somdee et al., theoretical study investigates the effect of B-site
substitution in La-based perovskite oxides (LPOs) on electrocatalytic
OER activity. DFT calculations reveal that Co-terminated LaMng o5
Cop.7503 (LM25C750) shows excellent OER performance, with Co
acting as the active site for OER. The positions of the B-site substitutions
on the LPOs are shown in Fig. 14e. These electrocatalysts were chosen to
have the stable structures with the lowest E¢. The role of the A-site, La, is
closely linked to the electrocatalytic properties of the OER. La provides a
stable framework and supports the inclusion crystal structure allowing
flexible substitution of the B-site with transition metals such as Mn, Fe
and Co. The presence of La contributes to the structural stability of the
perovskite oxides under OER conditions, which is important for main-
taining the catalytic performance over a long period of time. In addition,
the larger ionic radius of La helps to accommodate various B-site ions
and realize tunable electronic structures, which directly affects the
binding energy of OER intermediates.

As shown in Fig. 14f, the free energy diagrams of LaMnOs, LaFeOs,
and LaCoOs reveal how the inclusion of La in these oxides interacts with
different B-site substituents, thereby affecting the reaction energies. The
La framework supports the most favorable catalytic behavior at the B-
site when paired with Co, and the lower limiting potential of LaCoO3
(VL) and improved energy profile as evidenced by the lower limit po-
tential (V) of LaCoOg, indicating that less energy is required for its OER.

Table 3

Comparison of lanthanide-based MOFs and perovskites.

Characteristics

MOFs

Perovskites

Structure and
Compositions

Surface area

Conductivity

Stability

Synthesis
complexity

Scalability

Hybrid strategies

Industrial
potential

Challenges

Future direction

Porous crystalline structures
formed by aligning
lanthanide metal centers
with organic ligands,
offering tunable pore sizes.
High specific surface area
and tunable porosity provide
abundant active sites.

Limited by insulating
organic ligands; enhanced by
incorporating n-m stacked
aromatic rings or conductive
substrates.

Moderate; sensitive to
structural degradation unless
supported on conductive
substrates or encapsulated.

Complex and costly synthesis
processes; challenging for
large-scale industrial
applications.

Limited due to synthesis
complexity and cost of
lanthanide metals.

Combined with conductive
materials or encapsulated to
overcome conductivity and
stability issues.

Promising for specialized
applications requiring high
surface area; limited by
conductivity and stability.
Poor conductivity and costly
synthesis hinder practical
use; stability issues under
harsh conditions.

Focus on enhancing
conductivity (e.g., T-n
stacking, conductive
substrates) and improving
scalability.

Crystalline oxides with
diverse structures (e.g., cubic,
double, RP), offering flexible
B-site and A-site cation
arrangements.

Moderate surface area but
sufficient for catalysis, often
enhanced by doping or
structural modifications.
Inherently high conductivity
due to efficient charge
transfer in the crystalline
lattice.

High activity but prone to
moisture sensitivity and
thermal instability; stability
improved with encapsulation
or hybridization.
Comparatively easier
synthesis but still requires
precise control over co-metal
compositions and processing
conditions.

More scalable, widely used in
industrial OER systems due to
lower cost and established
manufacturing processes.
Encapsulation in MOFs
improves stability, protecting
against moisture and
increasing active site
exposure.

Widely applicable in
industrial OER systems,
particularly in water-splitting
and fuel-cell technologies.
Moisture sensitivity and
thermal degradation limit
durability; encapsulation or
doping strategies are needed.
Development of hybrid
systems combining
perovskites and MOFs for
optimal performance and
durability.
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In Figs. 14g-h, the volcano plots show the perovskite overpotentials
(norr) associated with the difference in the Gibbs free energies, sug-
gesting that, due to the efficient binding of La to Co, LaCoO3 consistently
exhibits a lower (ogr). The synergistic interaction between La at the A-
site and Co at the B-site makes LaCoOs particularly efficient for OER
because La stabilizes the structure while Co optimally facilitates the
reaction. This study emphasizes that the combination of La as the
structural backbone with appropriate B-site substitutions, especially Co,
is very important for the design of effective LPO for OER electrocatalysis.
These findings provide valuable insights for designing superior elec-
trocatalysts through strategic B-site substitution [126].

Studies show that elemental doping and defect engineering signifi-
cantly enhance the performance of lanthanide-based perovskites by
lowering overpotential, reducing Tafel slopes, and improving opera-
tional stability. These advancements greatly boost OER efficiency,
positioning lanthanide-based perovskites as durable and high-
performance electrocatalysts for both alkaline and acidic media. Their
long-term effectiveness in harsh alkaline environments, as well as their
stability in acidic electrolytes, is attributed to their structural integrity
and resistance to degradation, making them ideal for practical applica-
tions requiring continuous, reliable performance. To further optimize
their electrocatalytic efficiency, a combination of experimental and DFT
studies provides crucial insights into catalyst behavior. Theoretical en-
ergy estimations and DFT calculations offer molecular-level under-
standing of energy barriers, active sites, and reaction mechanisms, while
experimental data provide practical insights into perovskite potentials,
stability, and reaction kinetics. This combined approach enhances the
prediction and optimization of electrocatalytic efficiency in advanced
materials, improving performance in both alkaline and acidic OER
conditions. The durability of these catalysts is crucial for their applica-
tion in energy conversion and storage technologies, where sustained
operation is essential. The progress in lanthanide-based perovskite
technology highlights their potential as outstanding candidates for
sustainable and efficient energy conversion, offering promising solu-
tions for enhancing the efficiency and sustainability of clean energy
systems. As research continues, these materials are expected to play a
pivotal role in renewable energy applications, such as water splitting
and other electrochemical processes.

4.4. Comparative analysis of lanthanide-based MOFs and perovskites

A comparison of lanthanide-based MOFs and perovskites as elec-
trocatalysts for OER reveals significant differences in structural prop-
erties, catalytic performance, stability and overall suitability for
practical applications. Lanthanide-based MOFs are formed by aligning
lanthanide metal centers with organic ligands to form porous crystalline
structures. These materials can exhibit high specific surface areas and
tunable pore sizes for electrocatalytic application such as OER
[134-136]. For instance, Wang et al. developed a heterojunction struc-
ture, such as CoMnLag-MOF/CF synthesized via a one-pot sol-
vothermal process, significantly enhances OER performance by reducing
charge-transfer resistance and increasing the activated surface area. The
catalyst achieves overpotential of only 201 mV at 10 mA cm 2in 1 M
KOH, with stable performance over 25 h [137]. Although lanthanide-
containing MOFs demonstrate exceptional performance, challenges
such as limited conductivity and stability persist. Recent advances have
led to the development of electrically conductive lanthanide-based
MOFs by incorporating n-n stacked aromatic rings into the framework
of the lanthanide-MOFs, a modification that significantly improves the
electronic conductivity and makes these MOFs more suitable for elec-
trocatalytic processes. The crystal structure of Gd4-MOF has significant
implications in catalysis. In the Gd4-MOF structure (Figs. 15a-c), the
interconnected Gd4 units and © — w overlap along the c-axis can facilitate
electron transport, essential for enhancing OER activity by improving
conductivity and providing active sites for oxygen species adsorption
and evolution [138]. Thus, Gd4-MOF provides a porous structure
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Fig. 16. (a) Polarization curves of LSV, (b) Tafel plots, and (c) CP stability test of CeO2-NiCoP,/NCF (the inset is LSV curves before and after CV cycles). (d) Atomistic
crystal models, (e) Calculated DOS, and (f) Gibbs free-energy evolution in the OER reaction steps of CeO2-NiCoP,/NCF. Reproduced with permission from ref. [156]
Copyright Elsevier Ltd. 2022. (g) LSV curves, (h) Tafel plots, and (i) CP curves for Ce-NiCo-LDH/CNT. Reproduced with permission from ref. [157] Copyright Elsevier
Ltd. 2020. (j) LSV, (k) Tafel plots, and (1) CP stability test of Co,¢Ce;/C HFs. (m) Model of the Co304 (311)/CeO, (111) interface. (n) Charge-density difference of the
Co0304-Ce0,, interface. (0) Total DOS of the Co304-CeO, interface system. Reproduced with permission from ref. [158] Copyright Elsevier Ltd. 2024. (p) Polarization
curves and (q) Tafel slopes of Wy >Erg1Rup 702 5, ErgiRuggOs 5 WooRupgO2 s, RuOs 5 and C-RuO, nanosheets. (r) The CP stability of Wq Erg1Rug 705 5
nanosheets. (s) Calculated energy barriers diagram for W »Erg 1Rug 702 _5_1. Reproduced from ref. [161]. (CC BY 4.0), Nature Portfolio 2020.

beneficial for surface area and gas diffusion, making advantageous for
efficient OER electrocatalysis. Conventional MOFs often suffer from
poor conductivity, but recent studies have shown that lanthanide-based
MOFs can achieve enhanced OER activity if properly engineered
[139-141]. For example, combining conductive materials or nano-
conductive strategies can reduce the overpotential and improve the
current density [142-144]. Despite the advances, many lanthanide-
based MOFs suffer from inherently low conductivity due to the insu-
lating nature of the organic ligands. This limits their performance unless
combined with a conductive substrate or material [145-147]. The
complex and costly synthesis of lanthanide-based MOFs may hinder
their large-scale application compared to more established materials
such as perovskites.

On the other hand, the unique crystalline structure of perovskites
facilitates efficient charge transfer, making them inherently more
conductive than many MOFs. This property is favorable for electro-
catalytic reactions such as OER. Studies have shown that perovskites
have excellent catalytic activity for OER, often outperforming many
conventional catalysts [149-151]. For perovskite oxides (Figs. 15d-g),
the diverse arrangements in cubic, quadruple, double (A- and B-site
ordered), and Ruddlesden-Popper (RP) structures offer varied B-site
cations and oxygen coordination, which can adjust electronic structures
and increase OER activity. Therefore, perovskites offer stability and
tunable electronic properties, making it beneficial for efficient OER
electrocatalysis [148]. Their activity can be further enhanced by doping
with different metals or modifying the A or B sites in the perovskite
structure. For instance, Jo et al., prepared perovskite oxides, such as
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PrBag 5Srg.5C02.xFexOs 5 (PBSCF), achieving an overpotential of 290 mV
at 10 mA cm~2 and demonstrating remarkable stability in OER, main-
taining performance at 100 mA cm ™2 for over 2000 h. This enhanced
stability and activity are attributed to Fe doping at the B-site, which
alters the intrinsic properties of Co-based perovskites and optimizes
their electronic structures [152]. While perovskites can achieve high
activity, they often face challenges such as moisture sensitivity and
thermal instability, leading to degradation during OER processes. To
address these issues, strategies like encapsulating perovskite crystals in
MOFs have been developed, which protect them from environmental
factors and increase the number of active sites, enhancing both stability
and performance [153,154].

Both MOFs and perovskites are promising approaches to improve
OER electrocatalysis. While MOFs offer significant advantages in terms
of design flexibility and surface area, their conductivity and stability
issues remain serious challenges (Table 3). Although, perovskites can
provide excellent catalytic performance, but strategies such as encap-
sulation within MOFs are needed to improve their performance. Future
research may focus on hybrid systems that combine the advantages of
both materials to develop more efficient and stable electrocatalysts for
renewable energy applications.

4.5. Lanthanide-based nanomaterials

Nanomaterials are materials with structural components at the
nanometer scale, offering unique properties like increased surface area,
enhanced reactivity, and quantum effects. Recently, nanomaterials have
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attracted significant interest as electrode materials for OER due to their
ability to reduce energy barriers and lower charge transfer resistance
[155]. Their high surface-to-volume ratio exposes more active sites,
optimizing the adsorption and desorption of oxygen intermediates,
which enhances catalytic efficiency. Additionally, nanomaterials enable
fine-tuning of the electronic structure, improving electron transfer at the
electrode surfaces and further boosting OER performance. For example,
Wen et al. engineered a hybrid nanowire-nanosheet structure of CeOo-
NiCoPy on Ni—Co foam (CeO2-NiCoPy/NCF) for enhanced OER perfor-
mance, achieving an overpotential of 260 mV at a current density of 10
mA cm 2 (Fig. 16a). Fig. 16b illustrates the Tafel slope of CeO5-NiCoPy/
NCF, which demonstrates a significant improvement with a value of 72
mV dec™!, compared to other catalysts. Fig. 16¢ shows the long-term I-t
curve of the CeO2-NiCoPy/NCF catalyst at a current density of 100 mA
cm~2in 1 M KOH, with the current density remaining nearly unchanged
after 100 h, retaining over 94 % of its initial value. The inset displays the
polarization curve after 104 CV cycles, nearly overlapping with the
original, confirming the excellent electrochemical stability of the CeO-
NiCoPy/NCF electrode. Furthermore, DFT calculations were performed
to understand how CeO, interacts with NiCoP and Co,P interfaces,
revealing the underlying catalytic mechanism of CeO2-NiCoPy/NCF
(Fig. 16d). The DOS diagram in Fig. 16e shows that the electronic states
of CeO5-NiCoP, CeO5-CosP, NiCoP, and CooP all intersect the Fermi
level, highlighting the metallic nature of the catalysts. Notably, the DOS
of CeO,-NiCoP and CeO,-CoyP heterojunctions exhibits a higher DOS
crossing the Fermi level compared to the single NiCoP and CoyP struc-
tures, suggesting enhanced electron transfer. Fig. 16f reveals that the
transition from *O to *OOH species involves a significant energy
gradient, marking it as the rate-limiting step in the OER process. The
energy barriers for CeO2-NiCoP and CeOy-CoyP are 0.06 eV and 1.28 eV,
respectively, both considerably lower than those for NiCoP (2.53 eV)
and CooP (1.67 eV). These calculated energy barriers suggest that the Ni
atoms in CeO,-NiCoP nanosheets are the primary active sites for the OER
[156].

In another study, Dinari et al. developed a cerium-doped nick-
el-cobalt layered double hydroxide (Ce-doped NiCo-LDH) nanohybrid
grown on carbon nanotubes (CNT), which demonstrated exceptional
electrocatalytic activity for the OER. The Ce-doped NiCo-LDH/CNT
nanohybrid achieved an overpotential of 236 mV at 10 mA cm ™2 and a
Tafel slope of 56 mV dec™! in 1 M KOH (Figs. 16g-h). Additionally,
chronoamperometric stability tests were conducted to assess the long-
term durability of Ce-NiCo-LDHs at various potentials (Fig. 16i). The
electrodes exhibited excellent stability, maintaining high performance
for over 16 h in the alkaline solution [157]. Furthermore, Ma et al.
developed a Co304/CeO>/C heterostructure nanoflower (CoCe/C HFs)
catalyst with 2D nanostructures using a simple one-step hydrothermal
method, which enhanced the electronic conductivity and increased
active metal sites. The Co;9Ce;/C HFs (Co:Ce = 10:1) exhibited excellent
OER performance, achieving a low overpotential of 274 mV at 10 mA
cm 2 and a Tafel slope of 82.6 mV dec !in 1 M KOH, surpassing other
catalysts (Figs. 16j-k). The CP curve in Fig. 161 shows only a slight in-
crease of 21 mV in overpotential after 12 h of testing, underscoring the
catalyst outstanding stability. The DFT calculations were performed to
investigate the origin of the enhanced conductivity and the synergistic
effects that improve catalytic performance. In Fig. 16m, a Co304 (311)/
CeO3 (111) p-n heterojunction nanointerface was designed. As shown in
Fig. 16n, a strong electron coupling effect is observed at the Co304 and
CeO,, interface. Fig. 160 presents the DOS for the Co304 (311)/CeO4
(111) interface. Compared to pristine Co304, the heterojunction inter-
face has a narrower band gap at the Fermi level, indicating an enhanced
metallic character that facilitates charge transfer during the OER [158].
Wang et al. developed a self-supported Ce-CoFe-LDH/NF electrode by
growing Ce-doped CoFe LDHs directly on nickel foam via a one-step
hydrothermal method, achieving a nanoneedle morphology that en-
hances electrocatalytic performance for the oxygen evolution reaction.
The catalyst exhibited impressive performance with an optimized
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overpotential of 225 mV at 10 mA cm 2, a Tafel slope of 34.34 mV dec ™!
[159]. Guo et al. explored the effects of Al ion control and Ce doping on
the morphology and OER performance of CoOOH, finding that Al ions
induced a morphology change from nanosphere to nanosheet and back,
while Ce doping significantly enhanced OER activity. The Ce-doped
CoOOH catalyst exhibited an overpotential of 263 mV at 50 mA cm >
and a low Tafel slope of 53.74 mV dec cm™?, with the Ce ion serving as
the active center, reducing the potential barrier and optimizing the
adsorption of oxygen species during the OER process [160].

The OER in acidic electrolytes is a crucial process for energy con-
version technologies such as water splitting. However, challenges such
as high overpotentials, catalyst instability, and dissolution under acidic
conditions have driven the search for efficient and durable electro-
catalysts to improve the OER performance in acidic environments.
Therefore, Hao et al. demonstrated the rational tuning of RuO- elec-
tronic structure by introducing W and Er, significantly increasing oxy-
gen vacancy formation energy. The Wy ErgRup 7025 nanosheets
exhibited a super-low overpotential of 168 mV (10 mA cm’z) in 0.5M
H,SO4 (Fig. 16p). In addition, Wq Erg1Rug 7025 demonstrated the
highest reaction rate among the prepared catalysts, featuring a low Tafel
slope of 66.8 mV dec! (Fig. 16q). The stability of Wy 2Erg 1Rup 7025
was evaluated by calculating the gap between the final and initial
overpotential (AN = Nfinal — Ninitial) from a chronopotentiometric test at
10 mA cm 2. As shown in Fig. 16r, the catalyst exhibited excellent
durability with a small increase of An =83 mV over 250 h, and from 250
to 500 h, the overpotential increased by only 5 mV, further confirming
the long-term stability of Wy 2Erg1Rug7025 in acidic electrolyte. The
potential-determining steps (PDS) for the designed catalysts occurred
between OOH* and O*, with the calculated AG for PDS following the
order: Wo.2Erg.1Rug702-5-1 (0.53 eV) < Wo.2Rup802-5-1 (0.6 eV) <
Erg1Rup.902_5-1 (0.72 eV) < RuO3 (0.79 eV), indicating that co-doping
with W and Er reduces energy barriers and enhances activity. The up-
shift in the Ru 4d band centers, along with the formation of neighboring
intermediates, further tunes the adsorption energy of oxygen in-
termediates and lowers the energy barriers for OER. Additionally, the
calculated AGy for Wy 2ErgRug702_5-1 (1.01 eV) aligns with the
theoretical value (1.23 eV), suggesting optimal activity and stability for
acidic OER (Fig. 16s). These findings demonstrate that co-doping W and
Er into RuO; effectively enhances both the stability and catalytic per-
formance of the material by reducing Vo formation and suppressing the
dissolution of soluble Ru*>* [161].

Lanthanide-based nanomaterials, including nanosheets, hetero-
structure nanoflowers, and hybrid nanocomposites, have demonstrated
significant potential as efficient OER electrocatalysts in both alkaline
and acidic media. The introduction of lanthanide ions into these struc-
tures creates unique electronic environments, such as p-n hetero-
junctions, which enhance charge transfer and lower the energy barriers
for OER process. These modifications similarly increase the sum of
active sites, further improving catalytic performance. Additionally, the
nanoflower morphology promotes high surface area and improved
charge distribution in alkaline media, while nanosheet structures in
acidic environments offer excellent performance because of its high-
surface-area as well as enhanced electron transport properties. In alka-
line conditions, lanthanide-based nanomaterials exhibit exceptional
long-term stability and high performance, making them viable alterna-
tives to precious metal catalysts. In acidic media, lanthanide-doped
nanosheets help to overcome challenges such as catalyst instability
and dissolution, maintaining high catalytic performance over extended
periods. As a result, lanthanide-based nanomaterials, especially those in
nanoflower and nanosheet forms, offer a cost-effective and durable so-
lution for OER, making them highly suitable for renewable energy ap-
plications in both alkaline and acidic environments.

4.6. Other lanthanide-containing catalysts

Lanthanide-based chalcogenides, nitrides, borides, and phosphides
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Fig. 17. (a) LSV, (b) Tafel slope, and (c) Cq plot of CeO, catalysts. (d) LSV polarization curves before and after CP test. (e) Electrochemical measurements and OER
mechanism. (f) Chronopotentiometry analysis of S-CeO, at 10 mA cm 2. Reproduced with permission from ref. [165]. Copyright Elsevier Ltd. 2021. (g) 95 % iR-

correction LSV curves and, (h) Corresponding Tafel plots of CoS; .97, CeO2-C0S1 97,

Co8S;.97-Ce0,, commercial Ir/C catalyst. (i) Capacitive currents plotted against

scan rates to determine ECSA. (j) CP analysis at 10 mA cm ™2 in 1.0 M KOH. 3D contour plot illustrating the electronic distribution around the Fermi level of (k) CeOs-
Co8S;.97 and (1) CoS;.97-CeO,. The PDOS of (m) CoS; ¢7-CeO,. (n) OER energy pathway and (o) OER energy pathway at an applied potential of 1.23 V in an alkaline
environment. Reproduced with permission from ref. [166]. Copyright Elsevier Ltd. 2021.

present a promising avenue for improving OER efficiency through
anionic substitution. This approach is less explored compared to cationic
modification, but it has the potential to significantly alter the electronic
environment of lanthanide centers. The incorporation of sulfur, nitro-
gen, boron, or phosphorus anions and other materials can directly in-
fluence the electronic properties of the material by altering metal-anion
bonds, which is more impactful than cationic substitution that typically
changes the composition without affecting these critical bonds.

Anionic substitution preserves or enhances catalytic efficiency by
maintaining the number of catalytically active metal centers. In
contrast, cationic substitution may inadvertently replace active sites
with inactive species, which can reduce catalytic activity [162-164].
Therefore, anionic substitution in lanthanide-based materials can
improve the electronic structure, surface characteristics, and overall
OER catalytic performance in alkaline and acidic media.

For example, Rajapriya, Keerthana, et al., synthesized heteroatom-
doped CeO; using a hydrothermal method, demonstrating the effect of
anionic doping on OER performance. Incorporating heteroatom into the
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CeO framework enhances electronic conductivity, creates active sites,
and boosts electrochemical catalytic performance, facilitating the water
oxidation process. The OER activity of S-CeOs exhibits the lowest
overpotential of 190 mV compared to other prepared electrocatalysts
(Fig. 17a). The kinetic study indicates a Tafel slope of 83 mV dec ™" for S-
CeOg is (Fig. 17b). The S-CeO, catalyst, in particular, exhibited the
highest catalytic activity and a higher electrochemical Cgj, improving
access to active sites and enhancing OER performance (Fig. 17¢).
During the OER, intermediates like M-OH, M-OOH, and M-O are
formed, which act as catalytic sites. These intermediates facilitate oxy-
gen release (M + O3) by reducing energy barriers and enhancing the
reaction efficiency. These intermediates play crucial part in proton and
electron transport, influencing the catalytic performance of the OER. To
evaluate the CP stability test of S-CeO,, LSV curves were obtained before
and after 10,000 s (Fig. 17d). Fig. 17e illustrates the electrochemical
assessments and the underlying mechanism of OER activity for the S-
CeO; catalyst. The catalyst maintained 97 % of its activity, demon-
strating excellent stability after this prolonged assessment. Further
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Fig. 18. (a) LSV polarization curves and (b) Tafel slopes of CeO5, Nd,CeO, and RE;Ce;07. (¢) ECSA shown in black and roughness factor (RF) presented in green. (d)
Nyquist plots. (e) CP stability of RE;Ce;O7 at10 mA em ™2, with inset showing OER polarization plots of RE,Ce,0 before and after the CP test. Reproduced with
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feature with higher La concentration (inset). (h) Overpotential for OER at 1 mA cm 2 and (i) Tafel slopes were measured, with errors determined from three in-
dependent films. (j) Operando Co K-edge EXAFS spectra of 0 % LaCo and 17 % LaCo films collected after 30 min of OER at 2.08 V vs. NHE in 10 mM H,SO4 with 200
mM K»SO4 (pH 2). Reproduced with permission from ref. [169]. Copyright © 2024 American Chemical Society. (k) iR-corrected (95 %) OER curves and (1) Tafel plots
of synthesized RuOs, Er-RuOy, and commercial RuO,. (m) CP at 10mA cm 2. (n) Calculated PDOS of Ru d, O p, and Er f orbitals in Er-RuQy. (0) Calculated PDOS of
the Ru d,; orbital in RuO, and Er-RuOy. Reproduced from ref. [170]. (CC BY 4.0), Nature Portfolio 2024. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

stability tests using chronopotentiometry for 20 h at 10 mA cm2
(Fig. 17f) showed minimal variation, confirming the exceptional dura-
bility of S-CeO,. This prolonged stability is attributed to the petal-like
structure of S-CeO,, which increases the number of active sites acces-
sible for oxygen evolution, thus ensuring long-term efficiency in OER
performance [165].

In another study, Dai et al. explored two materials, CeO2-CoS; 97 and
CoSj.97-CeO>, for surface decoration to explore the role of spatial struc-
ture in the enhanced OER activity. Their results show that CeO5-CoS; .97
has lowest overpotential of 264 mV at 10 mA cm ™2, which is attributed
to the stable heterostructure and efficient mass transfer (Fig. 17g). In
comparison, CoS1.97-CeOy has 49 mV dec™! Tafel slope as compare to
other catalyst, showing better OH™ adsorption as well as faster electron
transport (Fig. 17h). The Cq study show that CeO2-CoS; 97 has the
largest Cg; value (8.96 mF cm~2) compared to other prepared catalysts,
which suggests that CeO2-CoS; 97 possesses more reactive sites, which is
attributed to the high degree of disorder in the lattice (Fig. 17i). In
addition to high activity, long term durability is also necessary for
practical applications. Fig. 17j shows that the heterostructure can
maintain a lowest overpotential at current density of 10 mA cm ™2 for
more than 50 h with no significant increase observed in overpotential,
whereas CoS; g7 shows a detectable decay within 24 h.

Moreover, theoretical calculations show that the spatial structure
efficiently modifies electronic structure to facilitate the transition from
sulfide to hydroxide in favor of higher oxidation states. The elevated
surface electroactivity promotes efficient electron transfer between
Ce02-CoS1 97 and the adsorbate (Fig. 17k). In contrast, CoS;.97-CeOs
exhibits a unique electronic structure. Due to the strong interaction with
CeO,, the interfacial region shows electron-rich characteristics, this
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enhances electron transfer during the OER, with surface oxygen va-
cancies of CeOg actively facilitating *OH adsorption. Additionally, the
presence of CeO, on the surface helps prevent the oxidation of CoS; g7
and minimizes Co leakage during OER. (Fig. 171). The PDOS analysis
reveals that the Co 3d peak of CoS; ¢7-CeOs is positioned near the Fermi
level (Ep) at EV-1.29 eV (with EV defined as 0 eV), indicating a higher
Co®* concentration. The s and p orbitals of the S site extend broadly,
even crossing the Eg, demonstrating excellent conductivity. Meanwhile,
the s and p orbitals of the O site are situated below the Co 3d orbitals,
ranging from EV 0.60-4.90 eV. Additionally, the overlap between the Ce
4f and Co 3d orbitals facilitates electron transfer at the interface
(Fig. 17m).

Reaction pathway and overpotential studies shows that CoS; 97-CeO»
as well as Ce0,-CoS; 97 both face the largest energy barriers (1.46 and
1.47 eV) in the alteration from [O* + H20 + 20H™ + 2e" ] to [OOH* +
H0 + OH™ + e ]. CeO2-CoS; 97 has a stronger desorption capacity in
the final OER step due to a smaller energy barrier (Fig. 17n). CoS;.97-
CeOz has stronger *OH adsorption capacity, while CeO3-CoS; g7 allows
spontaneous conversion of *OH to O*. The high performance of the OER
is supported by the fact that neither of these structures appears to be a
barrier in the last reaction of [0y + 2H50]. CoS1.97-CeO; has a calculated
overpotential of 0.24 eV and CeO,-CoS;g7. The calculated value of
overpotential for is 0.23 eV and the mass transfer advantage is in favor of
Ce02-CoS71.97 (Fig. 170) [166]. DFT calculations reveal that CeOq
significantly enhances the OER performance of CoS; g7 by stabilizing its
oxidation state and preventing Co leakage. The strong interaction be-
tween CeOy and CoSj g7 creates an electron-rich interfacial region,
which facilitates electron transfer and supports *OH adsorption on CeO,
in alkaline media. This CeO,-CoS; g7 interface, with overlapping Ce 4f
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Lanthanide-based materials for OER electrocatalysis.
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Transition metals

Electrocatalyst Fabrication method Electrolyte Current density (mA Overpotential Tafel slope (mV Stability  Ref.
em™?) (mV) dec™) (h)
NiFeCe oxyhydroxide Sol-gel 1.0 M KOH 50 284 61.5 8.3 [94]
Nd,Ce»0; Evaporation-induced self-assembly 1.0 M KOH 10 243 47.9 16 [171]
(EISA)
CeLaCoNiFe Co-precipitate 1.0 M KOH 10 175 79.5 120 [172]
Sm-doped AgNbO3 Sonication technique 1.0 M KOH 10 203 35.22 50 [173]
SmFeO3/rGO Sonication technique 1.0 M KOH 10 180 34 55 [174]
Ni,Co,Yb-FeOOH Hydrothermal 1.0 M KOH 10 230.9 22.7 26 [175]
NisFe LDH/NiFe;04/Pt-Tm Chemical Reduction and 1.0 M KOH 10 224 54.81 [176]
Hydrothermal
Gd, xFeO3 Sol-gel 1.0 M KOH 10 413 88 8 [177]
CeO,/NiO-2 Solvothermal 0.1 M KOH 10 320 69.9 5 [178]
20-NiO@CeO Co-precipitation 1.0 M KOH 50 390 156 6 [179]
Fe-NiyP/CeO, Hydrothermal 1.0 M KOH 20 190 31.42 120 [180]
NdNi-Co304 Hydrothermal 0.1 M KOH 10 269 54 50 [181]
DyNiO3 Hydrothermal 1.0 M KOH 10 265 78 49 [182]
«-CoGd(OH),/FTO Electrodeposition 1.0 M KOH 100 327 84.6 24 [183]
P-Gd SAs@MnO, Ar-plasma assisted anchoring 1.0 M KOH 10 281 161.9 25 [184]
MOFs
Er-MOF/Fe,03 Hydrothermal 1.0 M KOH 10 216 47 25 [185]
Dyo.05Fe-MOF Solvothermal 1.0 M KOH 100 258 82 30 [186]
FeDy@MOF-Ni/CC Hydrothermal 1.0 M KOH 10 251 52.1 80 [187]
CoMnLa,-MOF Solvothermal 1.0 M KOH 10 201 95 25 [137]
Ce-MOF-NHy/NF Hydrothermal 1.0 M KOH 10 328 68 10 [188]
Dy203/rGO Hydrothermal 1.0 M KOH 10 251 36 50 [189]
Sm,03@PPy Hydrothermal 1.0 M KOH 10 272 34 24 [190]
CeO,/C Hydrothermal 1.0 M KOH 10 297 46 15 [191]
CoCe-MOF/CP Solvothermal 1.0 M KOH 10 267 96.1 100 [113]
MXene@Ce-MOF Hydrothermal 1.0 M KOH 10 270 163.3 12 [192]
Ce-doped-MIL-88B(Ni)/NF Solvothermal 1.0 M KOH 10 205 46.09 146 [114]
Erp 4 Fe-MOF/NF Solvothermal 1.0 M KOH 100 248 73 100 [115]
Pr-MOF/Fe,03 Solvothermal 1.0 M KOH 10 238 37 40 [112]
NH, functionalized Sm- Hydrothermal 1.0 M KOH 10 443 95.1 12 [140]
MOF)
Perovskites
Lag ¢Sro.4CoxNi1 O35 Electro-spinning 1.0 M KOH 20 363 149.87 50 [193]
LaFeg gC0p 203/Ni(OH), Sol-gel 1.0 M KOH 10 329 95 24 [194]
La;_«Pr,CoO3 Sol-gel 1.0 M KOH 10 312 80.6 12 [195]
Lag 2Sro.gFeO3 Microwave 1.0 M KOH 10 339 56.84 16 [196]
NdFe; 4\Ni,O3 Sol-gel 1.0 M KOH 10 310 149 60 [197]
GdFe; 4xCu,O3 Sol-gel 1.0 M KOH 10 367 105 8 [198]
LaFe 75Cro.15M0g.1003/NF Sol-gel combustion 1.0 M KOH 10 263 97 10 [199]
LaFexNi; _,O3 NRs Hydrothermal 1.0 M KOH 10 302 50 20 [200]
Lag 7Sro.3Mn0O3/Co-Pi Solid-state reaction method 1.0MNaOH 10 220 62 16 [201]
LaSr3Co; sFe; 50105 Sol-gel 0.1 M KOH 10 324 58 2.78 [202]
Nanomaterials
La-CoAg/NF Hydrothermal 1.0 M KOH 10 233 44.3 35 [203]
NiFeLa-LDH/v-MXene/NF Electrodeposition 1.0 M KOH 100 255 40 1200 [204]
Ce LDH Electrodeposition 1.0 M KOH 10 207 37.3 200 [205]
Ce-m-Ni(OH),@Ni-MOF Electrodeposition 1.0 M KOH 100 272 42.2 30 [206]
(Co(OH),)4-@- La(OH)3 Hydrothermal 1.0 M KOH 10 233 66.7 50 [207]
Ce0,-CoO Electrospinning 1.0 M KOH 10 296 76.78 130 [81]
P-Ce SAs@CoO Plasma-(P)-assisted strategy 1.0 M KOH 10 261 75 25 [208]
Pr,Ir,0, Sol-gel 0.1mHCIO; 10 290 _ 2.7 [209]
CoCe-600 Ny Pyrolysis 0.1 M KOH 10 274 58.3 12 [210]
Ce-doped IrO, Hydrothermal 0.5 M HySO4 10 240 57 50 [211]
Cep.2-IrO2@NPC Pyrolysis 0.5MH,S0, 10 224 55.9 100 [212]
Others
CoP,/Ce0,/C Hydrothermal 1.0 M KOH 10 339.2 80 30 [213]
Ni3N-CeO,/NF Hydrothermal 1.0 M KOH 50 341 64.44 40 [214]
Ni/CeO,@N-CNFs Electrospinning 1.0 M KOH 10 230 54.2 55 [215]
CeOs- NisSy Hydrothermal 1.0 M KOH 10 251 60 50 [216]
NisP4/CePO4 NPs Hydrothermal 1.0 M KOH 10 191 39.26 10 [217]
Gd-CoB Electrodeposition 1.0 M KOH 10 230 42 35 [218]
NiSe,/CeO, Hydrothermal 1.0 M KOH 10 250 66 7 [219]
Eu-Ni(POs), Hydrothermal 1.0 M KOH 10 273 39.4 27 [220]
CeOy/TbCoP Hydrothermal 1.0 M KOH 50 358 43 40 [221]
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Table 4 (continued)

Coordination Chemistry Reviews 534 (2025) 216573

Transition metals

Electrocatalyst Fabrication method Electrolyte Current density (mA Overpotential Tafel slope (mV Stability  Ref.
em™?) (mV) dec™) (h)

N-CoP/CeO, Hydrothermal 1.0 M KOH 10 215 1008 42 [222]

S-Ni(OH),/CeO,/NF Hydrothermal 1.0 M KOH 10 196 85 150 [223]

Ce05-GO-3 Pyrolysis 1.0 M KOH 10 240 176 10 [224]

La-doped-FeNi-Se/NF Co-precipitation 1.0 M KOH 10 158 35.6 20 [225]

Pto1 La g1 -IrO; @NC Pyrolysis 0.5MH,S04 10 205 50.9 135 [226]

and Co 3d orbitals, improves conductivity and electron mobility. Addi-
tionally, DFT insights indicate favorable mass transfer and a reduced
energy barrier in the final OER step for CeO,-CoS; g7, highlighting it as a
highly efficient electrocatalyst. Furthermore, Mishra et al. synthesized
phase-pure rare-earth oxyselenides RE4GasSe;O, (RE = Pr, Nd) using
the sealed-tube solid-state reaction method at 950 °C. These compounds
adopted a novel orthorhombic structure and exhibit an almost direct
optical band gap of 1.70 eV. The Pr-based material demonstrated su-
perior OER performance in 1 M KOH, achieved a lower overpotential of
257 mV at 10 mA cm 2 as well as exceptional stability, greater mass
activity of 70.1 A g1, and a TOF of 0.0234 s~ !, making it highly efficient
for electrocatalytic applications [167].

Moreover, Paladugu et al. used the evaporation-induced self-assem-
bly (EISA) technique to prepare highly porous cerate-based fluorite
nanocatalysts, demonstrating that substituting Ce with rare earth (RE)
cations enhances OER performance in alkaline media. The novel
compositionally complex fluorite catalyst, (Lag 2Prg 2Ndg 2Tbg 2Dy 2)2-
Ce;07, exhibited lower overpotential of 210 mV at 10 mA cm™2
(Fig. 18a), as ascribed to its increased oxygen Frenkel defects and
enhanced compositional complexity. Tafel plots derived from LSV
curves were utilized to evaluate the OER reaction kinetics of the elec-
trocatalysts. Fig. 18b demonstrates that RExCe;07 achieved the lowest
Tafel slope of 43.1 mV dec ™}, reflecting its enhanced OER performance.
The ECSA and roughness factor revealed that RE;Ce;0O; exhibited the
largest ECSA (Fig. 18c), attributed to its nanocrystalline nature, while
CeO5 had the lowest due to its crystalline morphology. The high ECSA of
RECey07 emphasizes the importance of morphology in OER activity, as
a larger ECSA increases the number of active sites, enhances electrolyte
infiltration, as well as enhances catalyst-electrolyte interactions, leading
to superior OER performance. The EIS spectra revealed that RE;CesO7
exhibited lower R of 3.02 Q at 1.55 V versus RHE, compared to other
prepared catalysts, indicating superior charge transfer kinetics
(Fig. 18d). This highlights the enhanced electrokinetic performance of
RE2Cey0y7 for OER, enabling efficient interaction among electrolyte and
catalyst surface. The long-term chronoamperometric stability tests
showed robust performance for RE;Ce;O7 (60 h) under constant po-
tentials of 1.65 V (Fig. 18e). The OER polarization plot of RE;Ce0;
remained unchanged after the stability study (inset in Fig. 18e), high-
lighting its excellent mass transfer properties and mechanical durability
in alkaline environments [168].

In another study, Hartnett et al. demonstrated that incorporating
La3* into Co304 using the sol-gel method enhances OER performance in
acidic media by promoting lattice deconstruction and amorphization.
The overpotential for OER decreased with increasing La>" concentra-
tion, achieving maximum activity at 17 % La incorporation. The
enhanced catalytic performance is ascribed to the increased number of
active edge sites formed upon Co3O4 lattice deconstruction. EXAFS
analysis of as-synthesized LaCo films reveals a loss of structural order
with increasing La composition. The Co K-edge EXAFS (Fig. 18f) show
reduced peak intensities at all radial distances, particularly at 3.35 A
(Op---Tq distance) and 5.06 A (C03+(Oh) in cubane-cubane subunits),
indicating that La incorporation disproportionately affects T4 Co sites.
The cyclic voltammograms (Fig. 18g) of 0-17 % LaCo films in acidic
solution (pH 2) show the Co®*/2* redox feature, with 100 % faradaic
efficiency confirmed by gas chromatography. The 17 % LaCo catalyst
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exhibited the lowest OER overpotential (Fig. 18h) and highest exchange
current density (Fig. 18i), although compositions above 17 % showed
increased overpotential, indicating a decline in catalytic activity. The
Tafel slopes remained consistent across all compositions (76-88 mV
dec™), suggesting that La®" incorporation does not alter the OER
mechanism. Operando EXAFS measurements revealed increased catalyst
disorder with La incorporation, providing insights into the evolution of
the active phase during OER (Fig. 18j). Spectra collected before and
during OER at 2.08 V vs. NHE showed pronounced structural disorder
with increasing La content, including a loss of Tq Co sites reflected by
decreased peak intensity at 3.35 A. The 17 % LaCo catalyst exhibited
additional features, such as a shoulder at 4.8 A and increased intensity at
5.6 10\, consistent with interlayer Co distances in layered CoOx(OH)y and
Lag.3C00; structures. These results suggest that Lat incorporation de-
constructs the Co304 lattice, forming an amorphous layered CoOx(OH)y
phase with La®>* residing at particle interfaces [169].

Furthermore, Li et al. demonstrated that introducing lanthanides
with gradually changing electronic configurations enables precise
modulation of Ru—O covalency in RuOx. The OER activity of Er-RuOx
was assessed in 0.5 M H3SO4, showing superior activity compared to
commercial and synthesized RuO,. Er-RuOx needed an overpotential of
only 200 + 8mV at 10mA cm ™2, significantly lower compared to other
catalysts (Fig. 18Kk). It also exhibited a lower Tafel slope of 45mV dec’l,
demonstrating improved reaction kinetics (Fig. 181). The catalytic
durability of Er-RuOx was assessed via chronopotentiometry at
10mAcm 2 (Fig. 18m), indicating significantly greater stability
compared to commercial RuO,. After 73 h, the overpotential of com-
mercial RuO; rose by 674 mV, which is about 35.5 times greater than
that of Er-RuOy, emphasizing the positive effect of Er in enhancing
catalytic stability. The enhance OER activity of Er-RuOy was investi-
gated by analyzing the adsorption behavior of oxygen intermediates. Er-
RuOy shows lowest Ru d-band center (—1.945eV) compared to RuO,
(—1.900eV), suggesting that 4f-2p-4d orbital hybridization alters the
electronic environment of Ru d orbitals. Additionally, the Ru d,, -state
energy level of Er-RuOy (—0.855€V) is nearer to the Fermi level compare
to RuO; (—2.171eV), reducing antibonding state occupancy and stron-
ger *OH adsorption (Figs. 18n-0) [170]. These findings highlight that
the hybridization of orbitals in Er-RuOy efficiently tunes the electronic
structure, enhancing *OH adsorption and ultimately driving superior
OER performance. Lanthanide incorporation demonstrates significant
potential for optimizing electronic structures to achieve improved OER
performance as well as stability in acidic media.

Lanthanide-based materials offer significant advantages in
enhancing OER electrocatalysts for energy conversion processes like
water splitting. Their exceptional catalytic activity and stability are
rooted in their unique electronic properties, including multiple oxida-
tion states, large ionic radii, and strong spin-orbit coupling. These at-
tributes enable lanthanides to modify the electronic structures of
catalytic systems, stabilize active sites, and improve overall OER effi-
ciency. Under OER conditions, lanthanide-based transition metal com-
pounds synergize with the catalytic activity of transition metals,
leveraging lanthanides unique electronic properties to enhance perfor-
mance in alkaline and acidic media.

Lanthanide-based MOFs, with their large surface areas and tunable
porosity, facilitate mass transport and access to active sites, while
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perovskites among the most stable and catalytically effective
lanthanide-based materials offer distinctive characteristics that boost
system efficiency. Lanthanide-containing chalcogenides, nitrides, bo-
rides, and phosphides further optimize electronic structures, delivering
promising OER performance. These materials harness the unique prop-
erties of lanthanides to improve renewable energy applications, showing
superior catalytic performance, durability, and resistance to degradation
under extreme electrochemical conditions, as evidenced in recent
studies (Table 4).

One of the most critical aspects of lanthanide-based materials is their
ability to reduce reliance on rare noble metals like Pt and Ir, making
them crucial for developing cost-effective and sustainable energy solu-
tions. The strategic integration of lanthanides into catalytic frameworks
is expected to advance renewable energy options, driving the commer-
cialization of water-splitting technology and related applications. As
research progresses, lanthanide-based materials are poised to play a
vital role in the global transition to sustainable energy.

Incorporating heteroatoms such as sulfur, nitrogen, boron, phos-
phorus, and other materials into lanthanide-based materials enhances
their catalytic performance and stability. These materials have the po-
tential to become inexpensive as well as durable alternatives for
advanced energy conversion technologies, further solidifying their role
in the future of renewable energy.

5. Conclusion and future directions

Lanthanide-based materials have emerged as highly effective elec-
trocatalysts for the OER, showcasing exceptional catalytic activity, sta-
bility, and efficiency in energy conversion processes such as water
splitting. The distinctive electronic properties of lanthanides, including
multiple oxidation states, large ionic radii, and strong spin-orbit
coupling, allow these elements to significantly enhance catalytic activ-
ity by modifying electronic structure of catalytic systems, stabilizing
active sites, and improving charge transfer. Lanthanide-based transition
metal compounds, metal-organic frameworks (MOFs), perovskites, and
chalcogenides, nitrides, borides, and phosphides all demonstrate
remarkable promise as OER catalysts, due to their tunable porosity, high
surface areas, optimized electronic structures, and durability in extreme
electrochemical conditions. Among these materials, lanthanide-based
perovskites stand out due to their stability and unique catalytic prop-
erties, establishing them as some of the most compelling choices for OER
applications Moreover, lanthanide-containing chalcogenides, nitrides,
borides, and phosphides offer an alternative approach through anionic
substitution, further optimizing the electronic properties and catalytic
efficiency. Incorporating heteroatoms including S, N, B, and P into
lanthanide-containing materials has also been shown to improve cata-
lytic activity and durability, making these materials potential substitutes
for noble metals including platinum as well as iridium in OER catalysis.
As the worldwide demand for sustainable and cost-effective energy so-
lutions grows, lanthanide-based materials are well-positioned to play a
critical part in advancing renewable energy technologies. Their ability
to reduce the reliance on rare and expensive noble metals while main-
taining superior performance underscores their potential for large-scale
implementation in energy storage as well as conversion systems. To
further advance the application of lanthanide-based materials in OER
catalysis, the following research directions are critical.

1. Enhancing conductivity: Many lanthanide-based materials,
especially MOFs, suffer from low electrical conductivity, which
limits their catalytic efficiency. Future studies should investigate
novel methods for improving the electronic conductivity of these
materials, such as heteroatom doping, hybridization with
conductive materials, or defect engineering.

2. Exploring new lanthanide-based compounds: Beyond the
commonly studied lanthanides, researchers should explore
underutilized lanthanide elements and their combinations with
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different transition metals or anions (e.g., nitrides, borides, and
chalcogenides) to uncover new materials with enhanced catalytic
properties.

. Improving durability and long-term stability: While lanthanide-

based materials have shown remarkable stability under OER
conditions, further studies are needed to ensure their durability
over extended periods, especially in real-world applications.
Strategies such as protective coatings, surface passivation, or
structural reinforcement could be explored to prolong catalyst
life.

. Commercial scalability: Scaling up the production of lanthanide-

based OER catalysts for commercial applications is a key future
direction. Researchers should concentration on emerging inex-
pensive, sustainable preparation approaches that enable the mass
production of these electrocatalysts without compromising their
catalytic activity.

. Integration with renewable energy systems: Incorporating

lanthanide-based OER electrocatalysts into comprehensive en-
ergy conversion and storage systems, including batteries, fuel
cells, and electrolyzers, will be critical for their practical imple-
mentation. Future studies should explore the synergy between
lanthanide-based materials and other components in renewable
energy devices to maximize efficiency and performance.

. Catalysts with multi-metals synergistic effects: Design and

development of novel electrocatalysts with multi-metal syner-
gistic effects involve studying the interactions between different
lanthanide elements and between lanthanides and other transi-
tion metals. By exploring these synergistic effects, catalysts with
multi-metal centers can be developed. By carefully controlling
the proportion and distribution of metal ions, the electronic
structure can be optimized, active sites enhanced, and catalytic
performance significantly improved. This approach allows for
fine-tuning of the catalyst properties to achieve superior effi-
ciency and stability in OER applications.

. Theoretical calculation assistance: Combining theoretical calcu-

lation methods such as DFT, simulating the electronic structure,
adsorption performance, and reaction pathway of electro-
catalysts, predicting the performance of catalysts, and explaining
experimental phenomena. Theoretical calculations can help
screen potential catalyst structures and provide directions and
ideas for experimental research.

. In-depth understanding of catalytic mechanisms: Advanced

characterization techniques such as in-situ XAS, in-situ Raman,
and in-situ FTIR spectroscopies are used to monitor the structural
changes, electronic state changes, and the formation of in-
termediates of the catalyst in real-time during the reaction pro-
cess, offering a comprehensive insight into the mechanisms and
pathways involved in catalytic reactions. This will help reveal the
active sites of the catalyst and key steps in the reaction process,
providing theoretical guidance for the design and optimization of
catalysts.

. Catalysts based on nanostructures: Using nanotechnology to

prepare lanthanides OER catalysts with special morphologies and
sizes, such as nanoparticles, nanowires, nanosheets, etc., can
provide more active sites, higher specific surface area, and better
electron transfer performance, thereby improving the activity
and efficiency of the catalyst.

Substrate: Graphite or carbon substrates face challenges in lan-
thanides catalysts due to weak interaction with the catalyst,
leading to poor adhesion and reduced stability under harsh re-
action conditions. Additionally, surface passivation can occur,
diminishing catalytic activity over time. To address these issues,
carbon surfaces might be functionalized by doping with hetero-
atoms (such as N, B) or introducing defects to improve the
interaction between the lanthanide catalyst and the substrate.
Another solution is designing hybrid structures by combining
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Fig. 19. Challenges and future directions.

carbon substrates with conductive polymers or MOFs, which can
enhance stability, conductivity as well as the density of active
sites, thus boosting overall catalytic performance.

Other challenges: Lanthanide-based OER electrocatalysis faces
significant challenges, including difficulties in mass production,
high raw material costs, low surface area, poor utilization of
active sites, slow reaction kinetics, and high-cost, complex, and
time-consuming synthesis methods (Fig. 19). To address these
issues, future research should focus on developing scalable as
well as inexpensive synthesis techniques, including sol-gel pro-
cesses, hydrothermal methods, or 3D printing, to streamline
production. Incorporating abundant and inexpensive dopants or
combining lanthanides with transition metals to form hybrid
catalysts can reduce material costs. Enhancing surface area and
active site exposure through nanostructuring and porous archi-
tecture design is crucial. Strategies like interface engineering,
electronic structure tuning, and optimizing reaction conditions
can improve active site utilization and accelerate reaction ki-
netics. Furthermore, leveraging computational modeling and
machine learning can guide the efficient design of high-
performance lanthanide-based materials, ensuring economic
and technical viability for OER applications.

Collaborative efforts between academia and industry: Collabo-
rative initiatives among academic institutions and industries are
crucial for bridging the divide between research innovations and
their practical commercialization. Joint R&D programs can
accelerate the translation of laboratory discoveries into
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commercial products, while industry-focused research addresses
real-world challenges like scaling production and integrating
catalysts into renewable energy systems. Establishing standard-
ized protocols for evaluating catalyst performance and durability
under industrial conditions will further ensure practical appli-
cability and reliability.

13. Integration with broader energy solutions: Lanthanide-based
OER catalysts should be integrated into broader renewable en-
ergy systems to maximize their impact. Hybrid systems
combining lanthanide-based materials with technologies like
solar photovoltaics and wind energy can create efficient, inter-
connected energy solutions. Additionally, adopting circular
economy approaches, such as recycling spent catalysts to recover
valuable lanthanides, will enhance sustainability and reduce
resource dependency.

In conclusion, by addressing the challenges of conductivity, stability,
and scalability, lanthanide-based materials hold immense potential for
revolutionizing OER and renewable energy applications. Advancing
research through computational modeling, synergistic doping, and
integration with renewable systems, while fostering collaboration
among academia and industry, will accelerate the progress of inexpen-
sive, high-performance electrocatalysts. These efforts will play a key role
in driving the global shift to a sustainable energy future.
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