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Abstract: Rare-earth high-entropy oxides are a new promising class of multifunctional materials
characterized by their ability to stabilize complex, multi-cationic compositions into single-phase
structures through configurational entropy. This feature enables fine-tuning structural properties
such as oxygen vacancies, lattice distortions, and defect chemistry, making them promising for
advanced technological applications. While initial research primarily focused on their catalytic
performance in energy and environmental applications, recent research demonstrated their potential
in optoelectronics, photoluminescent materials, and aerospace technologies. Progress in synthesis
techniques has provided control over particle morphology, composition, and defect engineering,
enhancing electronic, thermal, and mechanical properties. Rare-earth high-entropy oxides exhibit
tunable bandgaps, exceptional thermal stability, and superior resistance to phase degradation,
positioning them as next-generation materials. Despite these advances, challenges remain in scaling
up production, optimizing compositions for specific applications, and understanding the
fundamental mechanisms governing their multifunctionality. This review provides a comprehensive
analysis of the recent developments in rare-earth high-entropy oxides as relatively new and still
underrated material of the future.
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1. High-Entropy Oxides

The development of advanced materials, as one of the most important focuses in scientific
research, roughly means the discovery of substances with adaptable and enhanced physico-chemical
properties. “Transformation” in material science was introduced by the discovery of high-entropy
alloys, which offered opportunities to manipulate the phase stability of solid solutions through
configurational entropy [1]. This approach represents an advancement in the material design and
understanding of complex material systems. High-entropy materials, including non-metallic
compounds such as oxides [2], fluorides [3], sulfides [4], nitrides [5], etc., are distinguished by their
ability to form single-phase multielement structures. This material category exhibits higher levels of
mixing entropy (Smix) or configurational entropy (Sconfig), resulting in crystal structure distinct from
those of their constituent elements. The thermodynamic stability of these materials is governed by
the Gibbs energy of mixing at high temperatures, which enables the formation of single-phase solid
solutions when the entropy contribution to the crystal system outweighs the enthalpy of mixing. The
main criteria for high-entropy materials have been expanded to include systems containing five or
more elements in concentrations ranging from 5 —35% [6], as well as those with configuration entropy
values exceeding 1.5 times the universal gas constant from the Boltzmann entropy equation [7]. These
definitions allow for the inclusion of a wide range of materials with unique properties and potential
applications.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the field of high-entropy oxides (HEOs), a breakthrough was first achieved by Rost et al. [2],
who demonstrated the successful incorporation of five distinct cations into a single-phase oxide
system. This achievement introduced the concept of entropy-stabilized oxides, which can be marked
as a fundamental shift in the understanding of phase stabilization in solid solutions. Their work
demonstrated that by increasing the number of metal cations in the cationic sublattice, the system’s
configurational disorder is significantly enhanced, resulting in stabilization effects similar to those
observed in multi-element alloys. From a thermodynamic perspective, the configurational entropy of
multi-element oxides can be derived using the Boltzmann entropy equation, where the number and
relative proportions of distinct cations and anions contribute to the overall entropy. The parameter
Scontig provides a quantitative measure of the material’s complexity, with the entropy value increasing
as a function of the number of cations in the system. In typical HEOs, the assumption is that the oxide
ion serves as the sole anionic species within the lattice, simplifying the structural analysis.

1.1. Desing of HEOs

The selection of suitable components for the formation of single-phase HEOs depends on several
factors, including mixing enthalpy, ionic radius, oxidation state, and coordination number of the
cations. The main idea is to achieve the so-called “cocktail effect”, which indicates that pristine metal
oxides have different properties compared with the ones they obtain while in high-entropy form. The
mixing enthalpy influences only under specific conditions, such as solid-state or mechanochemical
synthesis, where appropriate metal oxides serve as precursors. However, it is important to note that
mixing enthalpy is less applicable in solution-based syntheses using non-oxide precursors [8], such
as alkoxides or nitrates. For optimal HEO formation, the mixing enthalpy value should ideally be
close to zero, which is particularly relevant in solution-based methods. Extremely positive or negative
mixing enthalpy values, typical for certain metal oxides, can pose challenges to achieving single-
phase high-entropy compounds. These cases may require higher temperatures to facilitate phase
transitions and mixing. Another parameter is the ionic radius of the metal cations, which significantly
influences the formation of single-phase structures. Selecting cations with similar ionic radii is crucial
for obtaining a single-phase structure, particularly in sodium chloride or fluorite crystal
configurations [9]. In such systems, isovalent metal cations occupy equivalent positions, while anions
maintain the lattice’s overall electrical neutrality [10]. The oxidation state of the metal cations is
equally critical for determining the type of crystal structure. For instance, in cubic oxides with a NaCl
structure, metal cations typically exhibit a +II oxidation state, while in fluorite structures, cations often
have a +IV oxidation state. This flexibility in oxidation states allows for the formation of single-phase
HEOs with varying crystal structures, providing a versatile platform for designing materials with
tailored properties [11]. A variety of physical and chemical approaches have been developed to
address the thermodynamic and kinetic requirements for synthesizing HEOs. Achieving
homogeneous single-phase solid solutions with uniform elemental distribution requires precise
control of synthesis methods and conditions to optimize material properties such as particle size,
phase structure, and chemical composition. Traditional solid-state synthesis methods, which involve
mixing metal salts or oxides, are commonly employed for producing HEO powders. However, these
approaches typically require high temperatures [12], which can be a limitation. In contrast, low-
energy solution-based methods are more interesting due to their ability to synthesize HEO
nanoparticles with diverse compositions and crystal structures. These include co-precipitation [13],
solvothermal [14] and hydrothermal synthesis [13], mechanochemistry [15] etc. Such innovative
methods offer enhanced control over key synthesis parameters, enable the development of materials
with desirable properties, and minimize the high-temperature requirements associated with
conventional approaches.
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Figure 1. “Cocktail effect” illustration.

2. Rare Earth Elements
2.1. Properties and Significance

Rare earth elements are commonly classified into two categories: the lanthanide series and the
elements scandium and yttrium. The lanthanides, comprising elements with atomic numbers ranging
from 57 (lanthanum) to 71 (lutetium), represent a distinct group characterized by their unique atomic
structure, which sets them apart from other elements while sharing some similarities with actinides.
The lanthanides exhibit several consistent characteristics [16]. Physically, their properties remain
uniform across the series. In crystalline compounds, they typically display a trivalent oxidation state,
although divalent and tetravalent states are also observed in some cases. These compounds often
possess coordination numbers greater than VI, with a general trend of decreasing coordination
numbers across the series [17]. Furthermore, lanthanides exhibit a strong affinity for highly
electronegative elements, such as oxygen or fluorine [17]. The unique behavior of the lanthanides can
largely be attributed to their electronic configurations. The neutral lanthanides generally exhibit an
electronic configuration of 41, 5s2, 5p%, and 6s?, where the progressive filling of the 4f orbitals defines
their chemical properties [17]. The formation of the characteristic trivalent cations occurs through the
loss of one 4f electron and two 6s? electrons. In certain instances, a small energy difference between
the 4f and 5d orbitals allows for electron transitions, leading to the formation of tetravalent ions, such
as Ce*, or divalent ions, such as Sm?, Yb%, and Eu?. One notable phenomenon observed across the
lanthanide series is the “lanthanide contraction,” a gradual decrease in ionic radii from La® (1.06 A)
to Lu? (0.85 A) [18]. This contraction arises due to the incomplete shielding of the increasing nuclear
charge by the 4f orbitals, which results in a stronger effective nuclear attraction. This contraction
significantly influences their bonding behavior and coordination chemistry. Rare-earth elements play
an indispensable role in modern technology due to their exceptional magnetic [19], phosphorescent
[20], and catalytic properties [21].

2.2. Properties and Application of Ceria

Cerium dioxide, commonly known as ceria (CeQOz), and its doped variants have been the focus
of intensive research over the last several decades due to their remarkable properties, including
structural stability, electronic and ionic conductivity, elastic behavior, and catalytic efficiency [22].
These materials have proven highly suitable for a range of industrial applications, owing to their
exceptional functional attributes and chemical inertness, which make them compatible with both
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inorganic and biological systems [23]. Typically, it adopts a fluorite-type crystal structure,
characterized by cubic symmetry within the Fm-3m space group. In this configuration, cerium atoms
occupy the 44 lattice sites (0, 0, 0), while oxygen atoms reside at the 8c positions (1/4, 1/4, 1/4) [24].
The fluorite structure demonstrates stability across broad temperature ranges and accommodates
significant variations in oxygen stoichiometry, manifesting as oxygen vacancies. Upon reduction to
compositions approximating CeO17-15, a disordered non-stoichiometric phase associated with the
fluorite structure emerges [25]. Further increases in oxygen deficiency lead to the development of
superstructures, arising from the ordered arrangement of vacancies within the lattice [26]. Although
fluorite structures may appear simplistic, they exhibit a high degree of complexity due to their ability
to incorporate substantial concentrations of lattice defects, particularly oxygen vacancies [27]. The
structural stability of fluorites under varying temperature and stoichiometry conditions often
obscures the underlying local atomic arrangements, which are critical to their behavior in complex
materials with practical applications [28]. Extrinsic doping is a common strategy for modifying CeO
to enhance its properties [23]. Trivalent dopants are often used as acceptors, creating oxygen
vacancies in a 2:1 ratio to maintain charge neutrality. Dopants such as samarium [29] and gadolinium
[30] are notable for their ability to achieve high ionic conductivity, making them ideal for such
applications. In contrast, divalent dopants create a higher density of oxygen vacancies but generally
exhibit lower ionic conductivity [31], limiting their practical use. Even without extrinsic doping, CeO:
can host intrinsic defects, particularly through the partial reduction of Ce* to Ce%. This behavior
leads to a combination of ionic and electronic conductivity [32], which becomes increasingly
significant under high temperatures and low oxygen partial pressures. Non-stoichiometric CeO:
exhibits exceptional catalytic activity, particularly in automotive three-way catalysts, where precise
oxygen-fuel ratio control is critical [33]. Its ability to store and release oxygen efficiently, known as
oxygen storage capacity (OSC), has also made it a key material in solar-driven thermochemical water-
splitting technologies for clean energy production [34]. Furthermore, doping with tetravalent cations
such as zirconium or hafnium enhances the reducibility of CeO:, improving its OSC and lowering
the operational temperatures for applications like exhaust gas treatment and thermochemical
processes [35].

2.2.1. Ceria Electronic Structure and Defect Chemistry

Ceria exhibits a complex electronic structure defined by two energy gaps: one between 2p and
4f orbitals and another between 2p and 5d orbitals. Oxygen vacancies emerge as fundamental
intrinsic defects when oxygen atoms leave their lattice positions. These defects create a doubly
charged vacancy, which induces a reduction in the oxidation state of nearby cerium ions from +IV to
+III [36]. The formation of such vacancies introduces significant local lattice distortions, where
neighboring oxygen atoms are pulled inward, and cerium atoms shift outward, generating strain
within the crystalline matrix [36]. The stoichiometric variation in ceria is governed by the temperature
and oxygen partial pressure, with defect concentrations directly influencing the material’s properties.
The presence of oxygen vacancies enhances ionic conductivity by facilitating the diffusion of oxygen
ions through the lattice, a process critical for solid-state ionic devices. Moreover, these vacancies play
a pivotal role in ceria’s catalytic activity, enabling the material to dynamically store and release
oxygen. This oxygen storage capacity is central to its application in catalytic processes, particularly
in redox reactions. Catalytic functionality arises from the ability of ceria to generate and annihilate
oxygen vacancies under reaction conditions. Oxygen atoms released from the lattice during catalytic
reactions leave behind vacancies that act as active sites for subsequent reactions. These vacancies,
dynamically forming and dissolving at the surface, enable efficient interaction with reactants and
intermediates. Surface vacancies are especially critical, as they facilitate the adsorption and activation
of reactants, driving heterogeneous catalysis. A nuanced understanding of oxygen vacancies also
requires attention to their charge states and associated polarons, which can trap electrons within the
lattice. These electronic interactions are crucial for describing CeQO;’s defect chemistry. The interplay
between charge carriers and lattice distortions profoundly impacts its electromechanical properties,
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including electrostriction. Defect formation in ceria involves the migration of oxygen ions to
interstitial positions leaving behind doubly charged vacancies at the original lattice sites. Using
Kroger-Vink notation [23], these processes can be modeled to describe the material’s defect behavior.
During catalytic oxidation reactions, lattice oxygen is released as molecular oxygen, creating reactive
oxygen species on the surface. These reactive species enhance the catalytic efficiency of ceria, making
it highly effective in oxidation and reduction reactions.

3. Synthesis Approach and Structural Features

Rare-earth high-entropy oxides (RE-HEOs) combine the structural stability of the crystal system
with unique configurational entropy-driven phase stabilization inside the crystal lattice. The
synthesis methods, compositional variations, and resulting morphologies are central to
understanding and optimizing the properties of RE-HEOs for advanced applications. Various
synthesis techniques have been employed to obtain phase pure RE-HEOs, each influencing the
resulting unique structural and surface characteristics. The solid-state reaction method represents
one of the earliest and simplest approaches for producing RE-HEOs. This method typically involves
the high-temperature calcination of equimolar metal oxides or salts, resulting in single-phase bulk
materials. Rost et al. [2] initially demonstrated the feasibility of this synthesis to produce rock-salt-
type RE-HEOs, a finding later corroborated by Xue et al. [37], who synthesized
(Lao2Ndo2Smo2Eu02Gdo2)2Ce207. While the solid-state reaction is effective for achieving uniform
elemental distribution and excellent thermal stability, it often requires high calcination temperatures,
limiting its capacity to produce nanoscale morphologies with higher surface areas. These limitations
served as a primer for the development of solution-based synthesis methods.

The sol-gel method has proven particularly effective in producing RE-HEOs with relatively high
surface areas and homogeneous particle distributions. In the study by Tatar et al. [38], a citrate-based
sol-gel synthesis was employed to prepare several phase pure ceria-zirconia-based RE-HEOs
achieving a single-phase cubic fluorite structure with enhanced oxygen vacancy concentrations. The
sol-gel process offers advantages such as lower synthesis temperatures and the ability to tailor
porosity by adjusting gelation parameters. Modified versions of this method, incorporating citric acid
as a chelating agent, further improve compositional uniformity and thermal stability. The gelation
process, followed by the calcination at controlled temperatures, resulted in a flake-like morphology
interspersed with hollow tube-like structures [39]. These morphological features enhanced the
material’s surface area and porosity.

Solution combustion synthesis represents another innovative approach [40], characterized by
rapid exothermic reactions between metal precursors and fuels. This method has been widely utilized
to produce highly porous, crystalline RE-HEOs at relatively low temperatures [41].

Spray pyrolysis (SP) and nebulized spray pyrolysis (NSP) are advanced methods capable of
producing nanostructured RE-HEOs with controlled morphologies (Sarkar et al.) [42]. Utilized NSP
to synthesize rock-salt-type RE-HEOs, achieving sub-micron spherical particles with uniform
elemental distribution. These methods stabilize metastable phases through rapid quenching,
resulting in materials with high catalytic stability and specific surface areas, ideal for industrial-scale
applications.

Sol-gel and solution combustion methods excel in producing materials with high surface areas
and porous networks. The ability to manipulate defect chemistry, particularly oxygen vacancies,
further enhances the functional properties of RE-HEOs. These vacancies act as active sites for catalytic
reactions and are pivotal for applications like CO oxidation and CO, hydrogenation. The
configurational entropy inherent in RE-HEOs stabilizes these defect structures, ensuring consistent
performance under extreme conditions.

The structural stability of RE-HEOs is attributed to their ability to form solid solutions where
cations occupy specific lattice sites, resulting in uniform elemental distribution and high
configurational entropy. These materials are typically stabilized in fluorite, perovskite, and
pyrochlore structures, depending on the cationic combination and synthesis approach. For instance,
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fluorite-type RE-HEOs such as Ceo2Zro2Lao2Pro2Y0202[38,43], synthesized through sol-gel methods,
adopt a cubic symmetry (Fm-3m space group), with Ce*/Ce* ions occupying the 4a positions and
oxygen anions filling the tetrahedral position as shown in Figure 2. This arrangement promotes the
formation of oxygen vacancies. Pyrochlore-structured RE-HEOs exhibit an FCC lattice where rare-
earth cations occupy the A-site and transition metals stabilize the B-site. These structures are
particularly notable for their thermal stability and defect engineering capabilities. Variations in ionic
radii and oxidation states among the constituent cations lead to lattice distortions, which further
enhance oxygen mobility and catalytic activity. For example, in Nd2Zr20y, the introduction of oxygen
vacancies through cation substitution has been shown to significantly improve ionic conductivity
[44]. In perovskite-type structures cations are distributed across the A- and B-sites, creating a versatile
platform for tailoring electronic and catalytic properties [44,45]. These materials have demonstrated
exceptional performance in electrocatalytic oxygen reduction reactions [45] and hydrogen evolution
reactions [46], with enhanced activity attributed to the synergistic effects of rare-earth and transition
metal cations. The multicomponent composition of these RE-HEOs ensures thermal stability and
resistance to phase degradation under harsh reaction conditions. The compositional flexibility of RE-
HEOs enables fine-tuning of properties for specific applications. The inclusion of cerium in fluorite
structures facilitates redox cycling between Ce?* and Ce*, creating a high density of active sites for
catalytic reactions. Additionally, the incorporation of smaller cations like zirconium enhances lattice
contraction, which increases the material’s stability at higher temperatures [22]. Advanced
characterization techniques such as X-ray diffraction (XRD), Raman spectroscopy, and transmission
electron microscopy (TEM) are typically used to analyze the structural integrity and defect chemistry
of RE-HEOs.

Figure 2. Visualized fluorite-type crystal structure of ceria-based high entropy oxides shows the incorporation
of 5 cations with similar ionic radii, oxidation state, and the same coordination number into a single

crystallographic position, with each cation occupying 1/5 of the position, while anion remains untouched.

4. Next Generation Technologies

As the demand for cleaner energy, faster computation, and more efficient resource utilization
grows, next-generation technologies provide the innovative solutions required to address these
needs. For instance, renewable energy technologies like solar cells [47] and hydrogen fuel cells [48]
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are considered to be the perfect “weapon” to fight rapid climate change by reducing reliance on fossil
fuels. Similarly, materials science breakthroughs, such as high-entropy oxides, and further rare-earth
high-entropy oxides, offer the development of multifunctional systems that integrate durability,
efficiency, and sustainability. These technologies are not only beneficial for addressing
environmental and social challenges but also for ensuring global competitiveness in rapidly
advancing technological years. In the field of energy technologies, RE-HEOs were successfully
incorporated in solid oxide fuel cells (SOFCs) [49-52], due to their ionic conductivity and thermal
stability. Materials such as Gd-doped CeO: have notable performance as electrolytes, allowing
efficient ion transport and reducing operational temperatures in SOFCs [53,54]. This reduction in
temperature enhances system longevity and lowers overall costs, making SOFCs more attractive for
future usage. Furthermore, RE-HEOs are successfully integrated into thermochemical water-splitting
cycles for hydrogen production [55]. The presence of oxygen vacancies, which can be tailored through
rare-earth doping, significantly facilitates the redox reactions necessary for splitting water molecules.
This process (especially when driven by solar energy) represents a sustainable pathway for
generating hydrogen. RE-HEOs with perovskite or fluorite structures offer high capacity and cyclic
stability which potentially makes them suitable for next-generation energy storage devices [56,57].
Moreover, thermal and chemical robustness provided by high entropy material design could ensure
consistent performance in demanding operational environments, such as electric vehicles and grid-
scale energy storage systems [58,59]. The catalytic properties of RE-HEOs are another area of
significant impact, particularly in environmental and industrial applications. The presence of rare-
earth elements in catalysts enhances the catalytic efficiency of materials, primarily through their
ability to create oxygen vacancies [22]. These vacancies serve as active sites for catalytic reactions,
enabling the efficient oxidation of pollutants and the reduction of greenhouse gases. In electronics
and optoelectronics, rare earth present in high entropy oxides could contribute to the development
of devices with enhanced performance and functionality [60]. The dielectric properties of HEOs,
influenced by the electronic structure of rare earth elements, have also been investigated [61]. Their
high permittivity and low dielectric loss make them suitable for miniaturized electronic components
in portable and high-speed devices. Additionally, HEOs with tunable band gaps are being explored
for photovoltaic applications, where their ability to absorb and convert sunlight into electricity is
optimized by precise compositional control [62]. Only several rare earth metals in HEO systems are
used in electronic applications due to the challenges of complex structure with multicationic system,
which is still not quite investigated by how each element influences in cocktail effect [62]. Another
domain where high-entropy oxides with rare-earth metals were investigated is magnetic and
spintronic technologies [63-65]. Rare-earth elements add unique magnetic properties to high-entropy
systems, enabling the design of advanced materials for data storage, magnetic sensors, and spintronic
devices. In general, the integration of rare earth elements into high-entropy oxide systems enables
the customization of materials for specific applications. This multifunctional nature of high-entropy
oxides and rare-earth-based high-entropy oxides makes them suitable materials for the future.

4.1. Energy Conversion and Storage
4.1.1. Application in Solid Oxide Fuel Cells

In the past few decades, the need for renewable energy sources has become more and more
emphasized. Therefore, the research activities have headed on the way to develop green technologies
to address the existing environmental challenges. Figure 3. shows a scheme of a solid oxide fuel cell.
Here, two chemical reactions take place, reduction of oxygen (from air) into oxygen anions (Eq. (1),
cathode) and oxidation of hydrogen with oxygen anions to form water (Eq (2), anode). In other
words, SOFCs use the tendency of oxygen and hydrogen to react. Thus, this reaction transforms the
chemical energy in fuels (natural gas, biofuel, etc.) to electrical energy with no emission of harmful
gases [56,57,66,67].

C:0, + 2e™ - 20%~ (1)

A:H, + 0~ - H,0 + 2e” (2)
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Yttrium- and scandium-stabilized zirconia (YSZ and ScSZ) and RE-doped ceria are one of the
most common ion conductor electrolytes in SOFCs because of their chemical stability and excellent
ionic conductivity [68,69].

Electron flow
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Figure 3. General scheme of a solid oxide fuel cell (SOFC).

One of the most notable roles of RE-HEOs in SOFCs lies in their development as advanced
electrolytes. Traditional materials, such as yttrium-stabilized zirconia and gadolinium-doped ceria
[70], are effective but encounter limitations in medium-to-low-temperature operation [71-73] and
long-term aging. HEOs have addressed these limitations by incorporating multiple elements,
alongside rare earth elements to create highly stable and conductive oxide-ion pathways [74,75].
These materials demonstrate significant ionic conductivity, surpassing conventional electrolytes,
while maintaining excellent chemical and thermal stability. The configurational entropy inherent in
RE-HEOs reduces phase separation, ensuring durability under harsh operating conditions [76]. For
instance, the synthesis of high-entropy oxides such as Ce doped systems (Ce-
«(Gdis5SmusErisY15Bis)xO2-5) [77], has resulted in electrolytes with exceptional ionic conductivity and
reduced activation energies for oxygen ion transport [77,78]. These advancements are particularly
valuable for operating at reduced temperatures, which enhances the efficiency of SOFCs. HEOs are
also often used as cathode materials in SOFCs [76,79,80].

The application of rare earth elements as fuel electrodes in SOFCs has also gained traction due
to their remarkable catalytic properties and resilience against degradation. Nickel-based electrodes,
though widely used, face challenges such as carbon deposition and sulfur poisoning during operation
with hydrocarbon fuels [81,82]. The inclusion of rare earth elements such as La, Nd, Sm, and Gd
significantly contributes to the stabilization of oxygen vacancies, crucial for maintaining high ionic
conductivity under SOFC operating conditions methods have been employed to fine-tune the
properties of RE-HEOs. Materials such as (Lao2Ndo2Smo2Eu02Gdo2)2Zr207 demonstrated increased
thermal stability and high ionic conductivity, making them suitable as electrolytes in SOFCs [49]. By
fine-tuning the entropy effects and elemental compositions, these materials enhance the compatibility
of electrodes with electrolytes and interconnects. For instance, compositions like
(Lao2Pro2Ndo25mo2Gdo2)2CuOs exhibit a high degree of stability and improved conductivity, which
serves as a chromium-resistant air electrode [50]. Its high-entropy design inhibits Ba polarization,
thereby enhancing stability and reducing Cr poisoning effects during prolonged operation. This
demonstrates the material’'s capability to withstand harsh SOFC environments while maintaining
high catalytic activity for the oxygen reduction reaction. This directly proves that rare earth-
containing high-entropy oxides enable efficient electrochemical reactions by stabilizing oxygen


https://doi.org/10.20944/preprints202502.0535.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 February 2025 d0i:10.20944/preprints202502.0535.v1

9 of 23

vacancies and facilitating the adsorption and dissociation of molecules. This capability is critical for
hydrocarbon-based SOFCs [52,83-86], allowing direct utilization of fuels such as methane and
ethanol without pre-reforming, thereby reducing system complexity and costs. In the context of air
electrodes, RE-HEOs have proven instrumental in optimizing oxygen reduction reaction and oxygen
evolution reaction kinetics [87]. Their high configurational entropy contributes to excellent mixed
ionic-electronic conductivity, crucial for expanding the reaction zones in porous electrodes [81,86,87].
For instance, high-entropy perovskites with rare earth elements have demonstrated exceptional ORR
activity due to their flexible lattice structures, which accommodate multiple valence states and
facilitate efficient oxygen ion transport. This is specifically crucial in compositions like
(Pro2Smo2Ndo2Gdoz2Laoz)BaCo20s+ which enabled operation for over 142 hours at 800 °C, with low
degradation rates [51]. This stability translates into prolonged cell lifespans and enhanced
performance metrics, including higher power densities and lower polarization losses.

4.1.2. Achievements in Hydrogen Production

Hydrogen as an energy source is a clean, eco-friendly, and the most promising alternative to
fossil fuels. This is why in the past few years the research has focused on finding materials that could
enhance electrochemical water splitting [88-91]. During the electrocatalysis, two half-reactions take
place on the cathode and the anode (Eq (3) and Eq (4)):

K: 2H*(aq) + 2e™ - H,(g) 3)

A: 2H,0(1) — 4H* + 4e™ + 0,(g) (4)

However, the energy barrier needs to be overcome for an electrochemical reaction to occur
(overpotential, n). This is where catalysts are needed because they should minimize the overpotential
on the cathode (1) and anode (1a). The electrochemical water splitting reaction is visualized in Figure
4.

——
O
e

Cathode

Anode

—

H,O | H,0 0,

\

Figure 4. Schematic representation of electrochemical water splitting reaction.
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The elemental compositions of RE-HEOs are carefully engineered to optimize their catalytic
performance. Most of the Rare-Earth HEOs have been used for oxygen evolution reaction (OER)
because of their ability to oxidize other materials due to the high OSC [92-94]. However,
compositions such as Ceo2Zroz2Lao2Pro2Y0202 have been synthesized to investigate the synergistic
effects of elements toward hydrogen evolution reaction [43]. Each of these elements contributes
distinct properties: cerium provides redox flexibility, enabling oxygen vacancy formation; zirconium
enhances thermal stability; lanthanum promotes lattice homogeneity; praseodymium adds redox
versatility due to its mixed oxidation states; and yttrium stabilizes the fluorite lattice. These
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multicomponent oxides exhibit a bandgap between 1.9 and 3.0 eV, suitable for visible-light
photocatalysis, and also for UV light catalysis. The bandgap tuning, facilitated by the incorporation
of rare earth and transition metals, is critical for maximizing light absorption and optimizing the
charge carrier dynamics essential for hydrogen production. The results on these materials indicate a
significant enhancement in photocatalytic activity compared to “parent” oxides (pure CeQO),
achieving hydrogen production rates up to 9.2 umol/mg/hour, while pure cerium oxide achieves 0.8
umol/mg/hour under the same conditions. Computational and experimental studies demonstrated
that these defects increase the adsorption and activation of water molecules, leading to improved
catalytic kinetics [43]. Further, the role of platinum and other noble metals in modifying HEOs has
been explored to amplify their catalytic capabilities [44,95,96]. Platinum-modified HEOs, synthesized
by decorating oxide surfaces with platinum nanoparticles, have shown excellent HER performance
across a universal pH range [44]. The interaction between platinum and oxygen vacancies on the RE-
HEO surface enhances catalytic efficiency by optimizing hydrogen adsorption and desorption
dynamics.

4.2. Catalysis and Environmental Achievements
4.2.1. CO Oxidation

Carbon monoxide (CO) is a colorless, flammable gas that is also very toxic in high concentration
in closed space [97]. The main source of carbon monoxide is incomplete oxidation of fuel systems
such as oil, natural gas, coal, wood, etc. [98]. Considerable amounts of CO are also detected in major
urban areas due to emissions from the exhaust of internal combustion engines, fuel-burning stoves,
and domestic heating, affecting environmental and climate processes [99]. The most representative
equation of CO oxidation is shown as a simple reaction (Eq. 5.)

2CO(g) + 02(g) » 2CO2(8) )

To minimize the concentration of carbon monoxide in the atmosphere and to protect the
environment, CO oxidation reactions in the field of heterogeneous catalysis have been studied. To
reduce and convert CO in the atmosphere, early research focused on using ozone and catalysts such
as simple metal oxides or Ag, Au, Pt, etc. The main goal was to obtain reaction product CO: as it was
believed it was inert and does not interfere with reaction as long as no reducing species are adsorbed.
CO oxidation can also be seen in electrochemistry when carbon monoxide is dissolved in water, using
the hydroxyl (OH) group as an oxidant. To clean hydrogen streams, in this case, to eliminate CO by
oxidating it to COz, gold nanoparticles can be used even below room temperature. The catalyst
surface is also a viable factor in terms of CO oxidation reaction. Higher specific surface area enables
more CO molecules that can adsorb onto the catalyst material and therefore react with oxygen
transforming to carbon dioxide and at the same time oxidizing metallic sites, making the material an
oxide phase. Factors that can also affect CO oxidation reaction are catalysts’ chemical structure,
crystallite size, temperature, weight, and water vapor [100,101].

Two main categories exist when talking about catalysts for CO oxidation: supported noble metal
catalysts and non-noble metal catalysts. For non-noble metal catalysts, transition metals are primarily
used to synthesize oxides such as Fe, Mn, Co, Cr, Cu-based oxides, and also rare-earth elements such
as Ce, Zr, La, Nd, Sm, Pr, etc. Their abundant surface-activated oxygen enables them to keep CO
oxidation functionality under cycling conditions [102]. In recent years, it was reported several
materials with extraordinary potential as CO oxidation catalysts. Elemental compositions typically
include rare earth cations often paired with transition metals like chromium, molybdenum, and
tungsten. These compositions are designed to exploit the redox-active nature of transition metals and
the structural stability provided by rare earth elements. The catalytic performance of high-entropy
rare-earth perovskite nanofiber in carbon monoxide oxidation was studied by Krawczyk et al. [103].
Using the glycothermal method, they managed to synthesize rare-earth high-entropy perovskite
oxide (Yo2Lao2Ndo2Smo2Gdo2)CoOs which demonstrated exceptional catalytic performance due to
their balanced incorporation of these elements. The presence of rare earth cations contributes to
maintaining the integrity of the crystalline structure at high temperatures, while the transition metals
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enhance oxygen vacancy formation. These vacancies serve as active sites where CO molecules can
adsorb and react with lattice oxygen to form CO, (Figure 5.). The synthesis path consisted of mixing
precursor salts with a solvent mixture of 1,4-butanediol and diethylene glycol in a volume ratio of
9:1, heating at 250 °C for 72h, removing organic by-products by high-speed centrifugation and drying
in a vacuum oven at 120 °C. The CO oxidation behavior showed conversion of 78% at 50 °C and 97%
at 100 °C, which are quite effective results for low temperature and mild conditions. The study
showed that by incorporating rare-earth elements in the high-entropy composition, the synergistic
effect occurs, which enhances the catalytic properties of high-entropy oxide catalysts [103].

co,
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Figure 5. Schematic overview of CO oxidation catalysis over the formed oxygen vacancies formed on the surface
of RE-HEOs.

For example, studies on fluorite-structured RE-HEOs, such as (Ceo2Lao2Smo2Gdo2Y02)Oz, have
shown that their high oxygen vacancy concentrations facilitate rapid CO conversion, achieving nearly
complete oxidation at temperatures as low as 100 °C. Modifying the Ce-based fluorite phase by
adding cationic elements like La, Nd, Pr, Sm, Y, Zr, Fe, and Al, enhances the thermal stability, redox
properties, and oxidation activity of HEOs in general. RE-HEO with the composition of
(CeLaPrSmY)O:zy was synthesized using the sol-gel method in which the composition of cerium
varied from 20-80 at. % while maintaining equimolar concentrations of other rare-earth elements.
Metal precursors were mixed within the aqueous solution and bonded with a complexing agent, in
this case, polyvinylpyrrolidone. The mixture was stirred and dried to form a hard gel at 110 °C which
was subjected to a box furnace for 2 h at 500 °C to obtain RE-HEO. Adding more rare-earth elements
that have different ionic radii than Ce*, disrupts the ceria lattice which as a consequence has
destabilization of lattice oxygen that reacts more rapidly with carbon monoxide. The study showed
that the activity of HEO for CO oxidation immensely improved by increasing cerium content to 80 %
and adding rare-earth elements like La, Nd, Zr, and Pr onto the cerium site compared to pure CeO:
[104].

Reducing crystallite size positively affects CO oxidation till a certain size limit after which it
decreases proportionally. Melting point depression at the nanoscale can take place on the particles
and increase the flexibility of metal atoms over the support surface. For example, Au has always been
seen as an inert metal for catalysis until Haruta et al. [105] managed to decrease crystallite size to less
than 10 nm to oxidize CO. The oxidation was successful, but on the other hand, the catalyst suffered
problems such as deactivation in indoor light and storage, upscale value, etc. Temperature is one of
the main factors for the deactivation of catalysts as it influences the degree of crystallization,
crystallite size, formed metal oxide, and surface area of catalysts. Two main types of temperatures
need to be taken in hand when talking about the effect of temperature on CO oxidation reaction
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which are calcination temperature and catalytic reaction temperature. Using higher calcination
temperatures, phases with a high degree of crystallization can be formed thus having a higher % of
CO oxidation than those at lower temperatures. It also affects formed metal oxide, the support phase,
and the oxidation state. As reported by Chang et al. [106], calcinating CeO2 at 400 °C instead of 200
°C, increases CO oxidation by more than 20 % which can be dedicated to increasing the concentration
of Ce* species by 5 %. Catalytic reaction temperature also greatly affects CO conversion % as high
temperatures can lead to catalyst sintering. Halim et al. reported that using high reaction
temperatures such as 400 °C and 500 °C towards the oxidation of CO, the catalytic activity increases
till 400 °C and reaches its equilibrium and then decreases till 500 °C due to the sintering effect [107].
Overheating of the active sites of the catalysts can also occur prior to CO oxidation due to the release
of excessive heat from the exothermic reaction of carbon monoxide to carbon dioxide oxidation.
Enlarging catalyst weight proportionally increases its total surface area and the number of sites
available for the reaction of the catalyst which as a consequence has increasement of the conversion
% of CO to CO:s. Soliman reported that increasing the weight of metal oxide which consists of Ce, Cu,
Y, Fe, and Al, from 0.3 g to 3 g raises conversion % from 48% to 80% [100].

Transition metal-doped RE-HEOs, such as those incorporating Cr, further enhance the reaction
kinetics by lowering the activation energy required for oxygen exchange. The balance between the
redox activity of transition metals and the structural stability provided by rare earth elements ensures
sustained catalytic performance even under harsh operating conditions [104]. Another significant
achievement in the development of RE-HEOs for CO oxidation is their inherent resistance to thermal
degradation. Conventional catalysts often suffer from sintering and phase segregation at elevated
temperatures, leading to the loss of activity. In contrast, RE-HEOs maintain their single-phase
structure and catalytic properties due to the stabilizing effect of configurational entropy. This thermal
stability has been demonstrated in materials that retain high activity after prolonged exposure to
temperatures exceeding 800 °C. Such resilience makes RE-HEOs ideal for applications in automotive
exhaust systems and industrial processes that involve high-temperature oxidation reactions [104].

4.2.2. CO2 Reduction

In recent years, carbon dioxide (CO:) has become the main topic when talking about the global
warming and environmental control. It belongs to the group of greenhouse gases that contribute to
global warming by gripping infrared radiation and holding it back from going into space. CO2
emission contributes over 60 % to global warming since fossil fuels are still the main sources of
energy. To overcome that, several technologies have been proposed to use and capture CO:2 cost-
effectively and reasonably, such as conversion to chemicals, reduction, welding, water treatment,
hydrogenation, etc [108,109].

Utilization of CO:2 as raw material for producing valuable and usable compounds such as carbon
monoxide, formic acid, formaldehyde, methane, methanol, etc. is an inviting way of making carbon
flow in the ecosystem. The main methods have been investigated for CO:2 conversion, but the main
approaches involve photocatalysis, thermal catalysis, and electrocatalysis. High productivity for CO:
reduction is visible in thermal catalysis but conditions with high pressure and high temperature cause
significant energy cost and safety issues. When talking about electrocatalysis, uses an external electric
field, in which there is a compromise between selectivity and activity, as a result of overpotential. An
encouraging way for artificial carbon recycling to help the global challenges in preserving energy is
developing electrocatalysts that have the potential to selectively reduce CO: to oxygenated
hydrocarbon products. Raciti and Wang [110] reported Cu electrocatalysts for CO2 reduction where
it is seen that structural effects, involving surface crystalline facets and grain boundaries,
morphology, porosity, and pH, have a huge impact on the conversion rate of CO2. The most
promising way of CO:z reduction lies in photocatalysis which uses solar energy to convert CO: into
organic compounds that can be used for further chemical reactions. It depends on solar energy for
reduction, which shows small energy consumption, reasonable operation conditions, and enormous
conversion % of COz reduction [111].


https://doi.org/10.20944/preprints202502.0535.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 February 2025 d0i:10.20944/preprints202502.0535.v1

13 of 23

Recent advances in their development have expanded our understanding of their compositional
frameworks, synthesis techniques, reaction mechanisms, and catalytic efficiencies. One of the most
promising advances in RE-HEOs for CO, hydrogenation is the development of fluorite-structured
systems. A notable example is (Ceo2Zro2Lao2Ndo25mo2)O2s, which demonstrated significant catalytic
performance for CO: conversion under photocatalytic conditions [22]. This material achieved a
remarkable 14.4 mol CO kg h' and 1.27 mol CHsOH kg h!, with a high selectivity of 89.26% for CO
and 7.84% for methanol. Advanced characterization techniques, such as X-ray photoelectron
spectroscopy and in situ diffuse reflectance infrared Fourier transform spectroscopy, proved the
formate-driven mechanism underlying CO: activation in these systems. Fluorite RE-HEOs, such as
Ceos(LaPrSmY)os02.y, are also used as catalysts for the synthesis of dimethyl carbonate from carbon
dioxide and methanol [112]. The catalyst was synthesized using the anchoring method which
included the adsorption of rare earth metal cations by the negative functional groups on the surface
of graphene oxide. By dissolving graphene oxide in ethylene glycol and mixing that with a certain
molar ratio of mentioned rare-earth nitrates, refluxing for 4h at 170 °C and calcinating at temperatures
over 500 °C, high-entropy rare-earth oxides were obtained. Direct synthesis of DMC from CO2 and
CH30H followed the catalytic performance of Ceos(LaPrSmY)osO2y that showed the yield of DMC of
7.2 mmol/g using 0.05g of catalyst [113]. RE-HEO revealed a much faster time (almost 2 times) to
convert DMC to desired products compared to pristine CeO: which is dedicated to higher specific
surface area, larger pores, and the gaps between the layers that provided more active sites. Adding
more rare-earth metals onto the same lattice site with different atomic radii and bond lengths led to
severe distortion of the lattice which enriched the number and size of oxygen vacancies and advanced
electron transfer of active species [113]. The catalytic performance of RE-HEOs for CO: hydrogenation
is linked to their defect chemistry, particularly the formation and stabilization of oxygen vacancies.
For example, the introduction of transition metals such as Ni or Cu into the rare earth elements
showed significant enhancement of the reactivity and selectivity of these materials [114].

4.3. Emerging Applications Beyond Energy and Environment

One of the most promising next-generation technology applications is quantum materials and
spintronics, where the material’s ability to sustain long-range magnetic interactions and modulate
electron correlation effects directly influences on high-performance memory storage, magneto-
resistive devices, and topological insulators [115,116]. The role of transition metals within the high-
entropy lattice induces tunable exchange interactions, offering a robust platform for multifunctional
magnetic and electronic materials [117]. In aerospace and defense technological applications, HEOs
exhibit superior phase stability under extreme thermal and mechanical stress [118]. Their
configurational entropy minimizes atomic diffusion and grain growth at elevated temperatures,
making them ideal candidates for ultra-high-temperature ceramics, thermal barrier coatings, and
radiation-resistant materials [2]. These attributes position HEOs as potential replacements for
conventional oxides in hypersonic vehicles, space propulsion systems, and nuclear reactor
components [119]. Biomedical applications of HEOs also gained attention, particularly in
bioelectronics, antibacterial coatings, and implantable materials [56]. The incorporation of
biocompatible elements such as cerium, yttrium, and calcium enhances their functional integration
with biological systems [23]. Rare-earth high-entropy oxides are a relatively new class of materials
that have emerged as a promising extension of high-entropy material design. Initially, RE-HEOs were
mostly investigated for catalytic applications, particularly in oxygen evolution reaction, hydrogen
evolution reaction, CO oxidation, and CO2 reduction, where their multi-element synergies enhance
surface activity and stability under harsh conditions [120]. However, recent research demonstrated
multifunctionality, extending their applications beyond catalysis into non-conventional fields such
as optoelectronics, photoluminescent materials, and thermal barrier coatings. Recent advancements
show that RE-HEOs are adaptable to optoelectronic applications due to their bandgap tunability and
photoluminescence properties. For example, Kumbhakar et al. [121] investigated high-entropy
fluorite oxides and demonstrated that these materials offer a tunable bandgap range of 2.0-3.5 eV,
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making them ideal candidates for photovoltaic and LED applications. Similarly, Nundy et al. [43]
validated the photoluminescent potential of RE-HEOs, showing that La, Ce, Pr, Eu, Gd, Y, and Zr-
based RE-HEOs have stable light emission properties, which could be interesting for display
technologies and semiconductor applications. Optoelectronics is an interdisciplinary field integrating
photonics and electronics to manipulate and control light for applications ranging from
telecommunications and solid-state lighting to advanced sensing technologies and quantum
information processing [122]. The 4f orbitals of rare earth elements are shielded by outer 5s and 5p
orbitals, leading to sharp and stable emission lines across the infrared, visible, and ultraviolet regions.
By incorporating multiple rare-earth cations into a high-entropy lattice, they can enhance
photoluminescence efficiency, increase defect tolerance, and broad tunability of emission spectra,
making them suitable for applications in laser systems, phosphors, and next-generation display
technologies [123]. Recent studies have demonstrated the application of rare earth elements in
optoelectronic applications through controlled synthesis and doping strategies [124]. Beyond
traditional photoluminescence applications, RE-HEOs have also been explored for tunable bandgap
engineering in optoelectronics. The incorporation of multivalent rare-earth cations such as Ce, Pr,
and Tb into high-entropy fluorite-type oxides has enabled bandgap through controlled synthesis
atmospheres, broadening their applicability in optoelectronic devices. This tunability allows for the
development of energy-efficient materials suitable for ultraviolet and visible-light photodetectors, as
well as solar energy harvesting systems [121]. Studies on high-entropy zirconate-based oxides have
shown remarkable phase stability and defect-tolerant photonic properties [125]. These materials
maintain their structural integrity under high-radiation exposure but also exhibit stable luminescent
performance, making them suitable for deep-space exploration and high-energy optical sensors [125].
Another promising application of RE-HEOs in optoelectronics is in thermally stable phosphors for
solid-state lighting. Conventional phosphor materials often suffer from thermal quenching, which
degrades their luminescence efficiency at elevated temperatures. However, incorporating elements
such as Eu, Gd, Dy, and Tb, demonstrated reduced thermal quenching effects, maintaining strong
emission intensity even at temperatures exceeding 800°C [126]. This characteristic is important for
next-generation LED and laser-based illumination systems [126]. Photoluminescence, the emission of
light from a material upon absorption of photons, is fundamental to a variety of advanced
applications, including solid-state lighting, displays, optical sensing, and quantum information
technologies. Materials exhibiting strong, tunable photoluminescence have gained significant
attention due to their potential to enhance efficiency, stability, and functionality in optoelectronic
devices. Rare-earth-based materials, particularly oxides, are interesting materials for
photoluminescent applications due to their unique 4f electronic configurations, which result in sharp
emission lines and long-lived excited states [127]. The development of high-entropy materials with
rare earth elements ensures that the materials maintain their optical integrity under various operating
conditions, making them candidates for long-term applications in optoelectronics and phosphors.
The disorder induced by the entropy effect contributes to broadening emission spectra while
maintaining high quantum efficiency [128]. The approach in the photoluminescent behavior of rare
earth elements involves the doping of multiple rare-earth ions, such as Eu*, Tb%*, and Dy*, within a
stable host matrix. Eu® ions, for example, are well known for their sharp red emissions due to electric
dipole transitions making them suitable for display technologies and lighting applications [129,130].
Tb3 and Dy?* ions, on the other hand, provide green and yellow emissions, respectively, facilitating
multi-color luminescence within a single phase [131]. This compositional flexibility allows for tunable
emission spectra by varying the relative concentrations of different rare-earth ions, a significant
advantage over traditional phosphor materials. Recent research showed that RE-HEOs based on
zirconate and hafnate compositions exhibit remarkable photoluminescent properties due to their
high thermal and chemical stability. In particular, pyrochlore-type RE,Zr,O; compositions containing
multiple rare-earth elements (La, Nd, Sm, Eu, Gd) displayed enhanced photoluminescence due to the
cooperative effects of different luminescent centers and their interactions with the host lattice [132].
Thermal barrier coatings are an important factor in reducing thermal stresses and enhancing the
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lifespan of structural components in high-temperature applications, including jet engines, gas
turbines, and hypersonic flight systems. Traditional TBC materials, such as yttria-stabilized zirconia,
face significant limitations, including thermal conductivity degradation and phase instability beyond
1200°C, which can be solved by the development of alternative compositions capable of maintaining
structural integrity and thermal insulation at ultra-high temperatures [133,134]. Recent studies
demonstrated that multicomponent zirconates with high configurational entropy can maintain their
structural phase over prolonged thermal cycling [134]. Multicomponent pyrochlores, synthesized
through entropy stabilization, exhibit enhanced thermal shock resistance and oxidation durability.
Experimental results indicate that compositions such as (Lao2Ceo2Pro2Smo2Eu02)2Hf207 can retain
phase stability up to 1600°C, outperforming traditional hafnates in high-temperature environments
[135].

5. Future Perspectives

One of the most important challenges is the development of advanced synthesis techniques that
are scalable and energy-efficient while maintaining the structural and compositional integrity of RE-
HEOs. Current methods are effective at the laboratory scale but require optimization to achieve
industrial scalability. Innovations in methods like flame spray pyrolysis and hydrothermal
processing could allow for the production of RE-HEOs with high surface area, tailored defect
concentration, and controlled particle sizes. These scalable techniques are essential for expanding the
use of RE-HEOs in commercial catalytic processes and energy storage systems. To date, most studies
have been focused on a limited subset of rare earth elements, often combined with transition metals.
Future research could systematically investigate the effects of incorporating less commonly studied
rare earth elements, such as terbium, dysprosium, and holmium, alongside unconventional dopants.
The strategic inclusion of these elements could further enhance the redox properties, thermal
stability, and catalytic activity of RE-HEOs, enabling their application in more demanding
environments, such as high-temperature fuel cells or CO2 hydrogenation under industrial conditions,
and towards more precious products. The combination of RE-HEOs with other functional materials
could be also progressive in the field of material science. Hybrid systems, integrating RE-HEOs with
carbon-based materials such as graphene, carbon nanotubes, or porous carbons, could address
challenges related to mass transport and active site dispersion. Similarly, the incorporation of RE-
HEOs within metal-organic frameworks or anchoring them to zeolite supports could enhance their
selectivity and efficiency in catalytic reactions. These hybrid systems may also provide unique
opportunities for improvement of the local chemical environment around active sites, further
improving their performance in applications such as water splitting, CO oxidation, and greenhouse
gas reduction. The defect chemistry of RE-HEOs, particularly the formation and dynamics of oxygen
vacancies significantly influences catalytic and electronic properties. However, a deeper mechanistic
understanding of how these vacancies interact with reactants during catalytic processes remains
necessary. Advanced characterization techniques, such as operando X-ray absorption spectroscopy,
neutron scattering, and in situ electron microscopy, should be employed to study vacancy formation,
migration, and annihilation in the real time for each composition. Coupling these experimental
approaches with computational modeling and machine learning-based simulations could provide
new insights into the structure-function relationships in RE-HEOs for industrial processes. Scalability
and cost reduction will be one of the most important factors when determining the industrial
relevance of RE-HEOs. The relatively high cost of rare earth elements and the energy-intensive nature
of some synthesis methods are potential barriers to commercialization. The environmental
implications of RE-HEOs also are worth consideration. While their catalytic properties make them
promising for CO: reduction, CO oxidation, hydrogen production, and pollution removal, a
comprehensive life cycle determination is necessary to evaluate their overall environmental impact.
Such investigations would provide valuable data on the carbon footprint, resource consumption, and
end-of-life recyclability of RE-HEOs. In energy systems, for example, RE-HEOs could serve as next-
generation electrodes or electrolytes in solid oxide fuel cells, batteries, and supercapacitors, benefiting
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from their high ionic conductivity and thermal stability. In catalysis, their unique defect structures
and multi-component nature make them ideal for developing selective, robust catalysts for industrial
chemical processes, such as ammonia synthesis, methane reforming, and hydrocarbon oxidation.
Finally, interdisciplinary collaboration will be essential to advancing the field of RE-HEOs. Chemists,
material scientists, physicists, and engineers will need to work together to address the challenges
associated with designing, synthesizing, and applicability of these materials.
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