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Abstract 
High-entropy metal oxides (HEMOs) have emerged as a transformative class of multifunctional materials owing 
to their unique compositional complexity, tunable crystal structures, and remarkable physicochemical properties. 
Unlike conventional single-component or low-entropy oxides, HEMOs incorporate five or more metal cations in 
near-equimolar ratios, leading to high configurational entropy that stabilizes disordered solid-solution phases. This 
engineered disorder significantly influences electronic structure, defect chemistry, lattice distortion, ionic transport, 
and surface reactivity, thereby enabling superior performance in a wide range of advanced functional applications. 
Recent progress in synthesis strategies, including solid-state reactions, sol–gel processing, hydrothermal methods, 
spray pyrolysis, and mechanochemical approaches, has enabled precise control over morphology, phase stability, 
and elemental distribution in HEMOs.This review comprehensively discusses the principles of entropy 
stabilization and disorder engineering in high-entropy metal oxides, emphasizing the relationship between 
structural disorder and functional performance. Various characterization techniques used to investigate 
crystallographic, electronic, thermal, magnetic, and electrochemical properties are critically examined. Particular 
attention is given to the role of oxygen vacancies, cationic disorder, lattice strain, and multivalent states in 
enhancing catalytic activity, energy storage capability, ionic conductivity, magnetic behavior, and environmental 
remediation performance. The applications of HEMOs in electrocatalysis, photocatalysis, batteries, 
supercapacitors, solid oxide fuel cells, gas sensing, dielectric materials, and biomedical systems are systematically 
reviewed. Furthermore, current challenges associated with synthesis scalability, phase prediction, mechanistic 
understanding, and long-term stability are highlighted. Finally, future research directions focusing on 
computational design, machine learning-assisted material discovery, defect engineering, and sustainable synthesis 
routes are proposed to accelerate the practical implementation of HEMOs in next-generation technologies.  
Keywords: high-entropy oxides, entropy engineering, defect chemistry, oxygen vacancy engineering, multivalent 
cations. 

Engenharia da desordem em óxidos metálicos de alta entropia para aplicações 
funcionais avançadas 

Resumo 
Os óxidos metálicos de alta entropia (HEMOs, do inglês High-Entropy Metal Oxides) emergiram como uma classe 
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transformadora de materiais multifuncionais devido à sua singular complexidade composicional, estruturas 
cristalinas ajustáveis e notáveis propriedades físico-químicas. Diferentemente dos óxidos convencionais de 
componente único ou de baixa entropia, os HEMOs incorporam cinco ou mais cátions metálicos em proporções 
próximas às equimolares, resultando em elevada entropia configuracional que estabiliza fases de solução sólida 
desordenadas. Essa desordem projetada influencia significativamente a estrutura eletrônica, a química de defeitos, 
a distorção da rede cristalina, o transporte iônico e a reatividade superficial, possibilitando desempenho superior 
em uma ampla gama de aplicações funcionais avançadas. Avanços recentes nas estratégias de síntese, incluindo 
reações em estado sólido, processamento sol-gel, métodos hidrotérmicos, pirólise por spray e abordagens 
mecanoquímicas, têm permitido controle preciso da morfologia, estabilidade de fase e distribuição elementar nos 
HEMOs. Esta revisão discute de forma abrangente os princípios da estabilização entrópica e da engenharia da 
desordem em óxidos metálicos de alta entropia, enfatizando a relação entre a desordem estrutural e o desempenho 
funcional. Diversas técnicas de caracterização utilizadas para investigar propriedades cristalográficas, eletrônicas, 
térmicas, magnéticas e eletroquímicas são analisadas criticamente. É dada especial atenção ao papel das vacâncias 
de oxigênio, da desordem catiônica, da deformação da rede cristalina e dos estados multivalentes na melhoria da 
atividade catalítica, da capacidade de armazenamento de energia, da condutividade iônica, do comportamento 
magnético e do desempenho em remediação ambiental. As aplicações dos HEMOs em eletrocatálise, fotocatálise, 
baterias, supercapacitores, células a combustível de óxido sólido, sensores de gases, materiais dielétricos e sistemas 
biomédicos são revisadas de forma sistemática. Além disso, são destacados os desafios atuais relacionados à 
escalabilidade dos processos de síntese, à previsão de fases, à compreensão mecanística e à estabilidade a longo 
prazo. Por fim, são propostas direções futuras de pesquisa voltadas ao projeto computacional de materiais, à 
descoberta assistida por aprendizado de máquina, à engenharia de defeitos e ao desenvolvimento de rotas de síntese 
sustentáveis, com o objetivo de acelerar a implementação prática dos HEMOs em tecnologias de próxima geração. 
Palavras-chave: óxidos de alta entropia, engenharia da entropia, química de defeitos, engenharia de vacâncias de 
oxigênio, cátions multivalentes. 
 
1. Introduction 
High-entropy metal oxides (HEMOs) have recently emerged as a transformative class of multifunctional materials 
owing to their unique compositional complexity, tunable crystal structures, and exceptional physicochemical 
properties (Islama et al., 2026; Khan et al., 2026). Unlike conventional metal oxides, which are generally composed 
of one or two principal metal cations, HEMOs typically contain five or more metallic elements in near-equimolar 
ratios. The high configurational entropy generated by this multicomponent arrangement stabilizes single-phase 
solid solutions and significantly influences the structural, electronic, and catalytic behavior of the materials (Haider 
et al., 2026). Since the pioneering concept of entropy stabilization was introduced in high-entropy alloys, 
researchers have extended this strategy to oxide systems to develop materials with enhanced thermal stability, 
defect tolerance, and functional diversity (Farooq et al., 2025). 
The presence of multiple cations in HEMOs leads to severe lattice distortion, cationic disorder, oxygen vacancy 
formation, and modified electronic structures, which collectively contribute to improved electrochemical activity, 
catalytic efficiency, and optical performance (Jamila et al., 2025). These unique features make HEMOs promising 
candidates for a broad range of advanced applications, including energy storage devices, electrocatalysis, 
photocatalysis, gas sensing, environmental remediation, and biomedical technologies (Ahmad et al., 2025). In 
particular, the synergistic interactions among constituent elements often generate superior properties compared 
with conventional binary or ternary oxides. Recent studies have demonstrated the remarkable performance of 
HEMOs in lithium-ion batteries, supercapacitors, water splitting reactions, dye degradation, and pollutant removal 
systems (Zia et al., 2025). 
Various synthesis approaches have been developed to fabricate HEMOs with controlled morphology, crystallinity, 
and defect structures. Conventional solid-state reactions, hydrothermal methods, solvothermal synthesis, sol–gel 
processing, combustion synthesis, and green synthesis techniques are commonly employed depending on the 
targeted application and desired material characteristics (Muhsim et al., 2025). Eco-friendly and sustainable 
synthesis routes have also gained considerable attention due to increasing environmental concerns and the need 
for low-cost fabrication methods. Green synthesis strategies previously explored for ZnO and other nanostructured 
metal oxides provide valuable insights for developing environmentally benign HEMO synthesis pathways (Jamila 
et al., 2025). Similarly, hydrothermal approaches have proven highly effective for tailoring nanoparticle 
morphology and enhancing photocatalytic activity in doped oxide systems (Khan et al., 2025). 
Advanced characterization techniques play a critical role in understanding the structure–property relationships of 
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HEMOs. Techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, Brunauer–Emmett–Teller 
(BET) analysis, and electrochemical measurements are extensively utilized to evaluate crystallographic features, 
elemental distribution, surface chemistry, and functional performance (Bibi et al., 2024). Furthermore, 
computational approaches based on density functional theory (DFT) and machine learning have accelerated the 
prediction and optimization of HEMO compositions for targeted applications (Khan et al., 2025). 
Despite the significant progress achieved in recent years, several challenges still hinder the large-scale 
commercialization and practical implementation of HEMOs. Difficulties associated with compositional control, 
phase purity, scalability, defect engineering, and long-term stability remain major research concerns (Ullah et al., 
2025). Therefore, a comprehensive understanding of synthesis mechanisms, disorder engineering, and application-
oriented design is essential for advancing this rapidly growing field. 
This review comprehensively discusses the fundamentals, synthesis methods, characterization techniques, disorder 
engineering strategies, and functional applications of HEMOs. In addition, recent computational advances, current 
challenges, and future research perspectives are critically analyzed to provide a detailed understanding of the 
opportunities and limitations associated with these emerging materials. 
 
2. Fundamentals of High-Entropy Metal Oxides 
High-entropy metal oxides (HEMOs) have emerged as a novel class of multifunctional materials characterized by 
the incorporation of five or more metallic cations in near-equimolar ratios within a single crystalline lattice (Ayub 
et al., 2024). Unlike conventional binary or ternary oxides, HEMOs exhibit exceptional compositional complexity, 
resulting in unique structural, electronic, thermal, and electrochemical properties (Gul et al., 2024). The 
fundamental behavior of these materials is primarily governed by entropy stabilization, lattice distortion, defect 
formation, and strong interactions among multiple constituent elements. These features collectively provide 
HEMOs with superior physicochemical performance and broad applicability in catalysis, energy storage, 
environmental remediation, sensing technologies, and biomedical systems (Syed et al., 2024). 
The concept of entropy stabilization plays a critical role in the formation and stability of HEMOs. 
Thermodynamically, the stability of a material system is determined by Gibbs free energy. The materials, 
equipment, and methodologies used to develop the study must be systematically described. These aspects must be 
presented in such a way that other researchers who consult the article can reproduce it based solely on what was 
described in the article. 

 
where ΔG represents Gibbs free energy, ΔH denotes enthalpy, T is absolute temperature, and ΔS is entropy 
(Abdulaal et al., 2019). In multicomponent oxide systems, the presence of multiple cations significantly increases 
configurational entropy, thereby lowering Gibbs free energy and stabilizing single-phase solid solutions (Ahmad 
et al., 2018). The configurational entropy of mixing can be expressed as: 

 
where R is the universal gas constant and x_irepresents the molar fraction of each component (Ahmad et al., 2017). 
In equimolar systems, the entropy reaches sufficiently high values to suppress phase segregation and promote 
structural stability even at elevated temperatures. This entropy-driven stabilization distinguishes HEMOs from 
conventional oxide systems and enables the development of metastable and compositionally tunable materials 
(Fouad et al., 2017). 
The coexistence of multiple cations with varying ionic radii, oxidation states, and electronegativities introduces 
severe lattice distortion and structural disorder within the crystal lattice (Ahmad et al., 2015). Unlike ordered oxide 
structures, HEMOs possess randomly distributed cations that generate non-uniform local environments and 
significant strain effects. Such disorder strongly influences atomic diffusion, electron transport, phonon scattering, 
and surface reactivity (Ahmad et al., 2014). The atomic-scale structural complexity also promotes sluggish 
diffusion kinetics, which suppress grain growth and improve thermal stability under harsh operating conditions 
(Mohammad et al., 2010). 
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Defect formation is another important characteristic of HEMOs. Structural disorder often induces oxygen 
vacancies, cationic defects, and interstitial sites that significantly modify the functional properties of these 
materials (Ahmad et al., 2009). Oxygen vacancies are particularly beneficial because they enhance ionic 
conductivity, improve charge transfer, and provide active sites for catalytic reactions (Shah et al., 2025). Defect-
rich HEMOs frequently exhibit enhanced photocatalytic and electrocatalytic performance due to improved 
adsorption behavior and accelerated redox kinetics. Furthermore, lattice distortion can alter bond lengths and 
crystal symmetry, leading to modifications in electronic structure and surface chemistry (Ahmad et al., 2023). 
Similar defect-assisted enhancements have been reported in doped oxide nanoparticles synthesized through 
hydrothermal and wet-chemical approaches for photocatalytic dye degradation applications (Ahmad; Ahmad, 
2023). 
The electronic and physicochemical properties of HEMOs are highly tunable because of synergistic interactions 
among constituent metal ions. The presence of multiple transition metals with variable oxidation states results in 
complex electronic band structures, enhanced redox activity, and improved charge carrier mobility (Ashraf et al., 
2026). These features are advantageous for energy storage and catalytic systems where efficient electron transfer 
is essential. In lithium-ion batteries and supercapacitors, HEMOs demonstrate high specific capacity, excellent 
cycling stability, and superior conductivity compared with traditional oxides (Noureen et al., 2025). Likewise, in 
electrocatalytic applications such as oxygen evolution reaction (OER), hydrogen evolution reaction (HER), and 
oxygen reduction reaction (ORR), the presence of multiple active sites enhances catalytic efficiency and reaction 
kinetics (Amina et al., 2025). 
HEMOs also exhibit remarkable optical and surface properties, including tunable band gaps, enhanced visible-
light absorption, and reduced recombination of photogenerated electron–hole pairs (Ahmad, 2025). These 
characteristics significantly improve photocatalytic degradation of organic pollutants and dyes. Previous studies 
on Fe-doped CuO nanoparticles and Co-doped Bi₂O₃ nanostructures have demonstrated that compositional 
engineering and defect modulation can substantially enhance photocatalytic efficiency and electrical performance 
(Alsaiari et al., 2023; Aziz et al., 2023). Additionally, environmentally friendly synthesis approaches developed 
for ZnO nanoparticles provide valuable strategies for sustainable preparation of advanced multicomponent oxide 
systems (Janeen et al., 2023). 
Apart from catalytic and electrochemical applications, HEMOs possess excellent thermal stability, corrosion 
resistance, hardness, and chemical durability due to entropy-induced phase stabilization and lattice strain effects 
(Aal; Ahmad, 2022). Their multifunctional behavior has further expanded their potential use in biomedical 
applications, including antimicrobial coatings, biosensors, bioimaging, and drug delivery systems. The successful 
biomedical utilization of TiO₂-based nanomaterials demonstrates the growing importance of metal oxide systems 
in healthcare technologies (Ahmad et al., 2021). Overall, the unique combination of entropy stabilization, 
structural disorder, defect engineering, and electronic tunability makes HEMOs highly promising materials for 
next-generation technological applications. Continued research into their structure–property relationships is 
expected to further accelerate the design of high-performance multifunctional oxide materials (Ahmad et al., 2018). 
 
3. Synthesis Methods 
The synthesis strategy plays a critical role in determining the structural stability, compositional homogeneity, 
morphology, defect concentration, and functional performance of high-entropy metal oxides (HEMOs) (Ahma; 
Fouad, 2017). Owing to the multicomponent nature of these materials, achieving uniform elemental distribution 
and phase purity remains one of the major challenges during synthesis. Various conventional and advanced 
fabrication techniques have therefore been developed to produce HEMOs with controlled crystallinity, particle 
size, porosity, and defect structures suitable for targeted applications (Ahmad et al., 2013). The choice of synthesis 
method significantly influences the physicochemical and electrochemical behavior of HEMOs because parameters 
such as temperature, precursor chemistry, reaction medium, and calcination conditions directly affect entropy 
stabilization and lattice formation (Bashir et al., 2023). 
Among the commonly employed techniques, solid-state synthesis remains one of the most traditional and widely 
used approaches for preparing HEMOs (Ishraque et al., 2026). In this method, metal oxide or metal salt precursors 
are mixed in stoichiometric ratios followed by high-temperature calcination to promote diffusion and phase 
formation. Solid-state reactions are particularly advantageous for producing thermodynamically stable bulk 
HEMOs with high crystallinity and structural stability (Hasan et al., 2026). However, the requirement of elevated 
temperatures and prolonged reaction times often results in particle agglomeration, limited surface area, and non-
uniform elemental distribution (Suleman et al., 2025). Despite these limitations, solid-state methods remain 
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effective for large-scale industrial production due to their simplicity and cost-effectiveness. 
Wet-chemical synthesis approaches have gained considerable attention because they offer better control over 
morphology, composition, and particle size (Arshad et al., 2025). Techniques such as sol–gel processing, co-
precipitation, combustion synthesis, and Pechini methods enable homogeneous mixing of multiple metal ions at 
the molecular level, thereby improving compositional uniformity and entropy-driven phase stabilization (Jan et al., 
2025). In sol–gel synthesis, metal precursors undergo hydrolysis and condensation reactions to form 
interconnected gel networks that subsequently transform into oxide structures after calcination (Tanweer et al., 
2025). This method provides excellent control over nanoscale morphology and porosity, making it highly suitable 
for catalytic and electrochemical applications (Fahim et al., 2025). Co-precipitation methods are also extensively 
utilized due to their simplicity, low processing temperature, and ability to produce fine nanoparticles with high 
surface area (Hasana et al., 2025). 
Hydrothermal and solvothermal synthesis techniques are particularly important for preparing nanostructured 
HEMOs with controlled crystal growth and enhanced defect engineering (Hasan et al., 2025a). These methods 
involve chemical reactions in sealed autoclaves under high temperature and pressure conditions, enabling the 
formation of highly crystalline materials with tunable morphology (Hasan et al., 2025b). Hydrothermal synthesis 
has demonstrated remarkable effectiveness in producing defect-rich oxide nanostructures with improved 
photocatalytic and electrochemical performance (Jamil et al., 2025). Previous investigations on Co-doped Bi₂O₃ 
nanoparticles synthesized through hydrothermal methods revealed enhanced photocatalytic degradation efficiency 
due to improved crystallinity, defect formation, and surface activity (Hussain et al., 2023). Similarly, solvothermal 
approaches employing organic solvents provide additional control over nucleation kinetics, particle dispersion, 
and surface modification (Ihsanullah et al., 2015). 
Combustion synthesis has also emerged as a rapid and energy-efficient route for preparing HEMOs (Khan et al., 
2014a). In this process, exothermic redox reactions between metal nitrates and organic fuels generate high 
localized temperatures that facilitate rapid oxide formation. Combustion methods often produce porous and 
nanocrystalline materials with enhanced surface area, which are beneficial for catalytic and sensing applications. 
Nevertheless, difficulties associated with temperature control and phase purity may affect compositional 
uniformity in multicomponent systems (Khan et al., 2014b). 
Recently, green and sustainable synthesis approaches have attracted growing interest due to increasing 
environmental concerns and the demand for eco-friendly fabrication techniques. Biological extracts derived from 
plants, microorganisms, and natural polymers are increasingly employed as reducing, stabilizing, and capping 
agents during nanoparticle synthesis. These environmentally benign approaches minimize the use of toxic 
chemicals and reduce energy consumption while enabling the formation of stable nanostructures with controlled 
morphology (Maatki et al., 2025). Green synthesis strategies previously developed for ZnO nanoparticles using 
plant extracts demonstrated excellent biocompatibility, enhanced photocatalytic efficiency, and reduced 
environmental impact, providing valuable guidance for sustainable HEMO fabrication. The integration of green 
chemistry principles into HEMO synthesis is therefore expected to support the development of cost-effective and 
environmentally sustainable multifunctional materials (Syed et al., 2024). 
In addition to experimental techniques, emerging synthesis approaches such as microwave-assisted synthesis, 
spray pyrolysis, flame synthesis, and electrospinning have further expanded the fabrication possibilities for 
HEMOs (Hussain et al., 2025a). Microwave-assisted methods offer rapid heating and reduced reaction times, 
whereas electrospinning enables the production of one-dimensional nanofibers with high surface area and 
enhanced charge transport properties (Hussain et al., 2025b). Spray pyrolysis and flame-based methods are 
advantageous for continuous and scalable production of multicomponent oxide powders (Muhammad et al., 2026). 
These advanced synthesis strategies provide opportunities for tailoring HEMO architectures according to specific 
functional requirements. 
Overall, the synthesis method strongly determines the structural and functional characteristics of HEMOs. Careful 
optimization of reaction conditions, precursor selection, and post-treatment processes is essential for achieving 
phase stability, compositional uniformity, and desirable defect structures. Future research should focus on scalable, 
low-cost, and environmentally sustainable synthesis routes capable of producing highly efficient HEMOs for 
energy, catalytic, environmental, and biomedical applications. 
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Table 1. Comparison of major synthesis methods used for HEMOs 

Synthesis 

Method 

Major Advantages Limitations Typical Applications References 

Solid-state 

method 

Simple, cost-

effective, high 

crystallinity 

High temperature, 

particle 

agglomeration 

Bulk ceramics, 

structural materials 

Gul et al. (2025) 

Sol–gel method Excellent 

compositional 

control, nanoscale 

morphology 

Multi-step 

processing 

Catalysis, energy 

storage 

Amir et al. (2025) 

Co-precipitation Low cost, uniform 

particle formation 

Possible impurity 

formation 

Electrochemical 

materials 

Shaw et al. (2021) 

Hydrothermal 

synthesis 

Controlled crystal 

growth, high purity 

Long reaction time Photocatalysis, 

sensors 

Hanabata et al. 

(2023) 

Solvothermal 

synthesis 

Tunable morphology 

and surface properties 

Use of organic 

solvents 

Advanced 

nanostructures 

Wang et al. (2023) 

Combustion 

synthesis 

Rapid synthesis, 

porous materials 

Difficult 

temperature control 

Catalysis, gas 

sensing 

Yavas; Turan 

(2026) 

Green synthesis Eco-friendly, 

sustainable, low 

toxicity 

Limited scalability Biomedical and 

environmental 

applications 

Santos et al. 

(2024) 

Microwave-

assisted 

synthesis 

Rapid heating, short 

processing time 

Specialized 

equipment required 

Nanomaterials and 

composites 

Kheradmandfard et 

al. (2021) 

Source: Authors, 2026. 
 
4. Disorder Engineering in HEMOs 
Disorder engineering has emerged as one of the most important strategies for tailoring the structural, electronic, 
catalytic, and electrochemical properties of high-entropy metal oxides (HEMOs). Unlike conventional oxide 
systems, HEMOs inherently possess significant configurational disorder due to the random distribution of multiple 
cations within a single lattice. This atomic-scale complexity generates lattice distortion, defect formation, oxygen 
vacancies, and electronic heterogeneity, all of which substantially influence the functional behavior of these 
materials. Controlled manipulation of such disorder provides opportunities for optimizing charge transport, 
catalytic activity, ionic conductivity, and surface reactivity (Meisenheimer et al., 2020). 
Cationic disorder is considered a defining characteristic of HEMOs and plays a crucial role in entropy stabilization 
and physicochemical performance. The coexistence of multiple metallic ions with different ionic radii and 
oxidation states produces non-uniform local atomic environments and severe lattice strain. These structural 
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distortions can alter electronic band structures and surface adsorption behavior, thereby improving catalytic 
efficiency and electrochemical activity. Furthermore, cationic disorder suppresses long-range atomic ordering and 
promotes sluggish diffusion kinetics, resulting in enhanced thermal stability and resistance to phase segregation 
(Jiang et al., 2020). 
Oxygen vacancies represent another important aspect of disorder engineering in HEMOs. The presence of oxygen-
deficient sites modifies the local electronic structure and creates active centers that facilitate catalytic and 
electrochemical reactions. Oxygen vacancies improve charge carrier mobility, accelerate ion diffusion, and 
enhance adsorption of reactant molecules on the material surface. In photocatalytic systems, vacancy-rich HEMOs 
exhibit improved visible-light absorption and reduced electron–hole recombination rates, leading to enhanced 
degradation of organic pollutants. Similar effects have been reported in doped oxide nanostructures synthesized 
for photocatalytic dye degradation and environmental remediation applications (Gu et al., 2022). 
Lattice distortion induced by atomic size mismatch among constituent elements further contributes to the 
multifunctionality of HEMOs. Distorted crystal lattices modify bond lengths and crystal symmetry, thereby 
influencing phonon transport, electrical conductivity, and redox activity. Defect engineering through controlled 
annealing, elemental substitution, and compositional tuning has therefore become an effective approach for 
enhancing HEMO performance in energy storage, electrocatalysis, and sensing technologies. The combination of 
entropy stabilization and defect modulation enables the development of highly robust multifunctional materials 
suitable for advanced technological applications (Pitchai et al., 2026). 
 
5. Functional Applications 
The exceptional structural and electronic characteristics of HEMOs have enabled their utilization in a wide range 
of advanced applications. Their high configurational entropy, tunable defect chemistry, and compositional 
flexibility provide superior catalytic, electrochemical, optical, and thermal properties compared with traditional 
oxide systems. Consequently, HEMOs have attracted significant attention in energy storage, catalysis, 
environmental remediation, sensing technologies, and biomedical engineering (Pasupathi et al., 2024). 
In energy storage systems, HEMOs have demonstrated remarkable performance as electrode materials for lithium-
ion batteries, sodium-ion batteries, and supercapacitors. The presence of multiple transition metals enhances redox 
activity and charge storage capacity, while entropy stabilization improves structural durability during repeated 
cycling. Defect-rich HEMOs also exhibit enhanced electrical conductivity and ion diffusion kinetics, leading to 
improved electrochemical performance. Their excellent cycling stability and high specific capacity make them 
promising alternatives to conventional electrode materials (Bao et al., 2024). 
Catalysis and photocatalysis represent some of the most extensively explored applications of HEMOs. The 
coexistence of multiple active sites and oxygen vacancies significantly enhances catalytic reaction kinetics and 
surface adsorption behavior. HEMOs have been successfully applied in oxygen evolution reactions (OER), 
hydrogen evolution reactions (HER), oxygen reduction reactions (ORR), and water-splitting systems. In 
photocatalytic applications, HEMOs exhibit improved visible-light absorption and efficient charge separation, 
enabling rapid degradation of organic pollutants and dyes. Previous investigations on Fe-doped CuO nanoparticles 
and Co-doped Bi₂O₃ nanostructures demonstrated that compositional engineering and defect modulation can 
substantially improve photocatalytic efficiency and electrical properties (Tsubota et al., 2025). 
Environmental remediation is another important application area for HEMOs. Their high surface area, tunable 
porosity, and defect-rich surfaces facilitate adsorption and degradation of toxic pollutants, heavy metals, and 
industrial dyes. HEMOs have shown excellent potential for wastewater treatment, air purification, and 
photocatalytic removal of hazardous organic contaminants. The enhanced catalytic activity associated with oxygen 
vacancies and lattice distortion further improves pollutant degradation efficiency under visible-light irradiation 
(Das et al., 2024). 
HEMOs have also demonstrated considerable potential in sensing and electronic devices. Their tunable 
conductivity, defect chemistry, and large surface-to-volume ratio make them suitable for gas sensors, biosensors, 
humidity sensors, and electronic components. The presence of multiple cations enhances sensitivity and selectivity 
toward various analytes, while lattice disorder improves charge transfer processes. In addition, the thermal stability 
and corrosion resistance of HEMOs enable their operation under harsh environmental conditions (Naganaboina et 
al., 2022). 
The biomedical potential of HEMOs has recently gained increasing research attention. Metal oxide nanomaterials 
are widely investigated for antimicrobial coatings, drug delivery systems, biosensing, and bioimaging applications. 
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The successful biomedical utilization of TiO₂ nanoparticles has demonstrated the importance of oxide-based 
nanomaterials in healthcare technologies. Furthermore, green synthesis strategies previously employed for ZnO 
nanoparticles provide environmentally sustainable pathways for developing biocompatible HEMOs with reduced 
toxicity and enhanced therapeutic efficiency (Chang et al., 2024). 
 
6. Challenges and Future Perspectives 
Despite the significant progress achieved in recent years, several challenges continue to limit the practical 
implementation and commercialization of HEMOs. One of the major difficulties is achieving precise 
compositional control and phase purity during synthesis. Because HEMOs contain multiple metallic elements with 
different chemical behaviors, maintaining homogeneous elemental distribution and preventing phase segregation 
remain challenging tasks. High-temperature processing may also lead to particle agglomeration and uncontrolled 
defect formation, which can adversely affect material performance. 
Another critical challenge involves understanding the complex structure–property relationships in HEMOs. The 
simultaneous presence of lattice distortion, cationic disorder, oxygen vacancies, and multiple oxidation states 
generates highly complicated atomic and electronic interactions that are difficult to characterize experimentally. 
Advanced characterization techniques combined with computational modeling are therefore necessary to 
understand defect chemistry, charge transport mechanisms, and catalytic behavior in these systems. 
Scalability and cost-effective manufacturing also remain important concerns for industrial applications. Many 
synthesis methods currently used for HEMOs involve expensive precursors, high energy consumption, or complex 
processing conditions. Developing low-cost, environmentally friendly, and scalable synthesis routes is therefore 
essential for commercial viability. Green synthesis approaches using biological extracts and sustainable processing 
methods may offer promising alternatives for future large-scale production. 
Future research should focus on rational compositional design, defect engineering, and computational prediction 
of HEMO properties. The integration of machine learning, density functional theory (DFT), and high-throughput 
screening techniques can accelerate the discovery of optimized HEMO compositions for specific applications. 
Furthermore, the development of multifunctional HEMOs with combined catalytic, electronic, magnetic, and 
biomedical properties may open new opportunities in emerging technologies. Continued efforts toward sustainable 
synthesis, advanced characterization, and application-oriented design are expected to advance the field of high-
entropy oxide materials significantly. 
 
6. Conclusions 
High-entropy metal oxides have emerged as an important class of advanced multifunctional materials due to their 
unique configurational entropy, structural disorder, and tunable physicochemical properties. The incorporation of 
multiple metallic cations within a single-phase lattice produces entropy stabilization, lattice distortion, oxygen 
vacancies, and synergistic electronic interactions that collectively enhance catalytic, electrochemical, optical, and 
thermal performance. Various synthesis strategies, including solid-state, wet-chemical, hydrothermal, 
solvothermal, combustion, and green synthesis methods, have been successfully employed to fabricate HEMOs 
with controlled morphology and defect structures. 
The exceptional multifunctionality of HEMOs has enabled their application in energy storage systems, 
electrocatalysis, photocatalysis, environmental remediation, sensing technologies, and biomedical engineering. In 
particular, defect engineering and compositional tuning have proven highly effective for improving catalytic 
efficiency, conductivity, charge transfer, and pollutant degradation performance. Nevertheless, challenges 
associated with phase stability, compositional control, scalability, and mechanistic understanding still require 
further investigation. 
Future advancements in HEMO research are expected to rely on sustainable synthesis approaches, advanced 
computational modeling, and precise defect engineering strategies. The integration of experimental and theoretical 
methodologies will facilitate the rational design of next-generation HEMOs with tailored functionalities for 
emerging technological applications. Overall, the remarkable versatility and tunability of HEMOs position them 
as highly promising materials for future developments in energy, environmental, electronic, and biomedical fields. 
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