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Abstract

Today, the energy and environmental crisis originating from the use of fossil fuels and carbon dioxide (CO,)
emissions has become a common concern in lives of people. Photocatalysis is a promising clean technology
receiving much attention. There are diverse strategies to enhance the efficiency of photocatalysis, and high entropy
photocatalysts (HEPs) show great potential as new efficient photocatalysts. The tunability of HEPs provides more
possibilities for the design of the electronic structure of the catalysts, which leads to the efficient separation of
electron-hole pairs and substantially enhances the photocatalytic performance. This review discusses the
composition of HEPs, their advantages in photocatalysis, characterization, and prediction, and the latest
applications of various photocatalytic systems. Finally, we discuss and summarize the challenges and the prospects
of HEPs.
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INTRODUCTION

Photocatalysis is a process that utilizes light energy to initiate a chemical reaction on the surface of a
catalyst, which has several advantages in the energy and environmental fields"*. It utilizes sunlight as the
primary energy source for sustainable and renewable energy conversion processes. By converting solar
energy into chemical energy, photocatalysis contributes to the development of solar-powered fuel
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production and energy storage technologies”'”. Photocatalytic processes typically take place under mild
conditions, requiring only light and a catalyst, without additional chemicals or high temperatures. They
provide a green and sustainable approach to energy production and environmental remediation,
minimizing environmental impact and waste generation*"*. Overall, photocatalysis holds great promise for
addressing energy and environmental challenges through the utilization of renewable energy sources, the
promotion of clean energy technologies and the mitigation of pollution and climate change impacts'***.
Continued research and technological advances in the field of photocatalysis continue to expand its

applications and increase its efficiency and effectiveness in various fields.

The core of photocatalytic technology is the design of photocatalysts. High entropy photocatalysts (HEPs)
are a new class of materials that have recently attracted great attention in the field of materials science and
chemistry. High entropy varies in definition in different fields. In thermodynamics, entropy is a physical
quantity that measures the degree of chaos of a system; the larger the entropy value, the more uniform the
energy distribution, the more chaotic the system is, and the system is in the most chaotic state when
maximum entropy is reached. In materials science, high-entropy materials are a specially designed material
concept characterized by multimodal mixing, equimolar or nearly equimolar ratios, increased entropy,
complex crystal structures, and multifunctionality. These materials are composed of five or more different
elements with atomic percentages of each element ranging from 5% to 35%, forming a homogeneous solid
solution structure with high mixing entropy and disordered atomic arrangements leading to new
physicochemical properties. Both embody the properties or states of a system in a state of high entropy,
although in different domains®*. Non-HEPs consist of single or few elements, resulting in simpler
structures that are easier to understand and characterize. However, their performance in complex catalytic
reactions may not match that of HEPs. These non-HEPs typically have a singular function and lack the
flexibility of high-entropy materials®. Unlike conventional non-HEPs, HEPs comprise five or more major
elements in close to iso-atomic proportions™ . This unique composition results in a rich variety of crystal
structures and properties. The different elemental compositions of HEPs can produce unique electronic
structures that enhance light absorption, charge separation, and the overall efficiency of the photocatalytic
process®"***
photocatalysts under operating conditions. This is particularly important for practical applications where

I In addition, high conformational entropy contributes to the stability and durability of

long-term performance is critical. In summary, HEPs represent an exciting frontier in materials science,
providing new paradigms for the design of materials with tailored properties suitable for advanced
photocatalytic applications. The synergistic effects generated by multiple major elements in these materials
offer the possibility of achieving higher efficiency and stability than conventional photocatalysts. As
research in this area continues to evolve, it promises to make a significant contribution to sustainable
energy solutions and environmental protection efforts.

This review firstly discusses the elemental composition region and range of HEPs, various synthesis
strategies of HEPs (focusing on high-temperature calcination), the advantages of HEPs in photocatalysis
(adjustability, broad spectrum absorption, enhanced photocatalytic performance, customizability, high
stability), multiple structural/optical characterizations and theoretical calculations of HEPs, prediction of
HEPs by machine learning (ML), applications and distribution of HEPs in photocatalysis (e.g., degradation,
hydrogen (H,)/oxygen (O,) production, CO, reduction, biomass conversion, organic conversion, efc.) were
analyzed [Figure 1]. Finally, the challenges and application prospects of HEPs are envisioned.

THE COMPOSITION OF HEPS

The concept of high-entropy materials, including high-entropy photocatalytic materials, is based on the idea
of mixing multiple elements in approximately equimolar ratios to create materials with unique properties.
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Figure 1. Schematic diagram of all relevant contents of HEPs. HEPs: High entropy photocatalysts.

Although there are no strict rules for the constituent elements of high-entropy photocatalytic materials,
some principles and guidelines have been proposed to guide their design and synthesis********. The
following are some considerations:

(a) Elemental diversity: High-entropy photocatalytic materials should contain a variety of elements to
enhance their complexity and performance. The inclusion of multiple elements can lead to a high degree of
disorder in the material, which can promote synergistic effects and improve photocatalytic performance.

(b) Similar electronegativity: The constituent elements should have similar electronegativity to avoid the
formation of segregation or phases within the material. This promotes the formation of single-phase solid
solutions with a uniform distribution of elements.

(c) Thermodynamic stability: The selected elements should form stable compounds or solid solutions to
ensure the stability of the high-entropy material. Thermodynamic calculations and phase diagrams can help
predict the stability of multi-component systems.

(d) Compositional balance: Although equimolar ratios are commonly used in high-entropy materials, the
exact composition may vary depending on the specific application and desired properties. Composition can
be adjusted to optimize photocatalytic activity, band gap, electronic structure, and other relevant
parameters.

(e) Tailored properties: The compositional elements should be selected to impart the desired properties of
the photocatalysis, such as suitable band gap, band edge positions, surface reactivity and carrier dynamics.
This may involve the selection of elements with appropriate electronic configurations and orbital
hybridization.

(f) Synergistic effects: The combination of multiple elements in a high-entropy photocatalytic material can
produce synergistic effects that enhance the properties of the material compared to a single component or a
binary alloy. These synergistic effects may arise from interactions between different elements, electronic
effects, or structural effects.

(g) Experimental validation: The design of high-entropy photocatalytic materials should be complemented
by experimental characterization and testing to assess their performance. This may involve the assessment
of photocatalytic activity, stability, surface reactivity, charge transfer kinetics and other relevant properties.
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Overall, the design of high-entropy photocatalytic materials involves a balance of thermodynamic
considerations, material properties, and desired functionality. As research in this area continues to progress,
new strategies and guidelines for designing high-entropy materials with tailored photocatalytic properties
may emerge. From Figure 2, we can find that the most used metallic elements at present are mainly focused
on transition metals (among which Mn, Fe, Co, Ni, and Cu are most frequently used), and the nonmetals
are mainly a few main-group elements (N, O, P, and S), which have been widely used and also provide some
guidance for the preparation of our HEPs.

SYNTHETIC STRATEGIES FOR HEPS

The mainstream types of HEPs include: high entropy oxides, high entropy sulfides, high entropy alloys, high
entropy phosphides, high entropy nitrides, high entropy oxynitrides, and high entropy metal-organic
frameworks (MOFs). These HEPs were synthesized by various methods, among which high temperature
calcination is still the main synthesis strategy [Figure 3]. This is mainly due to some special advantages that
can be possessed at high temperatures: (1) phase stability (High temperature calcination promotes the
formation of stable crystalline phases in high-entropy materials, which ensures structural integrity and
resistance to phase change during the photocatalytic reaction. This stability enhances the long-term
performance and durability of the photocatalyst); (2) homogeneous mixing (High temperature calcination
facilitates the diffusion and mixing of multiple elements, leading to a uniform distribution of components
within the material. This homogeneous mixing promotes synergistic interactions between the elements,
maximizing the effectiveness of the high-entropy compositions); (3) crystal growth and morphology control
(High temperature calcination controls crystal growth and morphology development in high-entropy
photocatalytic materials. This enables the regulation of particle size, shape, and surface properties, which
significantly affects photocatalytic activity and efficiency); (4) enhanced photocatalytic activity (High
temperature treatment during calcination can induce structural changes and defect formation in the
material, thereby enhancing its photocatalytic activity. These changes can improve light absorption, charge
separation and surface reactivity, thus enhancing photocatalytic performance); (5) optimized energy band
structure (High temperature calcination can affect the electronic energy band structure of high-entropy
materials, resulting in the formation of energy levels suitable for photocatalytic processes. This optimization
of the energy band structure enhances the ability of the material to effectively utilize light energy for
catalytic reactions); (6) reducing surface contamination (High temperature calcination removes surface
contaminants and impurities from the material, resulting in a cleaner surface and improved photocatalytic
performance. This process helps to enhance the surface reactivity of the material and minimize unwanted
side reactions); (7) scalability and reproducibility (High temperature calcination methods are often scalable
and reproducible, making them suitable for large-scale production of high-entropy photocatalytic materials.
This enables the synthesis of materials with consistent properties and performance, facilitating their
practical application in a variety of photocatalytic systems); and (8) compatibility with a wide range of
compositions (High temperature calcination can be applied to a wide range of compositions and precursor
materials, allowing it to be used to synthesize different types of HEPs. This flexibility allows researchers to
tailor material properties to meet specific photocatalytic requirements). Overall, high temperature
calcination provides a robust and effective method to synthesize high-entropy photocatalytic materials with
enhanced structural, morphological, and electronic properties, resulting in improved photocatalytic activity
and efficiency. Furthermore, this method is crucial for synthesizing HEPs. This process typically involves
temperatures ranging from 600 to 1,200 °C, and the calcination duration can vary from a few hours to
several dozen hours, depending on the material’s complexity. The selection of calcination conditions must
meet the catalyst’s application requirements, considering factors such as thermal stability, crystal structure,
and targeted photocatalytic performance. Therefore, determining the appropriate calcination temperature
and time is an essential step in the synthesis of HEPs. In addition to the synthesis strategies mentioned
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Figure 2. Commonly used elements in HEPs. HEPs: High entropy photocatalysts.
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Figure 3. Distribution of types of HEPs and their synthesis strategies. HEPs: High entropy photocatalysts.

above, hydrothermal, solvothermal, oil bath, electrochemical reduction and ball milling methods are five
other commonly used techniques for synthesizing HEPs, each with its own advantages and limitations. The
hydrothermal method is carried out at low temperature and pressure, which is environmentally friendly and
simple to operate, but the precise control of material composition is limited, and large-scale production may
not be economical. The solvothermal method is performed at high temperatures and can precisely control
the material composition and structure, but the use of organic solvents may bring environmental and safety
issues and high costs. The oil bath method provides precise temperature control and is simple to operate,
but it has high energy consumption and safety risks. The electrochemical reduction method can be
conducted under mild conditions, saves energy, and is environmentally friendly, but it requires specific
equipment and is complex to operate. The ball milling method uses mechanical force to mix element
powders to improve the uniformity and stability of the catalyst. It is a dry powder operation and does not
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require solvents, but it consumes a lot of energy and may contaminate the powder. When choosing a
synthesis method, it is necessary to make a comprehensive consideration based on catalyst requirements,
application scenarios, laboratory conditions and sustainability. Currently, among these five other synthesis
strategies, hydrothermal/solvothermal methods are the two main synthesis strategies. Because they are very
easy to achieve under laboratory conditions, they are favored by researchers, and are mainly used for the
synthesis of high-entropy metal oxides and sulfides. Other multi-non-metal high-entropy materials and
high-entropy alloys are unsuitable for these two methods.

ADVANTAGES OF HEPS IN THE FIELD OF PHOTOCATALYSIS

High-entropy materials offer several advantages in photocatalysis, making them promising candidates for
various photocatalytic applications [Figure 4].

(1) Adjustability: the composition of high-entropy materials can be precisely tuned by adjusting the types
and ratios of the constituent elements. This tunability allows researchers to tailor the energy band structure,
electronic properties, and surface properties of high-entropy materials to optimize their photocatalytic
performance for specific applications. In 2023, Wu et al. grew high-entropy metal tungstate
(FeCoNiCuZn)WO, (named XWO,) on polyacrylonitrile (PAN) nanofiber templates to construct
composites for degradation of plastics””, and Figure 2A demonstrates that the energy band structure, the
position of the center of the d-band, and the range of light absorption in PAN@XWO,, as compared with
PAN@ZnWO, and PAN@FeWO,, acetic acid generation rate and selectivity were greatly enhanced, which
reflects the tunability of HEPs.

(2) Broad spectrum absorption: High-entropy materials can be designed to exhibit broad-spectrum light
absorption, covering wavelengths from ultraviolet (UV) to visible (Vis) and even near-infrared (NIR). This
enables effective utilization of solar radiation for photocatalytic reactions, expanding the range of viable
applications and improving energy efficiency. In 2024, Shi et al. synthesized the high-entropy metal sulfide
(NiCdCuFeCo)S, for the conversion of cellulose to generate carbon monoxide (CO) gas by solvothermal
method™. From Figure 4B, it can be clearly seen that the absorption of (NiCdCuFeCo)S, samples from the
UV region to the infrared light region was enhanced after the introduction of Ni, Cu, Fe, and Co elements,
especially the enhancement of the absorption from the visible region to the infrared light region was more
obvious. The above results indicate that the HEP can enhance the range and ability of light absorption of the
material.

(3) Enhanced photocatalytic performance: High-entropy materials exhibit unique properties, including high
compositional diversity and structural disorder, which can enhance photocatalytic activity compared to
conventional materials. The presence of multiple elements in equimolar ratios creates a complex and
dynamic environment for catalytic reactions, promoting synergistic effects and improving catalytic
efficiency. The high degree of disorder and complexity of high-entropy materials promotes efficient charge
separation and migration, which are key processes in photocatalysis. This facilitates the generation and
transport of carriers (electrons and holes), reducing complex losses and improving overall photocatalytic
efficiency. In 2021, Edalati et al. synthesized high-entropy metal oxide TiZrHfNbTaO,, through high
temperature calcination for water decomposition to produce H,". It can be distinctly seen from Figure 4C
that the H, production performance of the TiZrHfNbTaO,, sample is significantly better than that of
Ga,ZnON,. The above results show that HEPs can improve the photocatalytic ability of materials.

(4) Customizability: High-entropy materials are versatile in composition, structure, and morphology,
allowing the design of photocatalysts according to specific catalytic requirements and environmental
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Figure 4. Some advantages of HEPs. (A) Adjustability™; (B) Broad spectral absorption™®'; (C) Excellent photocatalytic performance®”;

(D) Customizability™”’; and (E) High stability'*°. HEPs: High entropy photocatalysts.

conditions. They can be synthesized using a variety of methods and tailored for different photocatalytic
reactions, including pollutant degradation, water decomposition, carbon dioxide (CO,) reduction, and
organic synthesis. In 2021, Al Zoubi et al. constructed a high-entropy alloy CuAgNiFe for the conversion of
nitrophenol compounds with some electron-withdrawing functional groups introduced on the phenol ring
(e.g., -Cl, -I, and -CN), and high yields of aminophenol compounds (independent of the effects of different
groups and positions) could be obtained on the CuAgFeNi catalysts'*”, and the above results indicate that
HEPs can achieve the customization of the reaction for specific customizability of the reaction.

(5) High stability: High-entropy materials typically exhibit excellent thermal and chemical stability due to
their high conformational entropy and structural robustness. This makes them resistant to degradation and
performance deterioration under harsh reaction conditions, ensuring long-term stability and durability in
photocatalytic applications. In 2021, Al Zoubi et al. constructed a high-entropy alloy CuAgNiFe that was
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very stable in terms of conversion, selectivity, and yield for the reduction reaction of nitrophenol*”, and the
above results indicate that HEPs can be realized to construct catalysts with high stability and durability.

In addition, the unique properties of high-entropy materials provide opportunities to explore novel
photocatalytic mechanisms and functions beyond conventional materials. This opens up possibilities for
innovative applications and advances in areas such as energy conversion, environmental remediation, and
chemical synthesis. Overall, high-entropy materials hold great promise for advancing photocatalysis by
offering enhanced performance, tunable properties, and greater sustainability compared to conventional
photocatalysts. Ongoing research efforts are focused on further understanding and optimizing the
performance of high-entropy materials for a wide range of photocatalytic applications.

CHARACTERIZATION OF HEPS

Characterizing HEPs is essential to understanding their structure, composition, morphology, and
photocatalytic properties [Figure 5]. Several characterization techniques are commonly employed to analyze
high-entropy materials and assess their suitability for photocatalytic applications. Currently, X-ray
diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) are mainly used to
identify the crystalline phases present in HEPs and some other crystallographic parameters;
characterizations such as scanning (SEM) and transmission electron microscopy (TEM) can observe the
surface and internal structures of HEPs, including the nanoparticle morphology, particle size distribution,
and agglomeration behaviors; and X-ray photoelectron spectroscopy (XPS) can identify the chemical
compositions and oxidation states of the surface materials in HEPs, which can give insight into their surface
reactivity and electronic structure; inductively coupled plasma (ICP) spectrometry, energy dispersive
spectroscopy (EDS)/energy dispersive X-ray spectroscopy (EDX), etc. can determine the elemental
composition of HEPs and provide quantitative information on the relative abundance of different elements.
UV-Vis absorption spectroscopy and photoluminescence (PL) spectroscopy are essential characterization
techniques for studying HEPs. UV-Vis absorption spectroscopy provides detailed information about the
absorption peaks, which reflect the electronic structure and band gap of the material. This information is
critical for evaluating the relationship between light absorption performance and photocatalytic activity.
Metal-containing catalysts may exhibit surface plasmon resonance (SPR) effects, enhancing light absorption
and catalytic activity. PL spectroscopy offers insights into the electronic excited states, analyzes the band
structure, defect states, and evaluates photoelectric conversion and photocatalytic activity. Fluorescence
lifetime analysis within PL spectroscopy aids in understanding the mechanisms of carrier transport and
separation. Efficient PL signals are often associated with excellent photocatalytic performance. In summary,
these characterization techniques play a crucial role in understanding the structure-performance
relationship of HEPs and optimizing their performance for various photocatalytic applications. By
combining multiple characterization methods, researchers can gain a comprehensive understanding of the
composition, structure, morphology, optical properties, and catalytic behaviors of HEPs; however, more
detailed structural characterization of HEPs still needs to be explored further. Furthermore, density-
functional theory (DFT) has been widely applied in the field of HEPs, which is mainly used for: calculating
the predicted electronic structure and energy band structure to analyze the photoelectron conversion
mechanism; predicting the light absorption performance and optimizing the absorption characteristics;
investigating the active site and surface reaction mechanism to understand the active center of the catalysts;
analyzing the effect of defect structure on electron transport and carrier separation; evaluating the stability
and predicting the photocatalytic performance and screening of effective catalysts. As a theoretical
computational tool, DFT is of great significance for the design, optimization and application of HEPs, and
its role will become more significant with the improvement of computational capability and model
development to promote the development of high-efficiency catalysts.
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XRD, HRTEM,

Figure 5. Some characterization methods for HEPs. HEPs: High entropy photocatalysts.

DESIGN OF HEPS

In order to construct HEPs with efficient photocatalytic performance, it is a very arduous task to screen
them only by traditional experiments, and a series of detailed and regular data cannot be obtained.
Therefore, a comprehensive database of HEPs is needed to link the composition, structure, reaction process
and activity to screen and prepare the optimal HEPs [Figure 6]. By combining high-throughput screening
and ML, we can design highly active HEP materials with appropriate adsorption energies faster.
Considering the coordination effect (different crystalline surfaces and defects exposure) and ligand effect
(spatial arrangement of different elements), many teams have built various models [e.g., ML model, artificial
neural network (ANN), support vector machine (SVM), efc.] to predict the HEP materials, which will also
involve molecular dynamics (MD) and DFT, and finally, we can get satisfactory HEP materials. It is only in
the end that a satisfactory combination of elements may be obtained™ . Further, the above ML models are
not chosen arbitrarily, which is related to the actual experimental data, and the experimental information
will support the creation of more appropriate models. In particular, the adsorption sites of HEPs are quite
complex, which requires scholars to consider all atomic coordination environments on the surface of HEP
materials as carefully as possible”®”*. Therefore, there is a long way to go to predict and develop HEPs
through theoretical calculations combined with ML.

APPLICATIONS OF HEPS IN THE FIELD OF ENERGY AND ENVIRONMENT

HEPs have begun to receive widespread attention as emerging materials in the field of photocatalysis. The
catalytic principle of HEPs is grounded in their unique characteristics, including the uniform distribution of
multiple elements, numerous surface active sites, excellent light absorption, and superior electron transport
properties. These catalysts are composed of at least five elements mixed in nearly equimolar ratios to form a
solid solution. This configuration enhances stability and activity while increasing the number of surface
active sites. HEPs exhibit strong light absorption capabilities in both the Vis and UV regions, which
promotes the generation of excited state electrons. Their complex electronic and lattice structures facilitate
accelerated electron transport and effective separation of photogenerated electron-hole pairs, thereby
improving reaction efficiency. The high-entropy design also reduces the reaction activation energy,
increasing the reaction rate and selectivity. Together, these attributes provide HEPs with exceptional
performance in photocatalysis, advancing technological development and practical applications. As shown
in Figure 7, at present, HEPs are still mainly concentrated in the fields of degradation (41.7%) and H,/O,
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Figure 7. Application of HEPs in various photocatalytic fields. HEPs: High entropy photocatalysts.

production (27.1%), which may be attributed to the relatively early development of these two fields, while
for other reaction systems with selectivity requirements (CO, reduction, biomass conversion, and organic
synthesis) have already demonstrated their strong advantages, which have been greatly improved by
designing HEPs with high yields of target products. Further, we believe that HEPs will also show impressive
results in other photoreaction systems, such as methane (CH,) oxidation and N, fixation.

Degradation

HEPs offer several advantages in the field of pollutant degradation for the removal of harmful pollutants
from water and soil environments. They can be customized for a wide range of contaminants, including
organic (e.g., difficult-to-degrade organic compounds, pesticides, dyes) and emerging contaminants (e.g.,
personal care products, pharmaceuticals). This versatility allows for the effective removal of a wide range of
contaminants from a variety of environmental matrices* . HEPs can exhibit selective catalytic activity for
specific pollutant degradation reactions, contributing to targeted removal of priority pollutants while

s[49—57
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minimizing degradation of non-target compounds. They promote the complete mineralization of
contaminants into harmless by-products such as water, CO, and inorganic salts. This minimizes the
formation of undesirable intermediates and by-products, reducing the potential for secondary
contamination and environmental impact. Overall, HEPs hold great promise for advancing pollutant
degradation technologies by providing efficient, selective, and sustainable solutions for environmental
remediation. Fu et al. constructed (Bi,,Na,,Ba,, K ,La,,)TiO, (BNBKL) for the degradation of organic
pollutants [rhodamine B (RhB)] by the ball milling method combined with calcination®, and the EDS-
mapping results in Figure 8A indicate that seven elements (Bi, K, Ba, Ti, Na, La, and O) are uniformly
distributed in the sample, and the introduction of these A-site metal ions will lead to lattice distortion and a
certain entropy value. The introduction of these A-site metal ions will lead to the lattice distortion of the
octahedron with a certain entropy value. The degradation rates of RhB by BNBKL were 7.65 x 10° and
6.85 x 10° min" under Vis and UV conditions, respectively. Further, the degradation rates of BNBKL under
piezoelectric-photocatalytic conditions were 19.05 x 10” and 24.26 x 10° min™” under Vis and UV
conditions, respectively. Degradation rates under piezoelectric-photocatalytic conditions were 19.05 x 107
and 24.26 x 107 min"' for Vis and UV light conditions, respectively, indicating that the degradation rate
under piezoelectric-photocatalytic conditions was greater than the sum of piezoelectric- or photocatalytic-
degradation rates alone, or photocatalytic degradation rate alone, showing a synergistic effect. The BNBKL
[Figure 8B] achieved 98% RhB degradation in 120 min. In addition, the degradation efficiencies of BNBKL
for cationic dyes [methyl orange (MO)] and anionic dyes [methylene blue (MB) and amido black 10B
(AB10B)] were 98%, 73%, and 46%, respectively, showing its degradation ability for different types of dyes.
These data collectively reflect the performance of BNBKL in photocatalytic and piezoelectric-photocatalytic
degradation of organic pollutants, which is mainly due to the introduction of various metal ions in the
structure of BNBKL leading to a richer number of active sites, and at the same time, these ions also cause a
certain degree of lattice distortion and energy band reduction (light absorption enhancement), which, in
turn, exhibits a significant enhancement of piezoelectric photo-degradation. Jia et al. showed a significant
enhancement of piezoelectric photo-degradation of RhB through a sol-gel method combined with
calcination. (La,,Ce,,Gd,,Zr,,Fe )O, was prepared through sol-gel method combined with calcination"”,
and the results of EDS-mapping [Figure 8C] showed a uniform distribution of six elements (La, Ce, Gd, Zr,
Fe, and O), indicating the formation of entropically stabilized structures. Comparative results of the
degradation of tetracycline hydrochloride (TCH) by introducing samples with different contents of Fe
elements show that the introduction of suitable concentration of Fe elements can greatly enhance its
degradation efficiency, in which the degradation rate of H-1 was increased from 50.9% (H-0) to 95.4% at 3 h
[Figure 8D]. In particular, the degradation efficiency of H-1 reached 96.3% at pH 7.00. The light absorption
performance of H-1, H-2 and H-3 samples in the visible range was better than that of H-0 samples, which
was attributed to the high entropy effect and changes in the energy band structure. Finally, a photocatalytic
mechanism diagram was proposed [Figure 8E],in which O, and "OH generated by the HEP
(La,,Ce,,Gd,,Zr,,Fe )O, under light illumination could mineralize TCH into H,O and CO,. Das et al.
synthesized FeCoNiCuZn high-entropy alloy through the calcination method and used it to degrade
antibiotics, and achieved very good results'”. The degradation efficiencies of FeCoNiCuZn high-entropy
alloys for four different pharmaceutically active compounds (PhACs) under visible light irradiation were
86% for tetracycline (TC), 94% for sulfamethoxazole (SMX), 80% for ibuprofen (IBP), and 99% for
diclofenac (DCF). This is mainly because the high concentration of O, and "OH generated by FeCoNiCuZn
alloy under light conditions can effectively mineralize these antibiotics [Figure 8F]. Das et al. also
synthesized MnFeCoNiCu high-entropy alloy nanoparticles for photodegradation of various antibiotics by
ball milling plus calcination'®, in which the removal effects of ciprofloxacin (CFX, 89%), ofloxacin (OFX,
94%) and SMX (95%) were very significant. Further, the total organic carbon (TOC) removal of OFX, CFX
and SMX by MnFeCoNiCu high-entropy alloy nanoparticles was 74%, 71% and 66%, respectively. This was
mainly due to the fact that the MnFeCoNiCu alloy was generated by light to generate high concentrations of
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Figure 8. (A) EDS mapping of BNBKL; (B) Schematic diagram of the photocatalytic performance of BNBKL HEPO powder and the
advantages of HEPO (more active sites, severe Lattice distortion, narrower band gap). Reproduced with approval™®. Copyright 2024,
Elsevier; (C) EDS mapping of (La,,Ce,,Gd,,Zr,,Fey5)0,; (D) Different (Lay,Ce,,Gd,,Zr,,Fe,)O, samples for removal of TCH; (E)
Photodegradation mechanism diagram of (La,,Ce,,Gd,Zr,,Feq05)0 5. Reproduced with approval™™. Copyright 2024, Elsevier; (F)
Mechanism diagram of the photodegradation of various antibiotics by FeCoNiCuZn alloy. Reproduced with approval®”. Copyright 2023,
Elsevier; (G) Mechanism diagram of the photodegradation of various antibiotics by MnFeCoNiCu alloy. Reproduced with permission“’”.
Copyright 2023, Elsevier. EDS: Energy dispersive spectroscopy; BNBKL: (Bi,,Na, ,Ba,,K,,La,,)TiO5; HEPO: high-entropy perovskite
oxides; TCH: tetracycline hydrochloride.

'0,, "OH and "0, to go back to attack these antibiotics to achieve the degradation effect [Figure 8G]. The
above results further indicate that various types of HEPs will show attractive results in the field of
photocatalytic degradation. As can be seen from Table 1, the current application of HEPs in the field of
pollutant degradation is mainly some colored pollutants and antibiotics. The application of degradation of
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Table 1. Different HEPs for degradation of organic pollutants
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HEPs Application Condition Performance Ref.
CuCoMnO,/Zn0O Degradation of MB A LED flashlight with a power 53.84% degradation of MB in 120 min ~ [49]
density of 50 mW-cm?
(Co, Mg, Ni, Cu, Zn),,Ca,0 Degradation of MB A 100 mW-cm solar simulator 97% decomposition of MB in 80 min [50]
(x=0.05,0.1)
(FepsCog5)70BxTa,Tis Degradation of EY 300 W high-voltage 100% decomposition of EY in 120 min ~ [51]
mercury lamp with UV-light
Pb,Cd,,BiO,Br Degradation of 250 W xenon lamp - [53]
RhB, CIP, TC
(Lag,Ndq,5mg,Gdg,Y(,),2r,0, Degradation of RhB A long arc mercury lamp 90.8% decomposition of RhB in 120 [55]
(CELLAM500) min
(Lag,Ndg,5m,,Gdg,Y(,),2r,0, Degradation of RhB UV lamp 70% decomposition of RhBin 120 min  [56]
(NiygFes0Cos0AL 60 Tig Degradation of MB 300 W Xe lamp 100% decomposition of MB in 180 min  [57]
(Biy,Nay,Bag K ,Lag ) TiO, Degradation of Ultrasound stimuli 100% degradation of RhBin 120 min,  [58]
RhB, MB, MO, (150 W, 40 kHz), 73% decomposition of MB in 120 min,
AB10B light irradiation 46% decomposition of MO in 120 min,
(Xe lamp, 300 W) 98% degradation of AB10B in 120 min
(Lag,Ceq,Gdy,2Zry,Fe )0, Degradation of TC 300 W xenon lamp, 95.4% degradation of TC in 180 min [59]
with a cut-off filter at 420 nm
FeCoNiCuZn HEA Degradation of TC, 450 W high-pressure mercury 86% degradation of TC in 120 min, [60]
SMX, IBP, and DCF  vapor lamp 94% decomposition of SMX in 120 min,
80% decomposition of IBP in 120 min,
99% degradation of DCF in 120 min
MnFeCoNiCu-based high Degradation of SMX, 450 W high-pressure mercury vapor ~ 95% degradation of SMX in 120 min, [61]
entropy alloy OFX and CFX lamp, equipped with UV cutoff filter 94% decomposition of OFX in 120 min,
89% decomposition of CFX in 120 min
(Mng,Fey,Coq,Nig,Cuy,)30, Degradation of TCH 300 W xenon lamp with the 420 nm ~ 92.9% decomposition of TCH in 60 min [62]
UV cut-off filter
(CaxZrYCeCr)O, (x = 0.09-0.5) Degradation of MB  150-W Xe lamp, ultrasonic vibration 100% degradation of MB in 60 min [63]
(at 40 kHz and 250 W)
NiAL,O,/FeCoNiCrTi Degradation of TC 300 W Xe lamp 84.6% degradation of TC in 120 min [64]
NbTaZrMoW high-entropy alloys Degradation of MB 300 W Ultra-Vitalux lamp 58.77% decomposition of MB in 180 [65]
min
(FeCoNiCuZn),0, Degradation of 250 W high-pressure mercury vapor 97% degradation of SMX in 90 min, [66]
SMX, OFX lamp (with UV cutoff) 95% degradation of OFX in 90 min
BiOLCIBri(CO3)ys] Degradation of MO 300 W xenon lamp (A > 400 nm) 100% degradation of MO in 20 min [67]
(Nay 5Ky 5)(Srg 4Bag 3Cay3),NbsOs5 Degradation of MB 400-watt xenon lamp was combined - [68]
with a full-wavelength reactor and filter
(AM 1.5) to simulate sunlight
(300-1,100 nm)
(Cog,Mng,Feq,Cry,Cug,)30,4 Degradation of MB  Xe lamp - [69]
Ceg,Zrg5kag,Pry,Y0,50, Degradation of MB, 300 W ozone free xenon lamp 98.9% degradation of MB in 20 min, [70]

MO, RhB, MR

equipped
with an AM 1.5 filter (Newport 66902)

100% decomposition of MO in 20 min,
100% decomposition of RhB in 20 min,
100% degradation of MR in 20 min

HEPs: High entropy photocatalysts; MB: methylene blue; LED: light-emitting diode; EY: Eosin Y; UV: ultraviolet; RhB: rhodamine B; CIP:
ciprofloxacin; TC: tetracycline; MO: methyl orange; AB10B: amido black 10B; TC: tetracycline; SMX: sulfamethoxazole; IBP: ibuprofen; DCF:
diclofenac; OFX: ofloxacin; CFX: ciprofloxacin; TCH: tetracycline hydrochloride; MR: methyl red.

other organic pollutants has not yet been fully launched and still requires more exploration.

H,/O, production

HEPs offer several advantages in the field of water decomposition, which involves the conversion of water
into H, and O, using solar energy. The effective absorption of sunlight by HEPs promotes the activation of
water molecules and facilitates energy-efficient conversion processes. HEPs can exhibit selective catalytic
activity for specific water splitting reactions (mainly H, and, to a lesser extent, O,)"”" 7. The composition
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Figure 9. (A) Schematic of the synthesis process and structure of HE-MOF-SC; (B) SEM image of HE-MOF-SC; (C) Metal compositions
(molar ratios) of HE-MOF-SC were calculated from ICP-AES results; (D) SEM-EDX elemental distribution of C, O, N, Ni, Co, Mn and Zn
for HE-MOF-SC; (E) Time course of photocatalytic H, precipitation over Ni (or Mn or Co or Zn)-MOF-SC and HE-MOF-SC
photocatalysts; (F) Time course of photocatalytic H, precipitation over Ni (or Mn or Co or Zn)-MOF-NS, and HE-MOF-NS
photocatalysts; (G) Schematic representation of the relative energy levels of ligands and nodes, electron transfer pathways, and
photocatalytic H, production mechanism. Reproduced with approval”®. Copyright 2023, Wiley; (H) EDS-mapping diagram of
TiZrNbTaWO,,; (1) compared with related binary oxides, the range of light absorption capacity of TiZrNbTaWO,,; (J) photocatalytic O,
production performance of TiZrNbTaWO,,.Reproduced with permissionU”.Copyright 2022, Elsevier. HE-MOF-SC: High-entropy metal-
organic framework single crystal; SEM: scanning electron microscopy; ICP-AES: inductively coupled plasma-atomic emission
spectrometry; EDX: energy dispersive X-ray spectroscopy; HE-MOF-NS: high-entropy metal-organic framework nanosheets; EDS:
energy dispersive spectroscopy.

and structure of HEPs can be precisely adjusted to optimize their water splitting performance. By adjusting
the types and ratios of the constituent elements, researchers can tailor the energy band structure, electronic
properties, and surface features of HEPs to enhance their activity, selectivity, and stability in hydrolysis
reactions. Overall, HEPs hold great promise for advancing water splitting technology by providing an
efficient, selective, and sustainable pathway for H, production from solar energy. Qi et al. synthesized the
high-entropy MOF single crystal (HE-MOF-SC) material by one-pot solvent heating, and then exfoliated it
to form the 2D high-entropy MOF nanosheets (HE-MOF-NS) material by solvent intercalation
[Figure 9A]"". The results of the SEM image [Figure 9B] showed that the HE-MOF-SC exhibits a rhombic
structure, and the results of the ICP-atomic emission spectrometry (AES) indicated that the ratio of metal
atoms is not much different from the theoretical value, suggesting that these different metal ions have been
stabilized in the MOF structure [Figure 9C]. Further, the results of EDX-mapping of HE-MOF-SC [Figure
9D] indicate that its meso-elements (Co, Zn, Mn, Ni, O, C, N) are uniformly distributed in the sample.
Under visible light irradiation, the photocatalytic H, release rate of HE-MOF-SC is 2.76 pmol-h”, while the
rate for HE-MOF-NS is 132.4 pmol-h™, which is 48 times higher than that of HE-MOF-SC. In comparison,
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the rates for Ni-MOF-SC, Mn-MOF-SC, Co-MOEF-SC, and Zn-MOE-SC are 0.03, 0.13, 0.47, and 1.04
pmol-h”, respectively. The activities for Ni-MOF-NS, Mn-MOF-NS, Co-MOF-NS, and Zn-MOF-NS are
101.8, 34.5, 47.8, and 72.4 pmol-h™, respectively, all of which are lower than that of HE-MOF-NS. HE-MOF-
NS can achieve efficient photocatalytic H, evolution reaction (HER) in aqueous solution without the need
for a co-catalyst, demonstrating an activity that surpasses most water-stable MOF catalysts
[Figure 9E and F]. A mechanism diagram as in Figure 9G is proposed, where more photogenerated
electrons are formed from the ligand structure by photoexcitation and migrate to multiple metal ions to
form a high-entropy structure through the ligand-to-metal charge transfer process, which, as the main
active site for photocatalytic H, precipitation, substantially enhances the photocatalytic H, production
performance. Edalati et al. synthesized TiZrNbTaWO,, high-entropy material by high temperature
calcination method, and the results of EDS-mapping [Figure 9H] showed that the six elements in the
sample were uniformly distributed and the light absorption range of the sample was significantly enhanced
[Figure 9I]. Compared to binary oxides such as TiO,, ZrO,, Nb,O,, Ta,0O,, and WO,, the TiZrNbTaWO,,
high-entropy material exhibits a higher photocatalytic activity (without the need for co-catalyst additions),
with an O, production of 12.1 ymol-h™.g* [Figure 9]]. This performance is attributed to the high visible light
absorption, low band gap, proper energy band structure, presence of multiple heterojunctions and the
resulting easy separation and slow complexation of electron-holes””. As can be seen from Table 2, the H,
production of HEPs as the main catalysts is not high, and only some samples reach the mmol level of the H,
production rate, but many of them realize the effect of H, and O, production without co-catalysts. Based on
the overall low performance, more exploration is still needed to improve the overall H, and O, production
efficiency.

CO, reduction

HEPs offer several advantages in the field of CO, reduction, including the use of solar energy to convert CO,
into value-added products such as fuels, chemicals, and feedstocks. The effective absorption of sunlight by
HEPs promotes the activation of CO, molecules and facilitates energy-efficient conversion processes. The
tunability of HEPs can be tailored to exhibit selective catalytic activity for specific CO, reduction reactions,
such as the production of CO, CH,, methanol (CH,OH) or other hydrocarbons and oxygenates”***..
Overall, HEPs hold great promise for advancing CO, abatement technologies by providing an efficient,
selective, and sustainable pathway to utilize solar energy to convert CO, into valuable products. Continued
research and development efforts in this area are expected to lead to the commercialization of HEPs for CO,
abatement applications and the transition to a carbon-neutral economy. Zhang et al. prepared
(NiCuMnCoZnFe),O, high-entropy hollow porous nanotubes (HESO NFs) by electrostatic spinning
coupled with calcination, with a diameter of about 290 nm [Figure 10A]"". The results of HRTEM [Figure
10B] and selected-area electron diffraction [Figure 10C] indicate the presence of a variety of randomly
oriented nanocrystalline structures in the material, and the EDS-mapping results [Figure 10D] show that
each metal element is uniformly distributed and in close proximity to each other. HESO NFs have a certain
ability to reduce CO, to produce CO (42.8 pmol-g*-h™) and CH, (8.7 pmol-g*-h") [Figure 10E]. A
mechanism diagram was proposed as in Figure 10F, where the high entropy effect of (NiCuMnCoZnFe),O,
promotes efficient carrier migration and thus enhances the photocatalytic activity. Akrami et al. synthesized
TiZrNbHfTaO,N, high-entropy material with polycrystalline structure and a very homogeneous
distribution of the elements by calcination [Figure 10G]"*. TiZrNbHfTaO,N, has the highest photocatalytic
reduction of CO, to produce CO (average value of CO after 5 h at 1.6 + 1.5 pmol-g"-h™) [Figure 10H]. Jiang
et al. synthesized (Ga,,Cr,,Mn,,Ni,,Zn,,),0, high-entropy material by a combination of a water bath and
calcination method"™. The products of CO, reduction in aqueous solution were dominated by H,, CO and
CH,, among which the (Ga,,Cr,,Mn,,Ni,,Zn ,),0, material (GSHEO-800) generated by calcination at
800 °C showed the best performance (H, 47.36 pumolg, '-h'; CO, 23.01 pmol-g,'-h"'; CH,
2.89 umol-g., *h™) [Figure 10I]. As can be seen on the mechanistic diagram in Figure 10]J, the energy band
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Table 2. Different HEPs for H,/0, production
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HEPs Application Condition Performance Ref.
Pt,gNi,¢Fe,sCo,,Cu,, nano-high-entropy alloy H, generation  LED light source H, production [29]
(= 420 nm, 67.7 mW-cm ™) (2.4 mmol-g™h™)
TiZrHINbTaO¢N; H, generation 300 W Xe lamp - [39]
(CaxZrYCeCr)O, (x = 0.09-0.5) H, generation  150-W Xe lamp, ultrasonic vibration H, productlon [63]
(at 40 kHz and 250 W) (677 umol-g'h ™
Ceg,Zrg5Lag,Pre5Y050, H, generation 300 W ozone free xenon lamp H, product|on [70]
equipped with an AM 1.5 filter (9.2 umol-mg’ Lhh
(Newport 66902)
Ag(CuZn)(AICr),0,/Cu0 H, generation 300 W 40 kHz Ultrasonic + product|on [71]
300 W Xe lamp Q, 716 umol-g Thh
High-entropy metal phosphides/ZnIn.,S, H, generation 300 W xenon lamp (CEL-HXF300)  H, production [73]

(4,630.21 pmol-gh™

TiHfZrNbTaOy, H, generation ~ 300 W Xe lamp - [75]
HE-MOF-NS H, generation ~ 300W Xe-lamp (Perfect Light, PLS-  H, productlon [76]
SXE 300) with a 420 nm cutoff filter  (132.4 pmolh™)
TiZrNbTaWO,, O, generation 300 W Xe lamp (PE300BUV, Perkin O, production [77]
Elmer) equipped with a 420 nm cut-  (12.1 pmol- g1 )
off filter
TiZrNbHfTaOy, H, generation  High-pressure Hg light source (Sen - [78]
Lights Corporation, HL4AOOBH-8,
400 W)
LI(HE)O; (HE, Nb:V:Ta:Cr:Mo:W:Co = H, generation ~ AM1.5G H, product|on [79]
0.5:0.083:0.083:0.083:0.083:0.083:0.083) (6.61 mmol-g hh
TiZrNbHfTaO, H, generation 300 W Xe lamp H, production [80]
(134.76 pmol-m>h™)
TiZrNbHfTaO,, H, generation  High-pressure mercury light source  H, production [81]

(500 mW-cm™)

(990 pmol-g™h™)

HEPs: High entropy photocatalysts; LED: light-emitting diode; HE-MOF-NS: high-entropy metal-organic framework nanosheets.
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photoreducing CO, to generate CO. Reproduced with permission'®®. Copyright 2022, Elsevier; (I) Product formation rate diagram of
photoreduction of CO by (Ga,,Cr,,Mn,,Niy,Zn,,);0, synthesized under different temperature conditions; (J) Energy band structure
of GSHEO800 and mechanism diagram of photoreduction of CO,.Reproduced with permission'®®’. Copyright 2023, Elsevier. TEM:
Transmission electron microscopy; SEAD: selected area diffraction; EDS: energy dispersive spectroscopy; NF: nanofiber; HRTEM: high-
resolution transmission electron microscopy.
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position of GSHEO-800 meets all the conditions for CO, reduction, and the generation of H, in the reaction
system hinders the reduction of CO,, which stays at the stage of the main product of CO, while the kinetic
conditions for the generation of CH, are much more difficult leading to the generation of a small amount of
CH,. From Table 3, it can be seen that the main products of photoreduction of CO, by HEPs are still CO
and CH,, and the generation efficiency of these two products is not high at present, and there is still a need
to take advantage of the characteristics of HEPs with multiple active sites to enhance their efficiency in
generating specific products.

Biomass conversion

HEPs offer several advantages in biomass conversion processes, which involve the conversion of biomass-
derived feedstocks into value-added products such as biofuels, chemicals, and materials. They can be
adapted to a wide range of biomass feedstocks, including lignocellulosic biomass, agricultural residues,
wastes, and biomass-derived intermediates (the main ones that have been investigated so far are sugars and
cellulose)® . This versatility enables the utilization of a wide range of biomass resources for sustainable
and renewable production processes. HEPs can exhibit selective catalytic activity for specific biomass
conversion reactions such as biomass depolymerization, dehydration, hydrogenation and upgrading. Their
composition, structure, and surface properties can be optimized to facilitate desired reaction pathways and
minimize unwanted side reactions. Overall, HEPs hold great promise for advancing biomass conversion
technologies by providing efficient, selective, and sustainable pathways to convert biomass feedstocks into
valuable products. Continued research and development efforts in this area are expected to lead to the
commercialization of HEPs for biomass conversion applications and a more sustainable and circular
bioeconomy. In 2024, Shi et al. constructed (NiCdCuFeCo)S, HEPs by solvothermal method, and the
diffraction peaks of the XRD were consistent with the results of the simulated data [Figure 11A], and the
results of the EDX-mapping [Figure 11B] showed that the six elements (Ni, Cd, Cu, Fe, Co, and S) were
uniformly distributed in the sample®™. Further, the results of ICP [Figure 11C] showed that the content of
five metal elements (Cd, Cu, Fe, Ni, Co) decreased in order. The (NiCdCuFeCo)S, constructed by the above
results is a high-entropy material. Based on gas chromatography (GC) analysis, CO was found to be the
major product of cellulose conversion [Figure 11D]. Notably, compared to other metal sulfides with
relatively simple compositions (i.e., composed of one to four elements), (NiCdCuFeCo)S, exhibited
excellent catalytic selectivity for cellulose conversion, achieving an impressive CO yield of 35 umol-g*-h"
and 100% selectivity. The mono-, di-, and ternary metal sulfides, which consist of only a few metal elements,
lack the broad compositional tunability exhibited by (NiCdCuFeCo)S,, which contains multiple metal
elements. Figure 11E shows that (NiCdCuFeCo)S, remains well stabilized under different pH values and
anionic environments. Further, a mechanism diagram as in Figure 11F is proposed, in which
peroxydisulfate (PDS) is excited by the (NiCdCuFeCo)S, material to generate a high concentration of
single-linear O, and superoxide radicals, and then goes for cellulose realization decarboxylation to form CO
gas. In 2023, Xu et al. prepared (CdZnCuCoFe)S, HEPs also by solvothermal method". As shown in
Figure 11G, (CdZnCuCoFe)S, has the highest yield (achieving a high CO yield of 1.73 mmol-g"-h") and the
highest selectivity (up to 99.1%) for CO production from the decomposition of polysaccharides (guar gum)
as compared to other metal sulfides. Further, introducing other peroxides [hydrogen peroxide, peroxyacetic
acid, peroxymonosulfate (PMS)], it can be seen from Figure 11H that (CdZnCuCoFe)S, still has a higher
yield of CO compared with CdS and (CdCu)S,, but none of their three peroxide introductions exceeds the
amount of CO generated by PDS introduction. As shown in the mechanism diagrams of Figure 11I and J,
Fe, Cu, and Co act as charge-rich active sites contributing electrons to reduce PDS to "OH, "SO,;, and ‘O,

On the other hand, Cd and Zn act as electron-deficient active sites to oxidize PDS to 'O,. (CdZnCuCoFe)S,
continuously converts PDS to reactive groups as electrons are gained and lost along the atomic chain. At the
same time, light and heat synergistically accelerate the use of more reactive groups for attacking the biomass
to efficiently convert it to CO.
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Table 3. Different HEPs for CO, reduction

HEPs Application Condition Performance Ref.

TiZrNbHfTaO,, co, High-pressure Hg light source CO production [78]
reduction  (Sen Lights Corporation, HL400BH-8, 400 W)  (4.64 % 0.30 umol-g h™)

TiZrNbHfTaO,, CO, High-pressure mercury light source CO production (50 pm0|-g4-h4), [81]
reduction (500 mW-cm™) CH,, production (200 umol-g’]-h’])

Cu-(Gay,Crq,Mng,Niy,Zny,); CO, 300 W xenon lamp (PLS-SXE 300C, Beijing CO production (5.66 umol-g,,. ™), [82]

0, reduction Bofeilai Technologies Co., Ltd.) CH, production (33.84 umol-g.,,h™)

High entropy (Ti, Hf, Nb, Ta, co, 300 W Xe lamp CO production (469.0 umol~g4-h4), [83]

Mo) N nanofibers reduction CH, production (242.5 umol-g'1-h'1)

(NiCuMnCoZnFe);0, co, 300WXe lamp (320-2,500 nm) CO production (42.8 pmol-g -h ™), [84]
reduction CH, production (8.7 pmol-g™h™)

TiZrNbHfTaON; co, 400 W high-pressure mercury lamp CO production (1.6 +1.5 pmol-g'1-h'1) [85]

reduction (HL400BH-8 of Sen Lights Corporation)
without any filtration

(Gay,Cry,Mng,Nig,Zny,);0, CO, 300 W xenon lamp (PLS-SXE 300C, Beijing CO production (23.01 umol-gcai-h'w), [86]
reduction Bofeilai Technologies Co., Ltd.) CH, production (2.89 pmol-g_, -h™")

La(FeCoNiCrMn)O,4 co, 10 W LED light resource CO production (527.3 umol~g4-h4) [87]
reduction

Ceg,Zry,kag,Ndy,5my,0,5  CO, MW UV lamp (A =370 nm) - [88]
reduction

FeCoNiCuMn HEA NPs co, 300 W Xe lamp with an AM 1.5G filter to CO production (235.2 pmol-g'1-h'1), [89]
reduction simulate the solar light spectrum (100 CH, production (19.9 pmol-g'1-h'1)

mW-cm™)

HEPs: High entropy photocatalysts; LED: light-emitting diode.

Organic transformation

HEPs offer a variety of advantages in organic conversion reactions involving the conversion of organic
compounds into value-added products through a photocatalytic process. Further, the elemental diversity,
adjustable elemental ratios, and structural disorder of HEPs allow researchers to tailor the photocatalyst’s
energy band structure, electronic properties, and surface properties to optimize its performance for a
particular organic transformation reaction to facilitate the desired reaction pathway and minimize
unwanted side reactions'“>*".. HEPs can also be designed as multifunctional materials capable of performing
multiple catalytic transformations simultaneously or sequentially. By integrating different catalytically active
sites and functions into a single material, HEPs can facilitate complex organic synthesis pathways and
simplify reaction processes. Overall, they offer significant advantages in organic transformation reactions,
including enhanced catalytic activity, tunable performance, broad substrate compatibility, selective catalysis,
mild reaction conditions, green and sustainable catalysis, and opportunities for functional material design.
These advantages make HEPs promising candidates for advancing organic synthesis and developing new
chemical transformations and methods. In 2023, Li et al. synthesized (CoCuZnMnNa)O, high-entropy
metal oxide nanoparticles through hydrothermal method [Figure 12A], and the mapping diagram of their
sample [Figure 12B] shows that the elements of Co, Cu, Zn, Mn, Na, and O are all uniformly distributed in
the sample, which can be formed in favor of the maximization of the density of the catalytically active sites,
and thus the improvement of the catalytic activity®. Under optimal reaction conditions,
(CoCuZnMnNa)O, achieved 88% yield and 99% selectivity for the oxidative coupling reaction of
benzenethiols, with yields of over 70% for other benzenethiol derivatives [Figure 12C]. Additionally,
(CoCuZnMnNa)O; achieved 91% yield and 98% selectivity for the cyclization reaction of benzimidazoles,
with yields of over 80% for other benzimidazole derivatives [Figure 12D]. Further, the mechanistic analysis
of these two types of reactions is presented [Figure 12E]. (CoCuZnMnNa)O, is photoexcited to generate
photogenerated electrons and holes, and benzyl mercaptan forms a positive ion at the hole (Ar-S'H), which
is then substituted by the electron-out-generated superoxide radical to generate a thiobenzyl radical (Ar-S°),
and then two Ar-S’ coupling reaction disulfide aromatizers. In the other reaction system, the N atom in the
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Figure 11. (A) Experimental and simulated XRD patterns of (NiCdCuFeCo)S,; (B) HAADF-STEM mapping image of (NiCdCuFeCo)S,;
(C) Overall atomic percentage of metals in (NiCdCuFeCo)S, as determined through ICP-OES; (D) Amount of CO produced by distinct
sulfide-based catalysts; (E) Effect of ion concentration, humic acid concentration and pH on the yield and selectivity of cellulose
conversion to CO; (F) The recommended reaction mechanism for the conversion of cellulose to CO via the (NiCdCuFeCo)S,/PDS
system. Reproduced with permission[m. Copyright 2024, Elsevier; (G) Amounts of CO, C,H, and C,H, produced over distinct sulfide-
based catalysts; (H) CO generation rates in the presence of H,0,, CH;COOOH, Na,SO; and Na,S,0 respectively; (1) Reaction
mechanism for the conversion of guar gum in the (CdZnCuCoFe)S,/PDS system; (J) Reaction mechanism of (CdZnCuCoFe)S,
nanosheets for the conversion of biomass for efficient CO generation. Reproduced with approval®. Copyright 2023, Royal Society of
Chemistry. XRD: X-ray diffraction; HAADF-STEM: high-angle annular dark-field scanning transmission electron microscopy; ICP-OES:
inductively coupled plasma optical emission spectroscopy; PDS: peroxydisulfate.
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Figure 12. (A) Synthesis process of (CoCuZnMnNa)O, HEOs; (B) TEM-EDX-mapping element mapping images of O, Co, Cu, Zn, Mn
and Na of (CoCuZnMnNa)O, HEOs; (CoCuZnMnNa)O, HEOs for various Photoreaction synthesis results of sulfide (C) and
benzimidazole cyclization reaction product (D); (E) (CoCuZnMnNa)O, HEOs for oxidative coupling of thiophenol to diphenyl disulfide
and benzimidazole ring chemical reaction mechanism. procreated with approval from™". Copyright 2023, Royal Society of Chemistry.
HEOs: High entropy oxides; TEM: transmission electron microscopy; EDX: energy dispersive X-ray spectroscopy.

imine intermediate loses electrons to form a positive ion, which then combines with the aldehyde group on
the aromatic ring to form an N=C structure, and then the final product is obtained. In summary, it can be
seen that HEPs have led to a significant improvement in the conversion and selectivity of specific organic

reactions.

CONCLUSIONS AND OUTLOOKS

This paper presents a comprehensive analysis and summary of HEPs. The development of HEPs is
presented in terms of composition, synthesis, advantages in photocatalysis, characterization methods,
prediction, and energy and environmental applications. It is found that the inbuilt entropy effect and multi-
component tunable constitution of HEPs play an important role in upgrading the catalytic activity and
stability. Therefore, HEPs are speedily modernizing and contributing to more applications. Despite the
significant advances in catalysis of HEPs, certain challenges and outlooks must be considered to noticeably
optimize their functionalization for photocatalytic applications, as follows:

(1) Preparation methods. More HEPs are currently synthesized without specific morphology and crystal
surface exposure, and there is an urgent need to advance rapid and versatile synthesis paths for HEPs with
controllable morphology (e.g., high specific surface samples, high refractive index samples) for particular
reactions. What is more, it is crucial to study the connection between structure and activity of HEPs with

diverse geometries or electronic structures.



Jing et al. Chem. Synth. 2025, 5, 36 | https://dx.doi.org/10.20517/cs.2024.52 Page 21 of 27

(2) High-grade characterization. Compared to conventional catalysts, there are not many characterization
techniques available for the structure of HEPs (e.g., techniques for characterizing strain and interfacial
effects are still in their infancy). This is not contributory to the examination of the conformational
connection between electron-rich structures and catalytic active sites, as well as the veridical photocatalytic
reaction mechanism.

(3) Theoretical calculations combined with ML predictions. Owing to the stochastic distribution of atoms in
HEPs, creating atomic models to guide compositional combinations is a great challenge. Therefore,
synthesizing HEPs with specific functions remains a great challenge. It is needed to ameliorate the related
theoretical computational system and create a high-throughput database combined with ML to realize the
rapid construction of HEPs. Meanwhile, the study of the reaction mechanism of HEPs in photocatalytic
systems also requires modeling to reveal the reaction pathways. In short, there is an urgent need to provide
more accurate simulations.

(4) Expanding the scope of application and practical application. At present, photocatalysis has not been
widely used and is still in the primary stage, and the use of HEPs in photocatalysis needs more exploration,
especially for some reaction systems that require efficient selectivity of target products. In addition, HEPs
have a multi-component structure, which contributes to their interactive performance and wide application
in the industry. Consequently, we should continue to advance the applications of HEPs and enlarge the
scale of medium/large-scale experiments.

To sum up, there are a lot of exciting directions and unexplored probabilities for HEPs that need to be
investigated. The development and design of multifunctional HEPs constructed for aimed catalytic
reactions and other objectives are very promising. In addition, the structure, physicochemical properties,
and reaction mechanisms of HEPs under complex reaction conditions require in-depth study. We believe
that newer and more versatile HEPs will be developed in the future.
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