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HIGHLIGHTS

e The comprehensive overview of the synthesis of nanoscale high-entropy alloys and the advantages over conventional alloys.
® The comprehensive overview of the multi-field applications of nanoscale high-entropy alloys and recent cutting-edge research advances.

e The comprehensively analyses of the challenges and opportunities in high-entropy alloy development and emphasizes the key applica-

tion trends in nanosizing and multidimensionalization.

ABSTRACT Alloying strategies have proven effective in
enhancing the properties of metallic materials. However, conven-
tional alloying strategies face significant limitations in preparing
nanoscale multi-alloys and continuous optimizing surface-active
sites. High-entropy alloys (HEAs) display a broader spectrum of
unique properties due to their complex electron distribution and
atomic-level heterogeneity arising from the stochastic mixing
of multiple elements, which provides a diverse array of binding
sites and almost continuous distribution of binding energies. This
review aims to summarize recent research advancements in syn-
thesis strategies and multi-field applications of nanoscale HEAs.
It emphasizes several commonly employed synthesis strategies
and significant challenges in synthesizing nanoscale HEAs.
Finally, we present a comprehensive analysis of the advantages
of HEAs for multi-field applications, emphasizing significant

application trends related to nanosizing and multidimensionali-

zation to develop more efficient nanoscale HEAs.
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1 Introduction

High-entropy alloys (HEAs) represent a novel concept that
has developed rapidly within the last two decades and has
expanded into various other compound classes, garnering
increasing attention for their unique physicochemical prop-
erties [1]. Traditionally, the alloying strategy involved com-
bining a small number of minor elements with a predomi-
nant major element, where one or two elements formed the
bulk of the material, and the others were added to introduce
specific properties [2-5]. However, the HEAs proposed by
Yeh et al. and Cantor et al. in 2004 challenge this conven-
tion by lacking a dominant element. Instead, they primarily
form single-phase solid solutions containing five or more
elements, each with concentrations between 5 and 35% [6,
7]. Unlike traditional alloys, which tend to exhibit the prop-
erties of dominant element, HEAs display a high degree of
compositional flexibility and structural diversity due to the
absence of a principal element. This results in a broader
range of distinctive properties [8, 9]. This innovative alloy
design concept surpasses the limitations of conventional
material science, offering immense potential for the discov-
ery and development of new material properties.

The physicochemical properties of HEAs are closely
related to elemental composition, surface morphology, inter-
nal structure, and interfaces. The selection of constituent
elements and compositional ratios can significantly affect the
distribution pattern of adsorption energy, thereby modulat-
ing the catalytic activity of the material in turn [10]. Simi-
larly, surface morphology plays a critical role in determining
the material’s properties and potential applications [11, 12].
Conventional synthesis methods for bulk HEAs predomi-
nantly employ a top-down approach, including techniques
such as laser ablation [13], arc melting [14], mechanical
alloying [15], and high-energy ball milling [16]. However,
HEAs produced by these methods are generally bulk-sized
and suffer from a considerable reduction in surface-active
sites. As a result, most HEAs synthesized via these tech-
niques are utilized primarily for their physical properties,
such as exceptional thermal stability, corrosion resistance,
and mechanical strength, which make them ideal candidates
for applications requiring high wear resistance and low fric-
tion [17, 18]. In contrast, nanoscale HEAs can be synthe-
sized using bottom-up strategies such as hydrothermal or
one-pot methods. Advances in synthesis technologies have
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enabled the reduction in HEAs size, exposing a greater num-
ber of surface atoms and making them highly promising for
an expanding range of applications, including catalysis [19],
biomedicine [20], and energy storage [21]. Moreover, the
application of specific reaction conditions during HEAs
preparation facilitates the equilibrium of reduction potentials
among different metals, thereby improving control over the
homogeneity of HEAs nanocrystals and the degree of inter-
nal atomic ordering [22, 23]. These structures span various
configurations, including solid solutions [24], intermetallic
compounds [25], amorphous phases [26], and quasicrystals
[27]. Furthermore, optimizing HEAs surfaces through sur-
face ligand modification [28], surface reconstruction [29], or
phase-interface design [30], which selectively exposes rel-
evant active sites, provides an effective strategy for enhanc-
ing their physicochemical properties.

The unique elemental composition of HEAs results in
distinctive physicochemical properties, and their multicom-
ponent properties enable the manipulation of surface states,
thereby creating new active sites that enhance the adsorption
energy of reactants and intermediates. This characteristic
makes HEAs highly promising for applications in electro-
catalysis [31]. The high mechanical strength and exceptional
fracture toughness of HEAs also render them suitable for
use in extreme environments, such as those encountered in
the aerospace and machinery manufacturing industries. The
development of high-temperature-resistant engine materi-
als and high-hardness milling cutter materials requires the
stabilization of specialized materials under extreme condi-
tions, including high temperature and pressure [32]. Moreo-
ver, in the field of energy storage, the multicomponent and
high-entropy characteristics of HEAs offer the potential to
significantly improve the cycling performance of batteries
compared to traditional dopant materials [33, 34].

In light of the rapid development of HEAs in recent
years, this paper provides an overview of recent advances
in the controlled synthesis of nanoscale HEAs and multi-
fields applications (Fig. 1). The initial section will intro-
duce the fundamental properties of HEAs, with the aim of
enhancing comprehension of HEAs. Subsequently, we will
present innovative synthesis methods for nanoscale HEAs,
including the design principles and frequently employed
techniques. The comprehensive understanding of these syn-
thesis methods and the formation mechanisms of HEAs is
crucial for further expanding the targeted development of
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Fig. 1 Schematic illustration of the properties of HEAs and their multi-field applications. Reproduced with permission [20, 35]. Copyright
2023, 2021, Wiley. Reproduced with permission [36-38]. Copyright 2024, 2021, 2023, Elsevier. Reproduced with permission [39]. Copyright

2022, American Chemical Society

high-entropy materials. Then, a comprehensive overview
of recent advancements in the multi-field applications of
HEAs, including electromagnetic absorption, energy stor-
age, gas sensing, biomedicine, and catalysis applications.
Finally, we will summarize the latest research developments
in HEAs and analyze the current challenges and future pros-
pects. This review aims to offer a thorough and insightful
analysis of the current state of HEA research, and hope to
inspire further exploration and development in this field.

2 Fundamental Properties of HEAs

The formation of solid solutions in HEAs has been shown
to be influenced by atomic size, crystal structure, valence,
and electronegativity of the constituent elements [40]. Based
on this finding and incorporating thermodynamic consid-
erations, researchers have summarized five key factors that
affect HEAs formation: mixing entropy, mixing enthalpy,
atomic size, valence electron concentration, and electron-
egativity differences [41, 42]. Mixing entropy plays a cru-
cial role in the formation of single-phase solid solutions

SHANGHAI JIAO TONG UNIVERSITY PRESS

in HEAs, while mixing enthalpy reflects the interactions
between the constituent elements and significantly impacts
the microstructure of HEAs. In contrast, atomic size, elec-
tronegativity differences, and valence electron concentra-
tion are intrinsic properties of the elements and are closely
related to the phase stability, structural stacking, and phase
transitions of HEAs. These factors serve as intrinsic regula-
tors of HEA formation. The high configurational entropy of
HEAs arises from their multi-element composition, leading
to the formation of stable single-phase solid solutions with
face-centered cubic (FCC), body-centered cubic (BCC), hex-
agonal close-packed (HCP), or Laves phase structures [43]
(Fig. 2a). Consequently, HEAs can be defined in two ways,
the first composition-based definition referring to the pres-
ence of five or more major elements, with the percentage of
each element ranging from 5% to 35%. In some cases, trace
elements constitute less than 5% of the total composition.
The other is the entropy-based definition, and the mixing
entropy of HEAs is approximated to the constitutive entropy
by the following formula [44]:

@ Springer
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Fig. 2 a Schematic illustration of the overall crystal structure for HEAs. Reproduced with permission [46]. Copyright 2022, Wiley. b Common
elements in HEA and the various classifications of HEAs. Reproduced with permission from Ref [42]. Copyright 2021, Royal Society of Chem-
istry. ¢ Four core effects and two other non-core effects of HEAs. Reproduced with permission [47]. Copyright 2024, American Association for

the Advancement of Science

AS, mix
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where R is the gas constant, C; is the mole fraction of the i,
element, and 7 is the total number of elements in the HEAsS.
From the formula, it can be inferred that mixing entropy
increases with the number of constituent elements. A higher

ey
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mixing entropy facilitates the random occupation of lattice
positions by different elements, thereby promoting the for-
mation of solid solutions rather than ordered or segregated
phases [45]. This formula provides a reliable method for
quantitatively measuring disorder and accounts for the ran-
domness of atomic arrangements in HEAs systems. Based
on this, mixing entropy values of 1.5R and 1.0R are com-
monly used as the basis for classifying HEAs, medium-
entropy alloys (MEAs), and low-entropy alloys (LEAs). The
elements commonly employed in the synthesis of HEAs are
presented in Fig. 2b.

From the definition of high-entropy, AS,,; is only related

mix
to the number of constituents, and according to the Gibbs
free energy formula, there is a competition between the

additional AH_;, required to mix the constituents and the

increased AS,;, [12]:
AGmix = A[_Imix - TASmix 2

where T represents the temperature and AH,;, denotes the
enthalpy of mixing. Entropic stability in the crystal struc-
ture is established when TAS, ;, equilibrates with or exceed
AH._;.. The entropic stability of the crystal structure is
ensured when TAS,;, is greater than AH_;,. The stability
of the compound increases with AS,;, when the negative
value of AG,, is large. When the system reaches a certain
equilibrium value, the contribution of AS, .. will exceed that

of AH_;, and should not be ignored.

mix

mix

2.1 High-Entropy Effect

The high-entropy effect (Fig. 2¢), initially proposed by Yeh
et al. [6], refers to the phenomenon wherein alloys contain-
ing five or more elements in equal or nearly equal propor-
tions exhibit a high degree of mixing entropy and are more
likely to form single-phase solid solutions than intermetallic
compounds. According to the classical Gibbs phase rule, the
formation of intermetallic compounds depends on the num-
ber of elemental species present in the alloys. Consequently,
as the number of elemental species increases, the number
of phases of intermetallic compounds also rises, leading to
increased structural complexity and a corresponding impact
on the properties of the alloys.

P=C+1-F 3)

where P is the number of phases, C is the number of ele-
ments, and F' is the degree of freedom in the alloy system.
Most HEAs tend to form a single-phase solid solution
with a uniform structure, which is significantly fewer than

| SHANGHAI JIAO TONG UNIVERSITY PRESS

the number of phases predicted by classical Gibbs phase
rule calculations. According to the equation for AS,;,, an
increased number of constituent elements in HEAs results
in higher mixing entropy within the system. This elevated
AS,;, reduces the AG,,;,, equilibrates the influence of AH;,,
enhances system stability, and decreases the number of equi-
librium phases of HEAs, thereby promoting the formation of
single-phase solid solutions. Furthermore, higher AS,;, can
overcome the barriers to multi-element miscibility in HEAs,
leading to superior properties and enhanced thermodynamic
stability. Consequently, the high-entropy effect effectively
explains why the phase number of HEAs is much less than
that predicted by theoretical equations.

2.2 Lattice Distortion Effect

The lattice distortion effects observed in HEAs can be
attributed to atomic size differences among the constituent
elements [48, 49] (Fig. 2c). HEAs comprise multiple ele-
ments, and metal atoms of different types randomly occupy
the same lattice, resulting in a highly disordered atomic
arrangement. Variations in atomic size inevitably lead to
deviations in the lattice matrix from ideal positions, caus-
ing significant lattice distortion. Furthermore, differences in
crystal structure and bonding energy between the constituent
elements also contribute to lattice distortion. The diverse
atomic sizes in HEAs induce variations in local strain
fields and lattice distortions, which significantly affect the
mechanical and thermoelectric properties of the materials.
The lattice distortion effect can enhance the hardness and
thermoelectric properties of HEAs while also optimizing
their chemical properties [48]. Moreover, the mismatch of
atomic sizes drives HEAs into a thermodynamically non-
equilibrium state, which increases the potential energy of the
alloys and lowers the energy barrier for catalytic reactions,
thereby enhancing their catalytic activity. Additionally, lat-
tice distortion leads to the formation of grain boundaries,
dislocations, and other defects, significantly impacting the
strength, ductility, and fracture behavior of HEAs.

2.3 Sluggish Diffusion Effect

Sluggish diffusion effect refers to the phenomenon wherein
the migration and diffusion rates of atoms in HEAs are
markedly slower than those observed in conventional binary
or ternary alloys. This effect arises from two primary factors.

@ Springer
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First, the multicomponent composition of HEAs leads to
each lattice position being randomly occupied by different
neighboring metal atoms (Fig. 2¢). During atomic diffusion
or phase transitions, atoms tend to migrate into vacancies
that are widely available in thermally equilibrated crystals
above absolute zero. However, the energy levels of neighbor-
ing vacancies are not identical to those of the original lattice
positions. When an atom migrates to a low-energy vacancy,
it may become trapped, making it difficult for the atom to
migrate out of that vacancy. Conversely, if the atom migrates
to a high-energy vacancy, it may find itself unable to migrate
further and might instead return to its original position. Con-
sequently, atoms migrate to either low-energy vacancies or
high-energy vacancies, which results in a decrease in their
migration diffusion rate [50]. The significant energy fluctua-
tions between microscopic lattice sites result in a substantial
number of low-energy vacancies acting as potential traps,
thereby impeding atomic diffusion and contributing to the
sluggish diffusion effect.

In addition, the disparity in diffusion rates among the con-
stituent elements in HEAs is a significant factor contributing
to the sluggish diffusion effect. The diffusion behavior of
HEAs results from the synergistic interactions of a multitude
of different atoms within the alloy. The resistance to vacancy
diffusion is generally greater for inert elements compared
to active elements, which limits the overall diffusion and
phase transition rates of HEAs. The slow migration of cer-
tain elements impedes the overall transformation process.
For instance, grain growth requires the cooperative action
of all constituent elements, collectively facilitating resonant
migration at the grain boundaries and thereby creating the
necessary conditions for growth. Notably, the formation of
new phases necessitates the reorganization and redistribution
of the constituent elements to achieve the required composi-
tional conditions. In such cases, the elements with sluggish
diffusion characteristics play a crucial role, constraining the
overall rate of transformation. Simultaneously, the sluggish
diffusion process endows HEAs with enhanced phase stabil-
ity, increased creep resistance, and elevated high-temper-
ature strength, thereby maintaining the exceptional cyclic
stability of HEAs during catalytic processes. Moreover, the
sluggish diffusion process allows for the precise modulation
of the material’s microstructure, significantly enhancing its
properties.

© The authors

2.4 Cocktail Effect

In 2015, Ranganathan [51] first introduced the polymetal-
lic cocktail effect, emphasizing the significance of multi-
element composition in alloy development. The cocktail
effect of HEAs refers to the unexpected synergies that arise
when the constituent elements are mixed (Fig. 2¢). The per-
formance of HEAs is not solely dictated by the individual
properties of each element; rather, it is also influenced by
the interactions among multiple elements. Consequently, the
combination of various components may lead to the emer-
gence of unique properties that are absent in single-element
systems. Generally, the synergistic mixing of multiple com-
ponents in HEAs not only produces unpredictable results but
can also yield outcomes that exceed the cumulative effects
of the individual elements. Unlike the other core effects pre-
viously discussed, the cocktail effect is an assumption that
does not require empirical evidence. Nevertheless, it serves
as a reminder to researchers that unique material properties
may arise from the unexpected synergies between multiple
elements. The cocktail effect is predicated on the notion that
the properties of a given material are inherently unpredict-
able and are significantly influenced by synergistic interac-
tions among its constituent elements. These interactions can
manifest in various ways, including the emergence of spe-
cific combinations of physical properties (such as the very
low expansion coefficient), catalytic response properties
(such as the photovoltaic conversion), and structural prop-
erties (such as the combination of high strength and tough-
ness, or the combination of fatigue resistance and ductility)
[52, 53]. The properties of materials are closely linked to a
multitude of factors, including composition, microstructure,
and electron distribution. The cocktail effect underscores the
importance of remaining open to nonlinear outcomes and
unforeseen properties that may emerge from the unconven-
tional combinations inherent in the expansive compositional
range and intricate microstructure of HEAs.

2.5 Other Non-core Effects

Size effect Conventional bulk HEAs often face limitations
in their application across multi-fields due to their large
size, which restricts the complete exposure of active atoms
on their surfaces. Reducing the size to the nanoscale or
even atomic level can significantly enhance the exposure

https://doi.org/10.1007/s40820-025-01779-0
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of active atoms, and offers unlimited possibilities for
the application of HEAs in the fields of electrocatalysis
[54], energy storage [55] and biomedicine [56] (Fig. 2c).
Notably, as the size of HEAs decreases, the exposure of
surface atoms increases exponentially, providing a rich
surface area and a greater number of unsaturated coor-
dinated surface atoms, which facilitates the formation of
more active sites. Furthermore, similar to conventional
nanomaterials, nanoscale HEAs exhibit distinct electronic
energy levels, specific surface interfacial effects, quantum
size effects, and quantum tunneling effects [57]. The size
effect of HEAs indicates that their performance in relevant
applications is closely correlated with their dimensions.
For instance, the catalytic performance of HEAs can either
increase or decrease depending on the reduction in nano-
particle size during electrocatalytic reactions.

Shape effect Zero-dimensional (OD) nanomaterials are
the most thermodynamically stable and the easiest to syn-
thesize, making OD nanoparticles (NPs) the most com-
mon form of current HEAs. However, 0D HEAs typically
exhibit low activity due to their limited surface-active
sites and uncontrolled surface electronic structures [58].
Nanomaterials with anisotropic properties, on the other
hand, can provide additional anchor points for carriers,
enabling the exhibition of unique properties. By devel-
oping HEAs into these specific anisotropic structures,
more low-coordinated edge atoms can be exposed to the
reaction system, thereby enhancing performance. Huang
et al. [59] developed a template- directed method for the
programmable synthesis of various HEAs, including 0D
nanoparticles, 1D nanowires, 2D nanorings, and 3D nano-
dendrites, which were subsequently applied to ethanol oxi-
dation reactions. Notably, among these structures, HEAs
with 2D nanorings exhibited the highest catalytic perfor-
mance, demonstrating a 25.6-fold and 16.3-fold increase in
mass activity compared to commercial Pd/C and Pt/C cata-
lysts, respectively. Furthermore, they retained a catalytic
activity of 2.56 A mg™'p, p, even after a 20,000 s CA test
and showed no significant decline in mass activity during
a continuous 60,000 s cycling test, exhibiting its excel-
lent durability. Thus, formulating HEAs with anisotropic
structures represents a promising direction for advancing
their development (Fig. 2¢). In conclusion, the multidi-
mensional evolution of HEAs from 0D nanoparticles to
1D nanowires, 2D nanosheets, and even 3D nanocubes
and cubic frameworks represents a significant strategy for

| SHANGHAI JIAO TONG UNIVERSITY PRESS

enhancing their physicochemical properties and expanding
their multidisciplinary applications.

3 Synthesis Strategies of Nanoscale HEAs

To enable the intermixing of metals with disparate chemi-
cal properties, HEAs are frequently synthesized through
thermodynamic non-equilibrium processes that employ
high temperatures and pressures to achieve that states.
This method facilitates the miscibility of elements through
the application of high temperatures and pressures, thereby
enabling the expeditious molding of the material through
the rapid cooling process. This approach prevents atomic
diffusion, facilitating the formation of multiple elements in
metastable alloys. The synthesis of nanoscale HEAs pre-
sents a significant challenge compared to traditional meth-
ods for the synthesis of bulk HEAs. The kinetic and ther-
modynamic considerations involved in the homogeneous
mixing of multiple elements with disparate physicochemi-
cal properties and the formation of a single-phase solid
solution are inherently complex [60]. Additionally, the
migration and aggregation phenomena that occur at high
temperatures present a significant challenge to maintain-
ing the uniformity and structural stability of HEAs during
the synthesis process. Using a thermodynamically induced
method, Li et al. [61] applied an ultra-high heating rate
(3,000 K s71) to achieve rapid melting and homogeneous
mixing of HEA precursor ions, followed by an extremely
fast cooling rate (2,400 K s™!) to prevent inter-ion migra-
tion and aggregation, completing the entire process within
1200 ms. Therefore, It is essential to conduct a compre-
hensive analysis of the synthesis methods and conditions
employed in the production of nanoscale HEAs, in order to
ensure precise control over the compositional distribution
and morphology of the resulting nanostructured HEAs.
Over the past decade, researchers have developed a
multitude of synthetic strategies for preparing HEAs.
These strategies are broadly categorized into three main
approaches: solid-state, liquid, and gaseous synthesis
[62]. Mechanical alloying is the most common solid-state
synthesis technique, which offer a straightforward, cost-
effective approach to large-scale HEA synthesis. However,
due to its high-energy consumption and susceptibility to
oxidation, achieving sufficient homogeneity is often chal-
lenging, requiring subsequent pressing and sintering [63].

@ Springer
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The second approach is liquid synthesis, which includes
various techniques such as laser melting. Although this
method is commonly employed for the synthesis of HEAs,
it typically necessitates relatively high temperatures to
ensure the requisite homogeneity of the mixing and fusion
of the constituent elements. Additionally, this method
often produces dendritic microstructures that require
extensive heat treatment to achieve homogenization [64].
Furthermore, the arc discharge method has garnered sig-
nificant attention from researchers. This technique pri-
marily utilizes the arc generated between electrodes as a
heat source to melt metals, which subsequently solidify
into HEAs under vacuum or an inert atmosphere [65, 66].
Zhang et al. [67, 68] successfully synthesized a series of
HEAs with high photothermal conversion efficiency across
the entire solar spectrum (250 to 2,500 nm) using arc dis-
charge, including septenary HEAs (FeCoNiTiVCrCu)
and HEAs with 21 super-mixed elements (FeCoNiCrY-
TiVCuAINbMoTaWZnCdPbBiAgInMnSn), which were
reported for the first time. It is important to note that it
overcomes the immiscibility of the 21 elements through
the high-entropy effect and a non-equilibrium synthesis
process. In this process, the introduction of vapor pres-
sure balances the evaporation rates of the composite ele-
ments, playing a crucial role in promoting their homoge-
neous mixing. Remarkably, the synthetic method achieved
unprecedented success in synthesizing 21-element ultra-
mixed HEAs from a strongly repulsive system, which was
never previously reported. This work offers new insights
and approaches for the discovery and application of novel
HEAs. Finally, there are gas-phase synthesis methods,
which mainly include atomic layer deposition, magnetron
sputtering, and vapor phase deposition. These methods
typically require sophisticated and expensive equipment,
making the synthesis process more complex [69]. Given
the wide range of traditional and modern techniques for
synthesizing HEAs, developing innovative methods to
produce HEAs with unique properties remains essential.
Novel design and synthesis methods for HEAs have
been explored to optimize their performance across vari-
ous fields. As research advances, there is a growing demand
for customizing HEAs to meet the specific requirements of
various applications. Additionally, synthesizing nanoscale
HEASs poses significant challenges, particularly in select-
ing constituent elements and forming stable single-phase
solid solutions during simultaneous reduction. For example,

© The authors

Furukawa et al. [70] developed a novel high-entropy cat-
alyst by incorporating less active transition metals (Co
and Cu) and typical inert metals (Ga and Sn) to partially
replace highly active Pt and Ge sites. The multi-metallic
design of PtGe, leveraging site isolation and entropy effects
(ks '=7=4146 h=173 d), effectively suppressed side reac-
tions and enhanced catalytic stability, which can work in
propane dehydrogenation at 600 °C for at least 2 months.
Therefore, understanding the design principles and growth
mechanisms of HEAs is crucial to overcoming the chal-
lenges associated with nanoscale HEAs synthesis. In the
following sections will first discuss the design principles of
HEAs, with a specific focus on nanoscale synthesis methods,
then analyze the corresponding growth mechanisms and the
precise control of their structures.

3.1 Design Strategies for Nanoscale HEAs

In recent years, interest in HEAs has surged across various
research fields due to their unique compositional proper-
ties and exceptional catalytic activity. To synthesize HEAs
with high activity and stability, rational design principles
offer valuable guidance for future research. The formation
of single-phase solid-solution HEAs is generally governed
by the following principles: (1) atomic radius differences
between elements should not exceed 6.6%, and (2) mixing
enthalpy should range between —11.6 and 3.2 kJ mol~!. In
some cases, entropy-enthalpy ratios of at least 1.1 may also
be considered [71, 72]. To form HEAs in a single-phase
solid solution, the elemental composition must meet these
criteria. Additionally, rational design methods can signifi-
cantly improve the atomic utilization efficiency of HEAs.
This can be achieved by introducing porous or multilayer
structures, which increase the effective contact area between
atoms and reactants [73] (Fig. 3a). The intrinsic activity
of the target element can also be enhanced by modifying
the local coordination environment which can be achieved
through doping, component modulation, and nanoparticle
inter-supporting interactions [74] (Fig. 3b).

Structure and morphology control The crystal structure
of HEAs plays a crucial role in determining their catalytic
activity. Different crystal structures alter the electronic struc-
ture, which generates varying active sites. This significantly
impacts the adsorption and reaction kinetics of reactant mol-
ecules [75]. Phase structure can primarily be manipulated

https://doi.org/10.1007/s40820-025-01779-0
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the lattice structure (bottom). Reproduced with permission [76]. Copyright 2022, American Association for the Advancement of Science. d Schematic diagrams of
HEAs with different morphological structures (left) and corresponding transmission electron microscopy images (right). Reproduced with permission [80]. Copy-
right 2023, American Association for the Advancement of Science. e Adsorption strengths of intermediates on catalyst metal sites (left) and the polarization curves
for different catalysts(right). Reproduced with permission [84]. Copyright 2023, Royal Society of Chemistry. f Three-step process for the preparation of HEAs
(top) and corresponding transmission electron microscopy images (bottom). Reproduced with permission [85]. Copyright 2022, American Chemical Society. g
Frequency distribution of OH *adsorption on (106) surface of HEAs from theoretical modeling calculations. Reproduced with permission [87]. Copyright 2020,
Elsevier
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through chemical and physical modifications. Chemical
modifications are governed by five key parameters: mix-
ing entropy, mixing enthalpy, elemental electronegativity
difference, valence electron concentration, and atomic size
difference. Physical modifications influence phase structure
primarily through variables such as temperature, pressure,
and magnetic field. Annealing after high-temperature heat-
ing has been shown to promote interatomic diffusion and
the formation of ordered high-entropy intermetallic com-
pounds. Hu et al. [76] described a method for inducing a
disorder-to-order phase transition in nanoparticles, where
rapid heating followed by rapid cooling preserves the result-
ing high-entropy intermetallic structure. This transition pro-
duces phase-stabilized nanoscale high-entropy intermetallic
compounds (Fig. 3c). Luo et al. [77] developed FeCoNi-
CuPd HEA NPs exhibiting two distinct phases by combining
ligand-assisted interfacial assembly and annealing under an
NH; atmosphere. The precise structural design enabled the
creation of HEAs with stable, chemically ordered phases,
excellent properties, and advanced mesoporous functionality.

Furthermore, the surface morphology of the material is
primarily determined by the relative balance between the
deposition rate and the surface diffusion rate of reactive
phase atoms. This can be controlled by adjusting the con-
centration and drop acceleration rate of the reactive phase
reagents, as well as the solvent phase type (Fig. 3d). Yang
et al. [80, 81] proposed an effective strategy for the con-
trolled synthesis of platinum-group five-element HEAs
nanocrystals. Through the analysis of reduction kinetics
and mixing entropy during HEAs formation, and by con-
trolling the quantity of each metal precursor and injection
rate, the synthesis of typical solid-solution HEAs, dendritic
solid-solution HEAs, and core—shell HEAs can be predict-
ably and controllably achieved. In light of the preceding
findings, Yang et al. subsequently presented ten distinct Fe-
group metal (selection of three elements) and Pt-group metal
(selection of two elements) co-composed quintuple HEAs,
which exhibits a square atomic arrangement and possess the
capacity to precisely regulate the distribution of each con-
stituent element. The PtRuFeCoNi HEAs exhibit remarkable
catalytic activity and durability, outperforming commercial
Pt/C catalysts.

Element selection The chemical composition and element
selection of HEAs are critical in determining their proper-
ties. In the compositional design of HEAs, the high-entropy
mixing of multiple elements is crucial, as it is fundamental
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to the special properties of HEAs. Additionally, the con-
centration of each element and the state of mixing are vital
to the performance of HEAs. The overall performance of
HEAs can be optimized by adjusting the specific state of
each component. The intrinsic properties of HEAs are pri-
marily determined by their elemental composition. Exten-
sive research has been conducted into various metal combi-
nations and optimal compositions with specific properties.
Zhu et al. [82] developed a FeCoNiXRu HEAs system with
varied active sites to explore the contribution of different
elements, where X can be substituted with Cu, Cr, or Mn.
Differences in electronegativity between mixed elements
induce significant charge redistribution, creating highly
active Co and Ru sites with optimized energy barriers. The
findings indicate that the catalytic activity of HEAs can be
enhanced by modulating the electronegativity of individual
components, thereby optimizing the overall synergistic and
electronic properties.

Additionally, the number of elements in the alloy can be
adjusted to optimize the synergistic interactions between
different sites, which is crucial for achieving high catalytic
activity and selectivity in HEAs. Kitagawa et al. [83] con-
ducted a comprehensive comparative analysis of the ethanol
oxidation reactivity of ternary (PdPtRh), quaternary (IrP-
dPtRh), penta- (IrPdPtRhRu), and hexa- (RhRuPdOsIrPt)
HEAs. Their findings demonstrated a significant increase
in catalytic activity with the addition of components, fur-
ther highlighting the importance of synergistic effects
among multiple elements. Moreover, achieving optimal
performance requires a rational selection of elements when
designing HEAs. However, traditional experimental screen-
ing methods are often time-consuming and costly. Thus,
combining theoretical calculations with experimental data
from specific reaction systems allows for the rapid and large-
scale screening of elemental compositions. Wang et al. [84]
proposed a strategy to regulate high-entropy atomic environ-
ments by combining density functional theory (DFT) calcu-
lations with experimental results. The low-electronegativity
element Mn was combined with the high-electronegativity
elements Cu, Fe, Co, and Ni to form HEAs. This design
aimed to drive inactive Cu atoms to electron-rich active sites,
converting inactive regions into electrocatalytically active
sites and enhancing overall catalytic activity (Fig. 3e). Com-
pared to commercial Pt/C catalysts, which require 302 mV
to achieve a current density of 100 mA cm™2, FeCoNiCuMn
HEAs require only 281 mV of overpotential to reach the
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same current density. Furthermore, electrocatalytic kinetics
studies revealed that HEAs exhibit a lower Tafel slope (53
mV dec™") and follow the Volmer-Heyrovsky mechanism in
alkaline electrolytes.

Surface modification Material surfaces are critical sites
for numerous chemical reactions and physical transforma-
tions, and serve a significant function in a multitude of appli-
cations. The design and optimization of HEAs through sur-
face engineering present an effective approach to enhance
their performance. The surface of HEAs can be modified or
endowed with specific functionalities, such as targeting, anti-
oxidant properties, and catalytic activity, by grafting addi-
tional ligands. This modification facilitates the performance
of HEAs in multi-fields by improving interfacial interactions
and exposing active sites. Skrabalak et al. [85] developed a
generalized method for synthesizing HEAs via the thermal
conversion of core—shell NPs. This method begins with the
synthesis of PdCu NPs, which serve as seeds. Subsequently,
the PtNiM-shell (M =Fe, Co, Rh, Ru, Ir) layer is modified on
the surface of the PdCu NPs to form high-entropy interme-
tallic compounds with a core—shell structure (Fig. 3f). This
is achieved through a seed-mediated co-reduction process.
Finally, the core—shell NPs are deposited on a carbon car-
rier and subjected to heat treatment, which promotes atomic
mixing and the formation of HEAs. In addition to the depo-
sition of metal elements, the surfaces of HEAs can also be
modified using organic ligands. Liang et al. [20] successfully
developed a generalized metal-ligand cross-linking strategy
for the preparation of ultrasmall PtPdRuRhIr HEAs, which
were based on aldol condensation reactions. During the
cross-linking process, organic ligands were grafted onto the
surface of the HEAs, resulting in materials with excellent
POD-like enzyme activity and high photothermal conver-
sion efficiency.

Machine learning The variable composition of HEAs
offers researchers a multitude of design options. However,
the vast array of elemental combinations presents significant
challenges for the rapid screening and design of HEAs that
exhibit both high performance and high activity. In recent
years, machine learning and theoretical prediction methods
have been extensively employed to forecast the surface and
subsurface compositions of alloying materials, including
single-atom alloys and ordered intermetallics [86]. Con-
sequently, the application of theoretical prediction models
and machine learning algorithms for the rapid screening of
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HEAs will assist researchers in the efficient design and syn-
thesis of high-performance HEAs. Singh et al. [87] success-
fully predicted the surface adsorption energy of HEAs by
integrating a neural network with density functional theory
(DFT) calculations, taking into account both ligand effects
(the spatial arrangement of different elements) and coordi-
nation effects (variations in crystallographic surfaces and
defects). The results align with the reported experimental
results, demonstrating the accuracy and effectiveness of the
theoretical prediction methods in HEAs design (Fig. 3g).
The model demonstrates high predictive accuracy, with an
average absolute error of 0.09 eV, and exhibits strong gen-
eralization, making it broadly applicable to bimetallic cata-
lysts. Additionally, the model is simple and can be further
reduced to a linear scaling model with only 36 parameters.
Subsequently, to enhance the precision of theoretical pre-
dictions and the depth of machine learning, Zhao et al. [88]
developed an accurate and efficient atom graph attention
(AGAT) network to accelerate the development of high-
performance high-entropy electrocatalysts (HEECs). The
model statistically verified the reliability of classical d-band
theory and scaling relations concerning HEECs’ surfaces.
Additionally, it was shown that HEECs can effectively cir-
cumvent the scaling relations by providing sufficiently ver-
satile local environments. This work offers a novel approach
for the rapid high-throughput screening and rational design
of high-performance HEECs.

3.2 Electrochemical Synthesis

Electrochemical deposition is an effective method for the
growth and preparation of metal nanoparticles (Fig. 4a).
Moreover, this method allows precise control over the nucle-
ation and growth of NPs. Additionally, the compositional
state of the nanoparticles can be easily modified by adjusting
relevant parameters. In this approach, the redox reactions
occurring at the electrode surface within the electrolyte are
strongly influenced by the externally applied electric field.
Furthermore, the composition of the nanoparticles can be
precisely controlled by adjusting the voltage of the applied
electric field, current density, and electrolyte composition
[89]. This method, which involves the reduction of metal
ions in an electrolyzer, is relatively inexpensive and oper-
ates under mild conditions. However, it requires precise con-
trol of electrolysis parameters to ensure the uniformity and
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Fig. 4 a Schematic diagram illustrates the fundamental principle of electrodeposition devices. Reproduced with permission [96]. Copyright 2022, Elsevier. b Thin
films of BiFeCoNiMn HEAs obtained via electrodeposition at different elemental molar ratios. Reproduced with permission [90]. Copyright 2008, Elsevier. ¢ Sche-
matic illustration of the wet chemical synthesis of I'RuURhMoW HEAs. Reproduced with permission [97]. Copyright 2024, Wiley. d Schematic of Pd@PtRuFeCoNi
HEASs atomic layer catalysts (left) and the elemental mapping images (right). Reproduced with permission [81]. Copyright 2024, American Association for the
Advancement of Science. e Schematic synthesis of HEAs with different morphology and structure. Reproduced with permission [59]. Copyright 2023, American
Chemical Society. f Elemental mapping images for PdFeCoNiCu HEAs. Reproduced with permission [94]. Copyright 2021, Royal Society of Chemistry
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purity of the alloy. The electrochemical deposition process
allows the simultaneous reduction of multiple metal ions,
providing a promising route for synthesizing HEAs.

In a pioneering study, Tong et al. [90] demonstrated a
simple and effective method for synthesizing BiFeCoNiMn
HEA films via electrochemical deposition. Through con-
stant potential deposition in an organic system, they success-
fully synthesized BiFeCoNiMn nanorod HEAs. Subsequent
research investigated the influence of electrodeposition
potential and elemental molar ratios in the organic system on
the formation of HEAs (Fig. 4b). Schwandt et al. [91] were
the first to report that HEAs can also be synthesized elec-
trochemically in a molten salt system. Premixed solid metal
oxides were cathodically polarized in molten CaCl, elec-
trolyte at 1,173 K, producing equiatomic refractory alloys
TiNbTaZr and TiNbTaZrHf through a one-step alloying
process. Compared to direct electrodeposition, pulsed elec-
trodeposition offers greater precision in current distribution
and mass transfer, enabling more accurate modulation of
HEASs microstructure and chemical composition. Yoosefan
et al. [92, 93] synthesized CoCrFeMnNi HEAs films using
pulsed electrochemical deposition. In a subsequent study,
they investigated the impact of pulsed electrodeposition
parameters (pulse frequency and duty cycle) on the wet-
tability and corrosion resistance of the films, and ultimately
found that a pulse potential with a frequency of 2,500 Hz
and a duty cycle of 60% resulted in the optimal corrosion
resistance of the CoCrFeMnNi HEA films.

3.3 Wet Chemical Synthesis

Wet chemical synthesis involves introducing a series of
precursor ions into a solvent to convert metal precursors
into HEAs, offering a promising approach for HEA synthe-
sis (Fig. 4c). A key advantage of this method is that HEAs
growth can be regulated by controlling parameters such
as reaction temperature, solvent type, and reaction time,
enabling precise control over the synthesis process. Yang
et al. [80, 81] investigated the reduction kinetics and mix-
ing entropy changes of five platinum-group metal precur-
sor ions in ethylene glycol solvents under varying dropwise
addition rates. Based on these findings, they developed a
predictive design method for synthesizing HEAs nanocrys-
tals. By controlling the droplet synthesis, the content of each
metal precursor ion was regulated at the same or different
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times during the process, enabling the controlled and pre-
dictable synthesis of targeted HEAs nanocrystals, such as
typical PdPtRhIrRu HEAs, dendritic PAPtRhIrRu HEAs, and
Pd@PdPtRhIrRu core—shell nanocrystals. Furthermore, they
developed a series of HEAs atomic layer catalysts composed
of three iron-group elements and two platinum-group ele-
ments, with precisely controlled square atomic arrangements
(Fig. 4d).

The precise synthesis of ultrasmall HEAs with control-
lable morphology and tunable composition is essential for
achieving advanced performance. Wang et al. [94] success-
fully synthesized Pd-based HEAs (PdFeCoNiCu) with a
small particle size (34 nm) for the first time in an atmos-
pheric-pressure oil phase at low temperatures (<250 °C)
(Fig. 4f). The oil-phase solvent, oleylamine, played a crucial
role in coordinating and incorporating different metal ions
during synthesis. Notably, the co-reduction of metal pre-
cursor ions at 220 °C successfully synthesized HEAs with
a homogeneous solid-solution structure, offering a novel
approach and opening new direction for the facile synthesis
of colloidal alloy materials. This co-reduction strategy not
only ensures the uniform distribution of multiple elements
at the nanoscale, enhancing the stability and catalytic activ-
ity of HEAs, but also enables precise control over the metal
precursor ion ratio, thereby regulating the composition and
structure of HEAs. The HEAs prepared using this method
exhibited a mass activity of 6.51 A mgp,~" at 0.07 V. Their
high catalytic activity was attributed to Fe-enhanced d-d
electronic coupling, which compensates for the electrons
on the Co site, thereby facilitating hydrolysis. Electron-rich
Cu promotes overall electron transfer, while neighboring Ni
contributes to the stabilization of OH. Moreover, Schaak
et al. [95] systematically synthesized colloidal HEAs NPs
and elucidated the reaction pathways. The preparation of
HEAs involved the gradual reaction of a solution con-
taining metal precursor ions, introduced into a mixture of
oleylamine and octadecene at 275 °C. By altering the con-
centration ratio of precursor ions, tunable elemental com-
positions were achieved. Huang et al. [59] developed a tem-
plate-guided synthesis approach that allows for independent
control of HEAs morphology and composition, enabling the
programmable synthesis of nanoscale HEAs with precisely
defined structures and compositions. This method enables
the synthesis of various morphologically controlled HEAs,
including OD nanoparticles, 1D nanowires, 2D ultrathin
nanorings, and 3D nanodendrites (Fig. 4e). Similarly, Xia
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et al. [98] demonstrated the superior performance and stabil-
ity of a novel NiCoFePtRh ultrasmall HEAs as an advanced
electrocatalyst in acidic media, exhibiting the smallest par-
ticle size reported to date at just 1.68 nm. These ultrasmall
HEAs exhibit an ultra-high TOF of 30.1 s™! and optimal
stability at 50 mV overpotential, showing no performance
degradation after 10,000 cycles. Theoretical calculations
further revealed that the actual active site, tunable electronic
structure, and synergistic interactions among the five ele-
ments collectively enhanced the hydrogen evolution reaction
(HER) activity of the ultrasmall HEAs. It is worth noting
that Gao et al. [99] developed a novel non-equilibrium wet
chemical synthesis method, utilizing highly reactive H spe-
cies generated by DMF dehydrogenation to create a localized
non-equilibrium reducing environment within the precursor
seeds. This approach enables the uniform hydrothermal syn-
thesis of HEAs with precisely controlled sizes ranging from
1 to 4 nm at 170 °C, achieving an unprecedented level of
synthesis accuracy.

3.4 Combustion-assisted Synthesis

Compared to conventional sintering, combustion-assisted
synthesis offers a more economical and accessible approach
to preparing HEAs. This method facilitates the formation of
HEAs by introducing a combustion agent into the reaction
system and utilizing the heat released during the combus-
tion reaction. The advantage of this approach is its fast-heat-
ing rate, allowing for the synthesis of high-quality alloys
in a short period of time. Moreover, this method relies on
a highly exothermic aluminothermic reaction, which is a
notable contrast to the heating employed in a reactor dur-
ing the conventional sintering process. Fu et al. [100] first
proposed the pioneering sol—gel self-combustion technique
for synthesizing CoCrCuNiAl HEAs. The resulting nano-
particles have an average size of approximately 14 nm and
exhibit distinctive superparamagnetic and magnetic proper-
ties. High-temperature combustion of metal nitrate precur-
sors initially produced (Co, Cu, Mg, Ni, Zn)O high-entropy
oxides, which were subsequently reduced in situ to CoCr-
CuNiAl HEAs in a reducing atmosphere. The experiment
demonstrates the effectiveness of the sol-gel self-combus-
tion synthesis method, which is not limited by high mix-
ing entropy. Politano et al. [101] pioneered the preparation
of ceramic composite HEAs via combustion synthesis, in
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which self-sustained synthesis occurs through the release
of substantial heat, propagated throughout the sample as a
combustion wave. This wave melts the metal powders of the
constituent elements, which then crystallize to form HEAs.

Liang et al. [20] developed an innovative approach for
synthesizing ultrasmall PtPdRuRhIr HEAs using a ligand
cross-linking strategy based on aldol condensation. This
approach involves the equal mixing of metal precursors,
followed by the formation of supramolecular polymer pre-
cursors in an alkaline environment (Fig. 5a). The reaction
between organometallic compounds and acetylacetone forms
carbon—carbon bonds, resulting in a homogeneous random
intercalation structure. The intercalated structures were
then subjected to high-temperature combustion and ther-
mal annealing to completely remove the organic ligands,
producing ultrasmall HEAs. The HEAs obtained by this
strategy have a size of less than 3 nm and are anchored by
carbon—carbon bonds. The HEAs demonstrate both enzyme-
like catalytic activity and a high photothermal conversion
effect, enabling the effective elimination of breast cancer
cells. It is typically observed that HEAs comprising noble
and base metals do not exhibit complete miscibility. How-
ever, Yamashita et al. [102] recently generated spillover
hydrogen species with high reduction potentials from noble
metals (Ru and Rh) by leveraging the strong spillover effect
of TiO,. These species rapidly migrated to base metals (Ni
and Cu), reducing them to form TiO,-supported CoNiCu-
RuPd HEAs during subsequent drying and thermal anneal-
ing. The TiO,-supported CoNiCuRuPd HEAs exhibit high
catalytic activity and excellent stability during CO, hydro-
genation reactions.

3.5 Flash-thermal Shock Synthesis

Carbon thermal shock (CTS) synthesis involves the uni-
form mixing of an appropriate amount of carbon source
(activated carbon or carbon black) with metal precursor
salts at high temperatures, which is an innovative way to
generate HEAs. When temperatures exceeding 2,000 K,
the carbon source undergoes violent combustion, inducing
a thermal shock that rapidly reduces the metal precursor
ions to metal atoms. These atoms then melt, form a solid
solution, and rapidly cool to produce HEAs. High tem-
peratures and short durations are key factors for achiev-
ing homogeneous mixing of elements and inhibiting the
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agglomeration of nanoparticles. These conditions help
lower the system’s free energy, increase the entropy of
mixing, and maintain the homogeneity of single-phase or
multiphase structures. In pioneering research, Hu et al.
[103] were the first to successfully apply CTS synthesis
for alloying up to eight distinct elements into single-phase
solid-solution NPs (Fig. 5b). The alloy’s microstructure
and properties are regulated by controlling parameters
such as the matrix (carbon nanofibers), temperature
(~2,000 K), impact duration (55 ms), and cooling rate
(~10° K s71) of the CTS process. Rapid high-temperature
impacts accelerate the diffusion and homogeneous distri-
bution of metal atoms, leading to the formation of uniform
alloys. While CTS synthesis ensures the structural stabil-
ity and compositional homogeneity of HEAs, it demands
precise temperature control during both heating and cool-
ing. Moreover, the complex post-processing steps follow-
ing thermal shock, which involve the removal of residual
impurities and interfering elements, present additional
challenges for the large-scale application of this method.

Achieving high-coverage alloy nanoparticles on mini-
mally exposed carbon substrate surfaces has been a piv-
otal technical challenge for the CTS synthesis method.
To address these challenges, Jung et al. [104] employed
a strategy using partially carbonized cellulose as the car-
bon source due to its interconnected aromatic rings and
numerous edge sites. This approach effectively achieved
high surface coverage (~85%). CTS synthesis requires
an electrically conductive support, and the efficiency of
Joule heating depends on the quality of the carbon source,
with uniform heating across large areas being the primary
challenge. Considering these limitations, Choi et al. [23]
proposed a photothermal method as an alternative to CTS,
which is compatible with surrounding environments, syn-
thesis areas, and remote processes, and does not require
specific material selection (Fig. 5c). It achieves rapid and
large-area heating of HEA NPs through light interactions
with materials such as carbon nanofibers (CNFs), graphene
oxide, and MXenes. The instantaneous high-temperature
annealing process, comprising a single 20 ms flash of 4.9 J
cm~2 on the CNFs film, resulted in the successful synthesis
of HEAs containing nine elements. The non-contact light-
material interactions in this method represent a significant
innovation in HEAs synthesis, offering a promising strat-
egy for large-scale production.
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3.6 Microwave Heating Synthesis

Microwave heating synthesis rapidly generates high temper-
atures and ensures uniform heat transfer, preventing elemen-
tal or phase separation during HEAs synthesis. This method
promotes the formation of HEAs by heating the material
rapidly to the desired temperature. It offers the advantages
of uniform heating and a fast reaction rate, but it requires
addressing the complexity of the interaction between micro-
waves and the material. This emerging synthesis technol-
ogy offers distinct advantages, including good selectivity,
volumetric heating, and enhanced sintering [105]. Since
Agrawal et al. [106] pioneered the microwave sintering of
powdered metals into fully dense products, microwave heat-
ing synthesis has gained increasing attention and has been
progressively applied to assist in HEAs synthesis, overcom-
ing limitations of traditional methods. After years of devel-
opment, Hu et al. [107] employed graphene oxide, rich in
functional group defects, as a model substrate to efficiently
absorb microwaves and generate average temperatures of
up to 1,850 K within seconds (Fig. 5d). The rapid ramp-up
heating process was subsequently employed to successfully
synthesize PtPdFeCoNi HEAs, whose constituent elements
decompose almost simultaneously at rapid elevated tempera-
tures, producing liquid metals without diffusion and mixing
uniformly to form HEA NPs with particle sizes approxi-
mately 12 nm. Compared to conventional high-temperature
furnace heating, microwave radiation heating is a promis-
ing method for synthesizing HEAs, offering rapid, uniform
temperature elevation and suitability for carbon materials
of varying sizes.

3.7 Laser Scanning Ablation Technology

In recent years, laser scanning ablation (LSA) technology
has gained prominence in the synthesis of HEAs. LSA is
a physical vapor deposition process that employs local-
ized laser heating to evaporate the surface material of bulk
HEAs, resulting in the generation of a plasma composed
of hot atoms, ions, and clusters. This process is initiated
by irradiating the surface with a high-energy laser beam.
Following a cooling phase, the plasma gradually condenses
to form nanoscale HEAs. Recently, Yao et al. [108] devel-
oped a novel LSA strategy to synthesize electrocatalysts
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featuring both high activity and stability for PtIrCuNiCr
HEAs (Fig. Se). The electrocatalysts were employed as both
anodes and cathodes in the catalytic process, exhibiting the
lowest overpotentials of approximately 190 mV during the
catalytic decomposition of water, along with high current
densities of up to 10 mA cm™2. Furthermore, the binding
energy of the intermediates involved in the catalytic process
is modulated by adjusting the bonding energy of the metal
bonds among the constituent elements. In a recent study,
Zou et al. [109] developed a straightforward and universal
LSA method for synthesizing ultrasmall HEA NPs. The
synthesis process occurs in just 5 ns at atmospheric tem-
perature and pressure, allowing for the production of NPs
with uniform compositions of up to nine elements, despite
the thermodynamic limitations of solubility among these
elements. The ability to deposit HEA NPs onto various sub-
strates is facilitated by the precision of laser pulses, which
effectively localize and confine energy to the targeted area.
Subsequently, the HEAs were deposited onto graphene and
integrated into both the anode and cathode for overall water
splitting. This approach yields current densities of up to
10 Ma cm™2 at a mere 1.42 V, significantly surpassing those
of existing catalysts. The rapid advancement and substantial
potential applications of LSA technology enable the genera-
tion of diverse functional materials through the systematic
substitution of target alloy materials, substrate fixation, and
other variable factors [13]. This method offers a distinctive
advantage in the rapid and efficient synthesis and screening
of HEA materials within this field.

3.8 Dealloying Synthesis

The dealloying synthesis method is a widely employed tech-
nique for fabricating porous structures with high specific
surface areas and has also been extensively applied in the
production of nanoscale HEAs. The dealloying process syn-
thesizes HEAs through selective corrosion, which involves
the partial corrosion of multicomponent solid-solution
alloys, wherein the reactive metal atoms are dissolved while
the relatively inert metal atoms remain. This process primar-
ily focuses on the selective removal of reactive components
from the alloy via chemical dissolution and electrochemical
methods. The former is achieved by immersing the multi-
component alloy in an acidic or alkaline solution, which
initiates the chemical reaction. Additionally, electrochemical
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methods are employed, involving the fabrication of an elec-
trode from the multicomponent alloy and the application
of a potential or electric current to oxidize or dissolve the
more reactive anodic components. This process results in the
formation of a continuous nanoscale multilevel pore frame-
work composed of metal elements that are more stable and
less reactive.

Based on the advantages of the dealloying synthesis
method, Qiu et al. [110] reported a two-step fabrication
process for synthesizing single-phase multicomponent
nanoporous HEAs (Fig. 6a). These HEAs with a fine pore
structure are composed of 12 (Mn,;Ni; sCu; 5Co,,V,,
Fe,Mo,Pd, Pty sAug sRug sy 5) or 16 (Mng; sNiz ,Cu;z ,Co,V,
Fe,Mo, sCr, sPd sPt; Au, sRu,Iry sAg, sRh, sOs) 5) elements,
and a homogeneous distribution of the multicomponent
elements is achieved by a one-step dealloying process in
(NH,),SO, solution. Previously, there had been no precedent
for the separate synthesis of nanoporous HEAs comprising
up to 16 elements. The successful synthesis of the HEAs
has produced materials with exceptional HER and oxygen
reduction reaction (ORR) performance, exhibiting superior
efficacy compared to commercial Pt/C catalysts. Addition-
ally, these materials have demonstrated enhanced catalytic
activity for the oxygen evolution reaction (OER), surpass-
ing the performance of commercial IrO, catalysts. In addi-
tion to the Mn-based HEAs previously discussed, Al is also
frequently employed in dealloying synthesis methods due
to its capacity for selective removal in alkaline solutions.
Qiu et al. [111] reported a top-down dealloying strategy for
the controllable stabilization of five metallic elements in a
nanoscale solid phase, achieved by the alternate addition of
a fifth element (Pd, V, Co, or Mn) to a predetermined set of
four elements (Al, Cu, Ni, and Pt). The AICuNiPtMn HEAs
exhibit the most effective ORR catalytic activity and elec-
trochemical durability, significantly surpassing that of com-
mercial Pt/C catalysts. Furthermore, Liu et al. [112] devised
a novel HEAs foil with a nanoporous structure as a multi-
functional electrocatalyst through the integration of dealloy-
ing and polarization. In an alkaline environment, the HER
overpotential of NiCoFeMoMn HEAs at 1,000 mA cm~2is
only 150 mV, and the OER overpotential at the same current
density is only 350 mV. Moreover, a stable current density
of 10 mA cm™2 can be sustained at a voltage of only 1.47 V
when the alloys are utilized as either anodes or cathodes.
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Step Synthesis

Rich-Pt core

Fig. 6 a Schematic diagram of the dealloying strategy for the preparation of nanoporous HEAs. Reproduced with permission [110]. Copyright
2021, American Chemical Society. b Schematic diagram of step alloying strategy (top) and EDS-mapping for HEA-NPs-(14) (bottom). Repro-
duced with permission [58]. Copyright 2023, Wiley. ¢ Schematic diagram of the liquid-assisted metal synthesis process (top) and the transforma-
tion of liquid metal NPs to alloy NPs (middle). Reproduced with permission [22]. Copyright 2023, Springer Nature.

3.9 Other Synthesis Methods

In conclusion, the synthesis methods for HEAs have evolved
over time and have been successfully applied in various
fields (Table 1). However, novel and more efficient synthesis
methods are still under development. Such as the template
method [59], step synthesis strategy [58], and liquid metal
reaction medium [22] have also garnered significant inter-
est from researchers. In the template method, seeds serve
as a template for the morphological control of HEAs, while
the reduction, deposition, and diffusion of various precur-
sors determine the ratio of each elemental composition of
HEAs [113]. By separating morphological control from
component control in the synthesis of HEAs, nanoscale

© The authors

HEAs can be synthesized in a programmed manner [114].
The stepwise alloying process consists of two primary steps:
first, the preparation of a Pt-rich core during the liquid-phase
reaction, and second, the diffusion of other elemental pre-
cursors into the Pt-rich core during the subsequent heating
treatment. The AH, ;, of Pt with other elemental combina-
tions is below the limitation for all elemental combinations,
indicating that the preparation of Pt-rich cores facilitates the
synthesis of HEAs comprising multiple immiscible elements
at relatively low temperatures without phase separation
(Fig. 6b). Furthermore, liquid metals can confer negative
enthalpies of mixing to other elements, thereby providing
stable thermodynamic conditions for the preparation of

https://doi.org/10.1007/s40820-025-01779-0
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Table 1 Summary of different synthesis methods for HEAs

Synthetic method Temperature and pressure Productivity Size Element applicability References
Electrochemical synthesis 298 K/ 1 atm ~mg level 50-70 nm Bi, Fe, Co, Ni, Mn [90]
Electrochemical synthesis 1173 K/ 1 atm 13¢g Porous bulk Ti, Nb, Ta, Zr, Hf [91]
Wet chemical synthesis 453 K/ 1 atm ~mg level 5-10nm Pd, Pt, Ru, Rh, Ir [80]
Wet chemical synthesis 443 K / high pressure ~mg level 1-4nm Pt, Ir, Cu, In, Ga, Pb, Ni, Co, Fe [99]
Combustion-assisted synthesis 573 K/ 1 atm ~mg level 14 nm Co, Cr, Cu, Ni, Al [100]
Combustion-assisted synthesis 1073 K/ 1 atm ~mglevel 1.5nm Pt, Pd, Ru, Rh, Ir [20]
Flash-thermal shock synthesis 2000 K/ 1 atm ~100 mg 3-25 nm Pt, Pd, Co, Ni, Fe, Au, Cu, Sn, Rh, [103]
Ru, Mo, Ce
Flash-thermal shock synthesis 2073 K/ 1 atm ~mg level <10 nm Pt, Pd, Ru, Ir, Fe, Co, Ni, Cu, La, Ce, [23]
In Sr
Microwave heating synthesis 1050 K/ 1 atm ~100 mg 10-50 nm Pt, Pd, Au, Rh, Ru, Fe, Co, Ni, Cu, Al [107]
Laser scanning ablation technology -/ 1 atm ~mglevel 2nm Pt, Ir, Cu, Ni, Cr [108]
Laser scanning ablation technology -/ 1 atm ~10g 1-10 nm Pt, Ir, Ru, Au, Co, Cr, Fe, Mn, Ni [13]
Dealloying synthesis -/ 1 atm ~g level Porous bulk  Mn, Ni, Cu, Co, V, Fe, Mo, Cr, Pd Pt, [110]
Au, Ru, Ir, Ag, Rh, Os,
Dealloying synthesis -/ 1 atm ~g level 200-300 nm Ni, Co, Fe, Mo, Mn [112]

polymetallic HEAs. Notably, it also act as an ideal dynamic
mixing medium (Fig. 6¢).

Generally, each synthesis method possesses distinctive
advantages and characteristics, making it crucial to con-
duct a comprehensive evaluation to select the most suitable
method based on the desired properties [115, 116]. While
the benefits of each strategy are evident, significant chal-
lenges remain. To fully capitalize on the potential of HEAs
in catalysis, biomedicine, and energy storage, it is essential
to advance the development of efficient, cost-effective, and
precise preparation methods for HEAs.

4 Multi-field Applications of Nanoscale HEAs

The unique physical and chemical properties of HEAs make
them attractive candidates for a wide range of applications.
The adaptable multicomponent composition of HEAs ena-
bles the modulation of surface characteristics and the crea-
tion of novel active sites, thereby reducing the activation
energy of reactants and intermediates, which significantly
enhances their catalytic efficiency [117, 118]. Additionally,
the high entropy and slow diffusion characteristics of HEAs
contribute to their long-term stability, making them prom-
ising materials for energy storage and corrosion-resistant
coatings. Over the past few decades, the application of HEAs
has expanded significantly across various fields. This section
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will focus on the latest advancements in their applications,
including electromagnetic absorption, energy storage, gas
sensors, biomedical applications, and catalysis.

4.1 Electromagnetic Absorption Material

The continuous evolution and innovation in electronics have
led to the widespread adoption of the gigahertz frequency
band in numerous electronic devices. This has resulted in
a gradual increase in electromagnetic interference, empha-
sizing the urgent need for the development of materials
capable of robust electromagnetic wave absorption within
this frequency range. The electromagnetic shielding effect
is primarily attributed to two mechanisms: reflection and
absorption. To effectively interact with an incident magnetic
field, the materials must possess mobile carriers (electrons
or holes). Metals and their alloys, which have high electri-
cal conductivity, are frequently employed to enhance the
reflective effect in electromagnetic shielding materials.
Additionally, effective absorption of electromagnetic wave
often requires dense porous structures or cavities that allow
the dissipation of incident electromagnetic waves within
the material through multiple reflections [119]. Due to their
variable elemental composition and excellent electromag-
netic properties, HEAs are considered promising materials
for electromagnetic shielding applications. The controllable
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elemental composition and compositional concentration of
HEAs permit the adjustment of their dielectric and electro-
magnetic properties. For instance, the selection of elements
such as Fe, Co, and Ni allows for the enhancement of soft
magnetic properties and conductivity [120]. As shown in
Table 2, HEAs exhibit superior performance compared to
other materials when used as electromagnetic wave absorb-
ers. Similarly, the choice of elements such as Cu and Mn
optimizes impedance matching and high conductivity, fur-
ther improving the electromagnetic properties of HEAs.
Zhang et al. [121] effectively combined electrostatic
spinning and Joule heating techniques to integrate FeCoNi-
CuMn HEAs into honeycomb-like porous carbon nanofibers
(HCNF). The combination of HEAs with the HCNF exhib-
ited excellent electromagnetic absorption performance at an
ultra-low loading of 2 wt%. This was attributed to the lattice
distortion effect of HEAs and the HCNF. The composite
material achieved a minimum reflection loss of —65.8 dB
and a maximum absorption bandwidth of 7.68 GHz
(Fig. 7a). Its dielectric properties improved with increasing
entropy, demonstrating its potential as an electromagnetic
wave absorber. Currently, ferrite is the most commonly
used microwave-absorbing material for combating elec-
tromagnetic pollution. However, the limited dielectric loss
capability of ferrite presents a major challenge to its large-
scale application. To address this issue, Zhou et al. [122]
fabricated three high-entropy spinel-type ferrite ceramics
using the solid-phase synthesis method. The presence of
magnetic elements such as Fe, Co, and Ni resulted in excel-
lent magnetic loss properties in all three high-entropy ferrite
magnets. Among them, (Mg, ,Mn,, ,Fe, ,Co, ,Ni, ,)Fe,0,
exhibited the most effective electromagnetic wave absorp-
tion, with an optimal effective bandwidth of 7.48 GHz at
a thickness of 2.4 mm, ranging from 8.48 to 15.96 GHz.
Notably, Gu et al. [123] engineered the lattice distortion

of high-entropy diboride (HEB) by controlling elemental
variables (3-9 elements) and achieved exceptional electro-
magnetic wave absorption performance, with an effective
absorption bandwidth of up to 7.2 GHz at 1.5 mm. The lat-
tice distortion degree of 3-9-element HEB was quantified
using a combination of theoretical calculations and XRD,
ranging from 0.11 to 0.36 A. Furthermore, the degree of
lattice distortion on electromagnetic wave absorption per-
formance was interpreted from a microscopic perspective,
providing valuable insights for the future development of
high-performance electromagnetic wave absorbers.

4.2 Energy Storage

HEAs have been widely used in energy storage, particularly
multicomponent oxides, which can store more electrical
energy than conventional double-layer capacitors through
Faradaic redox reactions on their surface. This leads to
superior electrochemical activity and at least two orders of
magnitude higher electron conductivity compared to sin-
gle oxides [124, 125]. Consequently, HEAs are regarded as
promising candidates for supercapacitors. Brezesinski et al.
[34] successfully synthesized Na,(FeMnNiCuCo)[Fe(CN),]
high-entropy Prussian blue analogues by introducing five
different metal ions sharing the same nitrogen coordination
site within the crystal structure. The quasi-zero-strain mech-
anism exhibited by this material results in enhanced cycling
stability and cycling multiplicity. After more than 3,000
cycles, the material maintained nearly 100% Coulombic effi-
ciency and 68 mAh g~! specific discharge capacity (Fig. 7b).
Due to their ultra-fast charging and discharging speeds and
high power densities, electrostatic dielectric capacitors
have become essential components in advanced electronics.
The key challenges for next-generation capacitors include

Table 2 Comparison of electromagnetic wave absorption performance of HEAs with other materials

Materials RL,,i, (dB) EAB (RL<-10dB) Thickness (mm) Loading (wt%) References
(GHz)
Fe@C —-64.6 6.27 22 15 [119]
Ti,C,T, —344 4.7 1.5 50 [123]
Ti;CNT, —41.36 4.24 1.5 50 [123]
Fe;0, —-252 35 1.6 - [120]
FeCoNiCuMn HEAs —65.8 7.68 3.0 2 [121]
Mg, ,Mn,, ,Fe,, ,Co ,Nij »)Fe,0, —35.1 7.48 2.4 70 [122]
(HfTaVWTiMoNbZrCo)B, —42.6 7.2 1.5 - [123]
© The authors https://doi.org/10.1007/s40820-025-01779-0
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increasing energy density, miniaturization, and integration.
In response to these challenges, Lin et al. [126] developed
a high-entropy dielectric film based on Bi,Ti;0,, by equi-
molarly introducing Hf and Sn into the Ti sites and La into
the Bi sites, forming (Bij,sLag 75)(Tiy 3, Zr Hf Sn ) O,
high-entropy dielectric films. This film achieved an energy
density of 182 J cm™ and a high efficiency of 78% at an
electric field of 6.35 MV cm™'. The modulation of atomic
configuration entropy contributed to the formation of a sta-
ble microstructure in the dielectric films, enhancing break-
down strength, reducing polarization hysteresis, and improv-
ing energy storage performance.

Furthermore, HEAs have garnered significant interest in
solar vapor power generation and seawater desalination, as
they broaden the operating bandwidth and enhance pho-
tothermal conversion performance, which is attributed to
the increased interband transitions resulting from the fully
populated energy regions around their Fermi energy levels
[68]. Zhang et al. [65] demonstrated the innovative construc-
tion of carbon-based core and HEAs shell microstructures,
where they confined HEAs in situ within multilayer gra-
phene shells. By leveraging the low thermal conductivity
of graphene, they synergized the interband transition of
HEAs, significantly enhancing the water evaporation rate
(2.66 kg m™2 h™") and photothermal conversion efficiency
(98.2%). Interestingly, Zhang et al. [66] also developed a
composite evaporator for seawater desalination, leverag-
ing the unique anisotropic porous structure and hydrophilic
surface of balsawood matrices to enable rapid water trans-
port. This synergized with the efficient hydrophobic pho-
tothermal performance of HEAs, formed a salt-resistant,
high-temperature surface with an absorption rate of >97%
across the entire solar energy spectrum and an evaporation
rate of up to 2.58 kg m™2 h™'. Moreover, such composited
evaporator demonstrated efficient long-term recyclability
in high-salinity water. When evaluated over a long cycle of
desalination in saline water with salinity up to 20 wt%, the
composite evaporator maintained stable solar desalination
performance for up to 10 cycles, with an average evapora-
tion rate remaining as high as 1.65 kg m™2 h™!. This work
introduces entirely new application scenarios for HEAs in
the development of high-performance photothermal energy
converters and desalination devices, significantly expanding
the potential of HEAs for practical applications.

© The authors

In addition to the applications mentioned above, HEAs
have garnered increasing attention as potential hydrogen
storage materials. Multi-element alloys with varying atomic
sizes and high concentrations inevitably cause localized
deformation, inducing lattice distortion effects that enhance
hydrogen storage. Wu et al. [127] modulated the lattice dis-
tortion in TiZrFeMnCrV, (x=0.5, 1.0, 1.5, 2.0 at%) HEAs
by varying the V content and investigated the impact of
lattice distortion on the hydrogen adsorption properties of
HEAs. The lattice distortion in HEAs gradually increases
with rising V content, leading to enhanced hydrogen stor-
age properties. The highest hydrogen storage performance
is observed at x=1.0%, with the hydrogen absorption capac-
ity increasing to 1.91 wt%. The best dehydrogenation per-
formance is achieved with hydrogen release beginning at
151.33 °C and ending at 346.36 °C. This research demon-
strates excellent hydrogen storage performance by leverag-
ing the lattice distortion effect in HEAs, paving the way for
further advancements in HEA applications. The number
of hydrogen atoms that can be stored in metal hydrides is
typically lower than the number of available interstitial sites,
limiting their hydrogen storage capacity [128]. Therefore,
enhancing the occupation of hydrogen atoms in interstitial
positions is key to improving the hydrogen storage capacity
of metallic materials. Vitos et al. [129] demonstrated that
in FCC HEAs hydrides, hydrogen atoms can occupy octa-
hedral interstices up to 20% (Ti,sV,sNb,sTays) and 17.5%
(Tiy5V,5Nb,sZr,s), respectively. The delocalized electrons of
hydrogen atoms in these hydrides lead to anomalous hydro-
gen occupation, reducing the repulsion between hydrogen
atoms and promoting electron localization at interstitial
sites. These combined effects significantly increase hydrogen
storage density. Moreover, Zu et al. [130] investigated the
effects of composition and temperature on the hydrogenation
properties of TiZrHfMo,Nb,_, (x=0, 1, 2) HEAs, adjusting
the composition by substituting Mo for Nb. Since Mo has a
lower hydrogen affinity than Nb, increasing Mo concentra-
tion enhances the migration of hydrogen within the lattice.
Notably, the hydrogen absorption kinetics of HEAs follow
the geometric contraction model at low temperatures, which
is controlled by hydrogen atom diffusion, and the nucleation-
growth impingement model at higher temperatures, which is
controlled by metal atom diffusion (Fig. 7c).
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4.3 Gas Sensor

The importance of gas sensing technology continues to
grow in fields such as environmental monitoring and indus-
trial production. HEAs with diverse composition are capa-
ble of generating numerous active sites that interact with
gas, exhibiting exceptional capabilities in gas adsorption
and charge transfer. This indicates the immense potential
of HEAs as highly sensitive and selective gas sensors. For
instance, the selective detection of CH, gas in industrial pro-
duction is crucial for preventing catastrophic events. Singh
et al. [131] developed a single-phase high-entropy oxide
chemoresistor for highly selective CH, detection. This sen-
sor operates at a power consumption of only 50 nW, which
is significantly lower than that of other commercially avail-
able CH, sensors. Additionally, it demonstrates ultra-low
detection limits with a sensitivity of 25 ppm. Furthermore,
the sensor offers several advantageous properties, such as
high sensitivity, rapid response and recovery times, and
long-term stability, making it ideal for real-time monitoring
of CH, levels in the atmosphere. In another advancement,
Biswas et al. [132] developed an Al,,Co,,FesNi;(Cus HEAs
nanosheet with an ultrathin edge thickness of approximately
6 nm. This nanosheet exhibits anisotropic electron transport
properties and ultra-sensitive detection of NO, gas at 100
°C, with a detection limit ranging from 1 to 100 ppm and
a gas response of 46%. Additionally, Kamble et al. [133]
designed a AuAgCuPdPt HEAs-modified MoS, nanosheet
that enhances hydrogen adsorption response at 80 °C. This
enhancement was achieved by combining metal elements
with strong hydrogen absorption capabilities (Pd and Pt) and
weak hydrogen absorption properties (Au and Ag), forming
nano-junctions on MoS, sheets (Fig. 7d).

4.4 Biomedical Materials

Entropy-mediated design strategies for polymetallic
nanozymes have the potential to significantly reduce the
activation energy of reactions, representing an innovative
approach to enhancing the efficiency of heterogeneous
catalysis. As a result, conformational entropy-driven HEAs
are emerging as a promising solution to the catalytic effi-
ciency bottleneck in nanozymes. Moreover, the synergistic
effects of multifunctional active sites significantly enhance
their applicability in biomedical fields. For example, Liang
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et al. [20] successfully developed a POD-like PtPdRuRhIr
HEASs capable of catalyzing the decomposition of endog-
enous H,0, into highly toxic ‘OH radicals, while synergiz-
ing with photothermal effects, resulting in a highly efficient
cancer cell-killing rate against breast cancer cells. In vitro
cellular experiments confirmed the good biocompatibility
of HEAs. When the HEAs concentration was increased to
100 ug mL™!, a significant cancer cell-killing effect was
observed, reducing the survival rate of 4T1 and Hep G2
cells to approximately 75%. At the same concentration, nor-
mal endothelial cells (IEC-6) exhibited over 90% survival,
indicating lower cytotoxicity. While exhibiting a high can-
cer cell-killing rate, the metabolic residues of various heavy
metal elements in HEAs in organs such as the heart, liver,
spleen, lungs, and kidneys were found to be nearly zero,
significantly lower than the accumulation in the tumor, dem-
onstrating highly efficient tumor targeting. Furthermore, no
obvious damage was observed in the tissue sections, further
confirming the high biocompatibility of HEAs. This study
provides new opportunities for further investigation into the
potential of HEAs as catalysts in biomedical applications.
Ascorbic acid (vitamin C, VC) is essential in mitigating cel-
lular damage caused by an imbalance between reactive oxy-
gen species and antioxidants. However, both deficiency and
excess levels of VC can negatively affect the body. There-
fore, Khakbiz et al. [134] innovatively prepared LDH NPs,
LDH@Si0,, and ZIF-8 NPs-encapsulated NiCoCrFeMn
HEAs carriers by electrophoretic deposition, and embed-
ded VC between the encapsulated layers via ion exchange
to achieve the precise controlled release of VC. Compared
to the other coatings, the LDH@SiO,-coating released over
5% more VC and demonstrated an appropriate biological
response in MG-63 cells. This research demonstrates that
Zn/Al-LDH@Si0,-coated layers are promising candidates
for delivering VC to the body and facilitating favorable
interactions between bone tissue and HEA implants. This
research offers valuable insights into novel methods for sur-
face functionalization and coating of HEAs, significantly
expanding their potential for biological applications.

The results demonstrate that Pt effectively lowers the
reduction temperature of other elements, thereby facilitat-
ing the simultaneous reduction of multiple elements under
low-temperature conditions [135, 136]. Consequently, Tang
et al. [137] successfully prepared a novel PdAMoPtCoNi
HEAs nanoenzyme with excellent substrate affinity and a
high catalytic rate (Fig. 8a). The strong d-orbital coupling of
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the constituent elements in HEAs modifies the electron dis-
tribution near the Fermi energy level (Eg). Furthermore, the
d-electrons of Co and Ni significantly increase the electron
density near the Ep, thus optimizing the *OH dissociation
energy on PdMoPt and enhancing catalytic performance.
Moreover, Tang et al. employed the synthesized nanozymes
as biosensors to successfully detect glucose, sarcosine, and
P. mirabilis in urine samples (Fig. 8b). In response to bac-
terial infections, Shen et al. [138] successfully developed
high-entropy MXenes (HE MXenes) with strong oxidase-
like activity (K,,=0.227 mM) and entropy-mediated photo-
thermal efficiency (65.8%) in the NIR-II region. HE MXenes
exhibit excellent biocatalytic properties and can be used as
nanotherapeutic agents for the effective treatment of bacte-
rial keratitis and subcutaneous abscesses caused by methicil-
lin-resistant Staphylococcus aureus, due to NIR-II-enhanced
intrinsic oxidase-like activity.

4.5 Catalyst Materials

Catalysts play a crucial role in industrial production, sig-
nificantly reducing energy consumption, enhancing reac-
tion selectivity and rates, and altering radical reactions. The
elemental diversity and structural advantages of HEAs offer
a wide compositional space to modulate surface electronic
structures and catalytic properties, thereby demonstrat-
ing significant potential for catalytic applications. Thus,
the electrocatalytic reaction of HEAs is a multistep pro-
cess involving product cascades, interactions, mediation,
and electron transfer. The unique interactions among their
numerous neighboring elements form the basis of the mul-
tisite active centers [139]. For example, the RuFeCoNiCu
HEAs synthesized by Wang et al. [140] for the first time
at low temperatures (<250 °C) under atmospheric-pressure
exhibited an NH; yield of 57.1 pg h™' mg "' (0.05 V) in
0.1 M KOH (The bottom of Fig. 8c), along with excellent
nitrogen reduction reaction (NRR) activity in 0.1 M Li,SO,
(52.6 pgh™ mg, "), Na,SO, (47.2 ug h™' mg,,, "), and HCI
(37.1 ugh™ mgcm_l). Notably, its catalytic activity remained
stable for up to 100 h of testing, demonstrating excellent
chemical stability. DFT calculations further indicate that Fe
in the alloy serves as the optimal site for N, adsorption and
activation, while Co—Cu and Ni-Ru couples exhibit efficient
hydrogenation at lower overpotentials. HEAs exhibit out-
standing multisite NRR activity across a wide pH range,

© The authors

revealing a novel mechanism in NRR research (The top of
Fig. 8c). Catalysis involves interactions between reacting
molecules and the catalyst surface, including charge transfer,
adsorption, decomposition, and molecular transformation.
Consequently, the catalytic performance primarily depends
on the surface properties, including its chemical, geomet-
ric, and electronic structures [141, 142]. To emphasize the
significant contribution of HEAs to the enhancement of
catalytic performance, a selection of prominent catalytic
reactions has been presented in this section, along with
an illustration of other potential applications of HEAs in
catalysis.

Electrolytic water Hydrogen is widely recognized as
one of the cleanest and most sustainable energy sources,
and hydrolysis is considered one of the most efficient and
environmentally friendly technologies for hydrogen produc-
tion under mild conditions [143]. The compositional and
structural diversity of HEAs allows for broad modulation
of surface electron properties, enabling excellent HER per-
formance under both acidic and alkaline conditions. There-
fore, the relationship between constitutive composition and
catalytic activity is closely intertwined. A widely adopted
strategy involves selecting highly active metals and pairing
them with other elements based on their electronic struc-
tures to effectively harness the cocktail effect of HEAs [144,
145]. Wang et al. [146] were the first to report PtIMoPdRhNi
HEAs with robust d-d electronic interactions. Additionally,
Pt,sMogPd,sRh,,Ni,s demonstrated the highest alkaline
HER activity by strategically adjusting atomic occupancy
for each element, achieving an ultra-low overpotential of
9.7 mV at a current density of -10 mA cm~2. Besides the
effects of morphology, the complex composition of HEAs
results in differential contributions from their elements to
catalysis, promoting electron transfer between sites and
stabilizing catalytic intermediates (Fig. 8d). Wang et al.
[147] synthesized small-sized (3.4 nm) and homogeneous
Pt,gNi,cFe sCo,,Cu,; HEAs that exhibited a low overpo-
tential of 11 mV at 10 MA cm ™2, demonstrating exceptional
cycling stability after 10,000 CV tests (Fig. 8e). During the
catalytic process, Pt atoms serve as electron reservoirs for
HER, facilitating electron transfer, while Ni and Co atoms
primarily influence electronic activity near the Fermi energy
level. Corrosion of metal-based catalysts in various elec-
trolytes poses a significant challenge to developing highly
efficient HER catalysts. Notably, the successful synthesis
of Pt,gNi,sFe,sCo,,Cu,; HEAs not only demonstrates a

https://doi.org/10.1007/s40820-025-01779-0
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multi-active site and fast site-to-site electron-transfer mecha-
nism but also represents the first reported synthesis of oil-
phase colloidal HEAs under mild conditions. This break-
through introduces a novel methodology and a new research
direction for colloidal alloy materials, laying the founda-
tion for the facile synthesis and multi-field applications
of other HEAs. To address this, Bi et al. [148] developed
Ni,Fe,(Mo,(Co;35Cr s HEAs that exhibit high corrosion
resistance, activity, and stability in both acidic and alka-
line electrolytes. This catalyst achieved an overpotential of
107 mV in acidic electrolyte and 172 mV in alkaline solution
at 10 mA cm™2, representing an improvement over biphasic
catalysts. It is worth noting that Gan et al. [149] reported
a defect-driven surface engineering approach to fabricate
highly active and durable PtNiCoFeCu HEA electrocatalysts
via rapid quenching treatment. Their results demonstrated
excellent cycling stability, with an overpotential of 7 mV at
10 mA ¢cm™~2 (The top of Fig. 9a) and a cycle life of 500 h
(The bottom of Fig. 9a). The high entropy and slow diffusion
effects of HEAs promote the formation of a single solid solu-
tion, preventing potential differences between multiphases.
This not only enhances the corrosion resistance of HEAs but
also avoids phase separation during the electrocatalytic pro-
cess. To assess the stability of HEAs as catalysts, quaternary
FeCoNiCu and quintuple PtFeCoNiCu HEAs were designed
[150]. The PtFeCoNiCu alloy demonstrated improved stabil-
ity due to multi-elemental modulation and entropy stabili-
zation effects, exhibiting negligible performance degrada-
tion in the 100 h HER stability test. This enhanced stability
can be attributed to the homogeneous dispersion of strong
metallic bonds and effective modulation of Pt’s electronic
structure.

The OER is another crucial half-reaction in water elec-
trolysis. Metallic materials containing Ir and Ru are con-
sidered the most effective catalysts for the OER. Com-
pared to the two-electron reaction of HER, OER involves
a four-electron transfer, making its high kinetic overpo-
tential a limiting factor in the reaction rate. Key factors
in designing OER catalysts include enhancing electron
transport efficiency at the catalytic center and improving
the absorption efficiency of active intermediates during
the OER process. Huang et al. [151] successfully synthe-
sized FeCoNiRu HEAs, where intrinsic hollow active sites
significantly improved OER performance. Moreover, high
catalytic activity was sustained after a 40h stability test.
Additionally, the significant electronegativity difference

© The authors

between Ru and the other constituent elements generates
numerous active sites on the surface of HEAs, enabling
them to function as both cathode and anode during elec-
trolysis. Notably, Li et al. [152] investigated the contribu-
tions of various constituent elements in HEAs to OER per-
formance. Their findings revealed that adding Cr promotes
higher oxidation states of active elements (Co, Ni, Fe) and
maximizes the adsorption of highly oxidizing species, thus
enhancing OER activity (Fig. 9b). Specifically, compared
to single- or bimetallic catalysts, HEAs offer significant
advantages in terms of elemental combinations. The incor-
poration of abundant and widely available elements, such
as Fe, Co, Ni, and Cu, not only enhances catalytic activity
across a broad pH range but also creates multisite cata-
lytic centers and a rich electronic structure. Furthermore,
this approach reduces the reliance on precious metals like
Pd, Pt, Ru, Rh, and Ir, thereby lowering costs and making
HEASs more promising for practical applications.

Fuel oxidation The conversion of chemical energy from
fuels to electricity is a promising energy conversion tech-
nology that can effectively reduce dependence on fossil
fuels and mitigate irreversible environmental damage. In
fuel cells, output power and energy conversion efficiency
depend on the fuel oxidation reaction at the anode [153].
Thus, developing suitable materials for anodes can reduce
activation energy and achieve satisfactory energy conver-
sion efficiency. When five or more elements are homo-
geneously mixed, the system gains a higher entropy of
mixing, leading to the formation of a uniform solid solu-
tion and enhanced thermodynamic stability of the catalytic
system. Additionally, diffusion and phase transitions are
influenced by the varying potential energies and diffusion
rates of different elements. This disparity hinders the dif-
fusion process, helping to preserve the integrity of the
HEAs crystal structure. As a result, HEAs can maintain
high catalytic activity while retaining structural stability,
thereby extending their recyclability. The high-energy
density and pollution-free features of hydrogen fuel cells
make the promotion of the hydrogen oxidation reaction
(HOR) crucial for increasing fuel cell energy density.
PtRu-based metal alloys are widely used in HOR, and
adding other elements to form HEAs produces catalysts
with high catalytic activity and excellent corrosion resist-
ance. Consequently, the development of HEAs with excel-
lent electrocatalytic performance has attracted significant
interest. Huang et al. [154] reported PtRuNiCoFeMo
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Fig. 9 a Overpotentials of different catalysts at 10 and 100 mA cm™2 (top), chronoamperometry test of PtNiCoFeCu HEAs in KOH electrolytes
at 10 mA cm™? (bottom). Reproduced with permission [149]. Copyright 2024, Wiley. b LSV scans comparing the impact of Cr, V, and Mn
incorporation on the catalytic performance of quaternary high-entropy oxides (top), and LSV scans comparing the difference in catalytic perfor-
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HEAs for alkaline HOR with a mass specific activity of
6.75 A mgp,, g, and 8.96 mA cm™2. Results from 2,000
cycle durability tests showed no significant performance
degradation. Compared to commercial PtRu/C and Pt/C
catalysts, HEAs exhibit mass activities that are 4.1 and
19.8 times higher, respectively, and demonstrate excel-
lent resistance to CO poisoning (Fig. 10a). Furthermore,
Luo et al. [155] reported the development of PANiRulrRh
HEAs catalysts with a mass activity of 3.25 mA pg~!in

SHANGHAI JIAO TONG UNIVERSITY PRESS

alkaline HOR, representing an eightfold improvement over
commercial Pt/C catalysts. Notably, Sasaki et al. [156]
reported a nitrogen-doped PtCoFeNiCu HEA electrocata-
lyst that retained 79.1% of its mass activity and maintained
significant ORR activity after 30,000 cycles (The top of
Fig. 9¢). It exhibited a high mass activity of 1.34 A mgp,~!
and a specific activity of 1.93 mA cm~2 at 0.9 V, which
were 7.4 and 6.2 times higher, respectively, than those
of commercial Pt/C catalysts (The bottom of Fig. 9c¢).
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This remarkable enhancement in catalytic activity may be
attributed to the synergistic effects of high entropy, multi-
ple M—N bonds, and Pt-rich shells. Specifically, the mass
activity of the Cu- and Fe- single-atom catalysts was only
twice as high in alkaline conditions and five times higher
in acidic conditions compared to commercial Pt/C, with a
cycling stability of just 300 h [157]. The catalytic activity
remained significantly lower than that of HEAs composed
of the same elements, despite their exceptionally large
specific surface area of 2883.7 m? g~!. This discrepancy
is likely due to the higher concentration of active atoms
and the greater electron-transfer efficiency of HEAs under
identical conditions compared to single atomic catalysts.
The long-term cyclic stability of HEAs can be attributed
to differences in the diffusion rates of their constituent ele-
ments. The diffusion behavior of these alloys results from
the coordinated interaction of multiple atomic species,
where some elements exhibit lower activity and are less
likely to migrate into vacancies. Consequently, the slow-
diffusing elements act as a limiting factor for overall diffu-
sion within the alloy. This slow diffusion effect enhances
the phase stability, high-temperature strength, and creep
resistance of HEAs, ultimately contributing to their excep-
tional durability and structural stability throughout the
electrocatalytic process.

Liquid fuels are easier to store and transport than hydro-
gen, and thus high-energy—density liquid fuels are used in
place of hydrogen to drive anode oxidation reactions. The
methanol oxidation reaction (MOR) and ethanol oxidation
reaction (EOR) are fundamental anode reactions in methanol
fuel cells, but they exhibit low reaction kinetics. HEAs can
alter the electronic properties of catalysts and strengthen the
binding of intermediates, resulting in remarkable electrocat-
alytic performance [158, 159]. Recently, Wang et al. [160]
developed an ultrasmall PtRuRhCoNi HEAs (1.6 nm) that
functions as a pH-universal electrocatalyst by leveraging the
complementary effects of its electronic structure. It exhibits
an EOR activity of 7.68 A mgpg.rs ™" and a high selectivity
of 78% for the C; product (The left of Fig. 9d), which was
the highest selectivity ever reported for an EOR catalyst.
Additionally, its MOR activity reaches 6.65 A-mgpgrurn ™ >
making it one of the most effective MOR catalysts reported.
Notably, the catalyst demonstrated negligible activity decay
and CO toxicity resistance even after 2,000 cycles. Notably,
the catalytic activity of HEAs can be reversibly restored by
replacing the electrolyte with a working solution in cyclic
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CA tests, without significant attenuation in performance
(The right of Fig. 9d). This unique elemental composition
endows HEAs with a strong electronic complementary
effect, leading to exceptional catalytic activity across a wide
pH range. These findings provide valuable insights into the
development of multi-point electrocatalysts for broad pH-
universal. Qin et al. [161] successfully synthesized PtRuNi-
CoFeGaPbW ultrathin HEA nanowires that induce p-region
metals (Ga and Pb) with distinctive p-d orbital hybridization.
The specific and mass activities of HEAs for MOR were
enhanced by 15.0-fold and 4.2-fold, respectively, compared
to commercial Pt/C. Notably, the MOR process follows a
completely “non-CO” pathway, effectively preventing the
generation and adsorption of intermediate CO (Fig. 10b).
Meanwhile, Huang et al. [59] developed PdPtCuPbBi
ultrathin HEA nanorings, which demonstrated 25.6-fold and
16.3-fold increases in mass activity compared to commercial
Pd/C and Pt/C catalysts in EOR, respectively.

Compared to other fuels, formic acid’s low toxicity, ease
of storage, and transportation have enabled its extensive use
in fuel cells. Huang et al. [162] successfully constructed
PtBiPbNiCo high-entropy hexagonal nanoplates featur-
ing a unique PtBiPd medium-entropic core and PtBiNiCo
high-entropy atomic shell structure, which exhibited a spe-
cific activity of 27.2 mA cm~2 and a mass activity of 7.1
A mgp,~'. Additionally, the specific and mass activities of
HEAs were shown to be 133-fold and 56-fold higher than
those of commercial Pt/C catalysts, respectively. Notably,
the catalyst exhibits the highest performance to date, making
it the most efficient Pt/Pd-based methanol oxidation catalyst.

Carbon dioxide reduction reaction (CO,RR) Electrocata-
lytic CO,RR has the potential to produce high-value chemi-
cals such as C, (CO, CH,, HCOOH, HCHO, CH;0H), C,
(C,H,0H, CH;COOH, C,H,), and C;, products. This pro-
cess can help alleviate the energy crisis and mitigate the
greenhouse effect caused by CO, [163]. However, the high
thermodynamic stability of CO, leads to multiple proton-
electron coupling transfer steps during the reduction process.
As aresult, the production selectivity and Faraday efficiency
of x >2 products are low, and the lack of catalyst activity
for the C—C coupling reaction presents a major challenge
to forming x >?2 products where x represents the number
of carbon atoms in reduction products [164-166]. Thus,
designing highly selective and efficient electrocatalysts for
CO,RR to produce high-value-added C,, products offers
significant economic advantages. Therefore, when designing

https://doi.org/10.1007/s40820-025-01779-0
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high-entropy electrocatalysts, selecting as many elements as
possible with high catalytic activity for the same product can
selectively enhance the yield of high-value-added products.
Specific transition elements have been reported to exhibit
effective catalytic activity in the CO,RR process (Fig. 10c).
For instance, Cu-based materials exhibit strong binding with
*CO and reduce CO, to C,, products, achieving a balance
between CO, activation and the hydrogenation barrier of
*CO. Additionally, Cu has a low affinity for H, which inhib-
its the competitive generation of H, and enhances catalyst
selectivity [167].

Rossmeisl et al. [168] presented a probabilistic and unbi-
ased method for accurately predicting the adsorption ener-
gies of CO and H at all sites on the (111) crystalline surfaces
of CoCuGaNiZn and AgAuCuPdPt HEAs. This method
increases the frequency of desired sites by enhancing the
probability of the corresponding locations. For instance,
enhancing the probability of the weaker site for hydrogen
adsorption inhibits the formation of hydrogen molecules.
Similarly, increasing the probability of the stronger site for
CO adsorption facilitates CO reduction, thereby selectively
enhancing the yield of the desired products. Similarly, Hu
et al. [169] synthesized Au single atomic carbon nanoc-
ages using a mild dip-drying method. Due to the highly
coordinated structure of noble metal single atomic, the Au
single atomic catalysts exhibited excellent activity of 3319
A g, " at —1.0 V. Additionally, the Hy/CO ratio could
be precisely controlled by adjusting the external voltage
within the range of 0.4-2.2. The Au single atomic active
centers were coordinated with N atoms, and the catalytic
activity was significantly enhanced by the smooth transi-
tion between secondary and quaternary coordination states.
Notably, a substrate-mediated single-atom formation strat-
egy is employed to fabricate high-entropy single atomic
alloys with a transition metal single-atom loading density
of up to 49 wt%. This process leverages the reversible redox
reaction between the ionic interfaces of MoS,/MoSe, and
the transition metal, generating abundant structural vacan-
cies on the MoS,/MoSe, surface. These vacancies serve as
coordination sites for transition metal single atoms, facili-
tating the formation of high-density high-entropy single
atomic. Excitingly, the high-entropy single atom (PtRuRh-
PdRe-MoSe,) exhibits an overpotential of only 35 mV at a
current density of 10 mA cm™2, surpassing most reported
advanced single atomic catalytic systems. Its steady-state
polarization curves reveal that cell voltages of only 1.82 and
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1.98 V are required to achieve current densities of 1 and 1.5
A cm™2, respectively. Furthermore, it demonstrates excep-
tional stability, with negligible voltage decay (only 10 mV)
over nearly 400 h of water electrolysis. These results clearly
validate the outstanding catalytic activity and stability of
high-entropy single atoms [170]. Additionally, Chen et al.
[171] designed FeCoNiCuMo HEAs for simulations to pre-
dict the adsorption energies of COOH*, CO*, and CHO*.
The rotation design of COOH* and CHO* on the surface
of HEAs resulted in excellent catalytic performance, with a
limiting potential of 0.29-0.51 V (Fig. 10d). High-entropy
alloy aerogels (HEAAs) represent a promising novel catalyst
for CO,RR, combining the advantages of both HEAs and
aerogels. Liu et al. [172] developed PdCuAuAgBiln HEAAs
that achieved a Faraday efficiency of nearly 100% for C,
products in the voltage range of —0.7 to —1.1 V using a
freeze-thawing method. The maximum Faraday efficiency
reached 98.1% for formic acid at —1.1 V versus the revers-
ible hydrogen electrode, surpassing the efficiency of both
HEAs and aerogel catalysts used independently (Fig. 10e).
The electronic structure of various metals can be modulated
through strong interactions between unsaturated sites, which
also facilitate the adsorption and desorption of HCOO*
intermediates on the catalyst surface. This process enhances
the selective generation of HCOOH.

5 Conclusions and Outlook

Since the concept of HEAs was initially proposed in 2004,
they have demonstrated remarkable compositional and struc-
tural flexibility, inherent reactivity, and excellent stability,
presenting significant potential for applications across multi-
fields. This review begins by introducing the fundamental
concepts associated with HEAs. It then summarizes the
latest research developments in the synthesis of nanoscale
HEAs, focusing on several commonly employed strate-
gies. Additionally, it emphasizes the significant challenges
encountered in the synthesis of nanoscale HEAs, includ-
ing homogeneous mixing of multiple elements, migration
and aggregation of elements at high temperatures, and the
simultaneous reduction of constituent elements. Finally, this
review presents a comprehensive analysis of the advanced
advantages of HEAs for multi-field applications, empha-
sizing significant application trends associated with nano-
sizing and multidimensionalization. Despite significant
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advancements in nanoscale synthesis strategies for HEAs,
their multi-field applications remain in nascent stages, and
prospective large-scale applications face enormous chal-
lenges. In the light of the aforementioned considerations,
this review offers the following outlook:

(1) The controllable fabrication and on-demand person-
alization of HEAs: Despite numerous reports on the
controllable preparation of HEAs, achieving a control-
lable morphology remains limited due to the inherent
complexity of their composition and structure. Conven-
tional strategies for structural modulation of materials,
including defect engineering, surface modification, and
interfacial engineering, have yet to be fully applied to
HEAs. Notably, achieving surface manipulation of
nanoscale HEAs is particularly challenging due to the
potential differences and electronegativity discrepan-
cies among the constituent elements, further complicat-
ing the process of fine structural modulation. Therefore,
advancements in controllable and green preparation
methods and on-demand personalization will create
opportunities for low-cost production and large-scale
applications of HEAs.

(2) The thorough investigation of the mechanisms underly-
ing the growth of HEAs: The complex elemental com-
position of HEAs leads to unique growth mechanisms.
Therefore, a comprehensive understanding of the rela-
tionship between elemental composition and growth
mechanisms is crucial for developing high-performance
HEAs. This necessitates the urgent development of
advanced microcharacterization techniques. Further-
more, in situ characterization techniques are com-
monly utilized to investigate the structural evolution
and growth processes of materials, providing valuable
insights into the growth mechanisms and surface-active
sites of HEAs.

(3) High-throughput computational and theoretical pre-
diction techniques: The extensive range of metallic
elements results in limitless possible combinations.
Consequently, screening for high-performance target
HEAs is often conducted using randomized experimen-
tal methods. The application of high-throughput com-
putational and theoretical prediction techniques enables
accelerated screening and data mining, thus facilitating
a more efficient exploration of multi-element composi-
tion HEAs.

(4) The expansion of application for HEAs: The current
status of multi-field applications of HEAs remains in
its infancy. Although satisfactory performance has been
observed in electrocatalysis and electromagnetic shield-
ing, significant barriers remain to be overcome before

SHANGHAI JIAO TONG UNIVERSITY PRESS

HEAs can be deemed economically viable. Conse-
quently, the primary challenges that must be addressed
include the development of cost-effective high-per-
formance HEAs and the establishment of large-scale
preparation methods.

Acknowledgements The work was supported by the National
Natural Science Foundation of China (No. 52273110 (GGB) and
52372271 (STL)), the National Ten Thousand Talent Program of
China (GGB), and the Youth Top Talent Project of Hubei Provence
of China (GGB).

Author contributions Bin Zhang: Writing—original draft, Inves-
tigation. Qingxue Mu: Literature research, Format verification. Ye
Pei: Literature research, Format verification. Siyu Hu: Literature
research. Shuo Liu: Literature research. Taolei Sun: Writing—
review and editing, Supervision, Funding acquisition. Guanbin
Gao: Writing—review and editing, Supervision, Resources, Fund-
ing acquisition.

Declarations

Conflict of Interests The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.
All authors declare that there are no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. H. Fu, Y. Jiang, M. Zhang, Z. Zhong, Z. Liang et al., High-
entropy rare earth materials: synthesis, application and out-
look. Chem. Soc. Rev. 53(4), 2211-2247 (2024). https://doi.
org/10.1039/D2CS01030E

2. J.W.Hong, Y. Kim, D.H. Wi, S. Lee, S.U. Lee et al., Ultrathin
free-standing ternary-alloy nanosheets. Angew. Chem. Int.
Ed. 55(8), 2753-2758 (2016). https://doi.org/10.1002/anie.
201510460

3. N. Yang, Z. Zhang, B. Chen, Y. Huang, J. Chen et al., Syn-
thesis of ultrathin PdCu alloy nanosheets used as a highly

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/D2CS01030E
https://doi.org/10.1039/D2CS01030E
https://doi.org/10.1002/anie.201510460
https://doi.org/10.1002/anie.201510460

283

Page 32 of 38

Nano-Micro Lett. (2025) 17:283

10.

11.

12.

13.

14.

15.

efficient electrocatalyst for formic acid oxidation. Adv. Mater.
29(29), 1700769 (2017). https://doi.org/10.1002/adma.20170
0769

H. Zhao, D. Zhang, Y. Yuan, X. Wu, S. Li et al., Rapid and
large-scale synthesis of ultra-small immiscible alloy sup-
ported catalysts. Appl. Catal. B Environ. 304, 120916 (2022).
https://doi.org/10.1016/j.apcatb.2021.120916

. J. Zhang, J. Le, Y. Dong, L. Bu, Y. Zhang et al., Face-

centered cubic structured RuCu hollow urchin-like nano-
spheres enable remarkable hydrogen evolution catalysis. Sci.
China Chem. 65(1), 87-95 (2022). https://doi.org/10.1007/
s11426-021-1112-2

J.W. Yeh, S.K. Chen, S.J. Lin, J.Y. Gan, T.S. Chin et al.,
Nanostructured high-entropy alloys with multiple principal
elements: novel alloy design concepts and outcomes. Adv.
Eng. Mater. 6(5), 299-303 (2004). https://doi.org/10.1002/
adem.200300567

B. Cantor, I.T.H. Chang, P. Knight, A.J.B. Vincent, Micro-
structural development in equiatomic multicomponent alloys.
Mater. Sci. Eng. A 375, 213-218 (2004). https://doi.org/10.
1016/j.msea.2003.10.257

J. Yan, S. Yin, M. Asta, R.O. Ritchie, J. Ding et al., Anoma-
lous size effect on yield strength enabled by compositional
heterogeneity in high-entropy alloy nanoparticles. Nat.
Commun. 13(1), 2789 (2022). https://doi.org/10.1038/
s41467-022-30524-z

X. Huang, G. Yang, S. Li, H. Wang, Y. Cao et al., Noble-
metal-based high-entropy-alloy nanoparticles for electroca-
talysis. J. Energy Chem. 68, 721-751 (2022). https://doi.org/
10.1016/j.jechem.2021.12.026

T. Loffler, A. Ludwig, J. Rossmeisl, W. Schuhmann, What
makes high-entropy alloys exceptional electrocatalysts?
Angew. Chem. Int. Ed. 60(52), 26894-26903 (2021). https://
doi.org/10.1002/anie.202109212

T. Ahmad, S. Liu, M. Sajid, K. Li, M. Ali et al., Electro-
chemical CO, reduction to C,, products using Cu-based elec-
trocatalysts: a review. Nano Res. Energy 1, €9120021 (2022).
https://doi.org/10.26599/nre.2022.9120021

E.P. George, D. Raabe, R.O. Ritchie, High-entropy alloys.
Nat. Rev. Mater. 4(8), 515-534 (2019). https://doi.org/10.
1038/s41578-019-0121-4

F. Waag, Y. Li, A.R. ZiefuB3, E. Bertin, M. Kamp et al., Kinet-
ically-controlled laser-synthesis of colloidal high-entropy
alloy nanoparticles. RSC Adv. 9(32), 18547-18558 (2019).
https://doi.org/10.1039/c9ra03254a

T. Xiang, P. Du, Z. Cai, K. Li, W. Bao et al., Phase-tunable
equiatomic and non-equiatomic Ti-Zr-Nb-Ta high-entropy
alloys with ultrahigh strength for metallic biomaterials. J.
Mater. Sci. Technol. 117, 196-206 (2022). https://doi.org/
10.1016/j.jmst.2021.12.014

S. Daryoush, H. Mirzadeh, A. Ataie, Amorphization, mech-
ano-crystallization, and crystallization kinetics of mechani-
cally alloyed AlFeCuZnTi high-entropy alloys. Mater. Lett.
307, 131098 (2022). https://doi.org/10.1016/j.matlet.2021.
131098

© The authors

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

J. Yang, L. Jiang, Z. Liu, Z. Tang, A. Wu, Multifunctional
interstitial-carbon-doped FeCoNiCu high entropy alloys with
excellent electromagnetic-wave absorption performance. J.
Mater. Sci. Technol. 113, 61-70 (2022). https://doi.org/10.
1016/j.jmst.2021.09.025

D. Kumar, Recent advances in tribology of high entropy
alloys: a critical review. Prog. Mater. Sci. 136, 101106
(2023). https://doi.org/10.1016/j.pmatsci.2023.101106

J. Duan, M. Wang, R. Huang, J. Miao, Y. Lu et al., A novel
high-entropy alloy with an exceptional combination of soft
magnetic properties and corrosion resistance. Sci. China
Mater. 66(2), 772-779 (2023). https://doi.org/10.1007/
s40843-022-2171-5

Z.W. Chen, J. Li, P. Ou, J.E. Huang, Z. Wen et al., Unusual
Sabatier principle on high entropy alloy catalysts for hydro-
gen evolution reactions. Nat. Commun. 15(1), 359 (2024).
https://doi.org/10.1038/s41467-023-44261-4

Y. Ai, M.-Q. He, H. Sun, X. Jia, L. Wu et al., Ultra-small
high-entropy alloy nanoparticles: efficient nanozyme for
enhancing tumor photothermal therapy. Adv. Mater. 35(23),
2302335 (2023). https://doi.org/10.1002/adma.202302335
M.K. Plenge, J.K. Pedersen, V.A. Mints, M. Arenz, J. Ross-
meisl, Following paths of maximum catalytic activity in
the composition space of high-entropy alloys. Adv. Energy
Mater. 13(2), 2202962 (2023). https://doi.org/10.1002/aenm.
202202962

G. Cao, J. Liang, Z. Guo, K. Yang, G. Wang et al., Liq-
uid metal for high-entropy alloy nanoparticles synthesis.
Nature 619(7968), 73—77 (2023). https://doi.org/10.1038/
s41586-023-06082-9

J.-H. Cha, S.-H. Cho, D.-H. Kim, D. Jeon, S. Park et al.,
Flash-thermal shock synthesis of high-entropy alloys toward
high-performance water splitting. Adv. Mater. 35(46),
€2305222 (2023). https://doi.org/10.1002/adma.202305222
Y. Yao, Q. Dong, A. Brozena, J. Luo, J. Miao et al., High-
entropy nanoparticles: synthesis-structure-property relation-
ships and data-driven discovery. Science 376(6589), 3103
(2022). https://doi.org/10.1126/science.abn3103

H. Shi, X.-Y. Sun, Y. Liu, S.-P. Zeng, Q.-H. Zhang et al.,
Multicomponent intermetallic nanoparticles on hierarchical
metal network as versatile electrocatalysts for highly efficient
water splitting. Adv. Funct. Mater. 33(19), 2214412 (2023).
https://doi.org/10.1002/adfm.202214412

J. Johny, Y. Li, M. Kamp, O. Prymak, S.-X. Liang et al.,
Laser-generated high entropy metallic glass nanoparticles as
bifunctional electrocatalysts. Nano Res. 15(6), 4807-4819
(2022). https://doi.org/10.1007/s12274-021-3804-2

T. Zhang, L. Zhao, H. Ma, S. Huang, L. You et al., The phase
transition between decagonal quasicrystal and (1/0, 2/1)
approximant in Al,Si,,Mn,,Fe,,Ga,, high entropy quasic-
rystal alloy. J. Alloys Compd. 910, 164867 (2022). https://
doi.org/10.1016/j.jallcom.2022.164867

P. Zhang, X. Hui, Y. Nie, R. Wang, C. Wang et al., New con-
ceptual catalyst on spatial high-entropy alloy heterostructures
for high-performance Li-O, batteries. Small 19(15), 2206742
(2023). https://doi.org/10.1002/smll.202206742

https://doi.org/10.1007/s40820-025-01779-0


https://doi.org/10.1002/adma.201700769
https://doi.org/10.1002/adma.201700769
https://doi.org/10.1016/j.apcatb.2021.120916
https://doi.org/10.1007/s11426-021-1112-2
https://doi.org/10.1007/s11426-021-1112-2
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1038/s41467-022-30524-z
https://doi.org/10.1038/s41467-022-30524-z
https://doi.org/10.1016/j.jechem.2021.12.026
https://doi.org/10.1016/j.jechem.2021.12.026
https://doi.org/10.1002/anie.202109212
https://doi.org/10.1002/anie.202109212
https://doi.org/10.26599/nre.2022.9120021
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1039/c9ra03254a
https://doi.org/10.1016/j.jmst.2021.12.014
https://doi.org/10.1016/j.jmst.2021.12.014
https://doi.org/10.1016/j.matlet.2021.131098
https://doi.org/10.1016/j.matlet.2021.131098
https://doi.org/10.1016/j.jmst.2021.09.025
https://doi.org/10.1016/j.jmst.2021.09.025
https://doi.org/10.1016/j.pmatsci.2023.101106
https://doi.org/10.1007/s40843-022-2171-5
https://doi.org/10.1007/s40843-022-2171-5
https://doi.org/10.1038/s41467-023-44261-4
https://doi.org/10.1002/adma.202302335
https://doi.org/10.1002/aenm.202202962
https://doi.org/10.1002/aenm.202202962
https://doi.org/10.1038/s41586-023-06082-9
https://doi.org/10.1038/s41586-023-06082-9
https://doi.org/10.1002/adma.202305222
https://doi.org/10.1126/science.abn3103
https://doi.org/10.1002/adfm.202214412
https://doi.org/10.1007/s12274-021-3804-2
https://doi.org/10.1016/j.jallcom.2022.164867
https://doi.org/10.1016/j.jallcom.2022.164867
https://doi.org/10.1002/smll.202206742

Nano-Micro Lett.

(2025) 17:283

Page 33 of 38 283

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

A.A.H. Tajuddin, M. Wakisaka, T. Ohto, Y. Yu, H. Fuku-
shima et al., Corrosion-resistant and high-entropic non-noble-
metal electrodes for oxygen evolution in acidic media. Adv.
Mater. 35(3), 2207466 (2023). https://doi.org/10.1002/adma.
202207466

J. Gu, F. Duan, S. Liu, W. Cha, J. Lu, Phase engineering of
nanostructural metallic materials: classification, structures,
and applications. Chem. Rev. 124(3), 1247-1287 (2024).
https://doi.org/10.1021/acs.chemrev.3c00514

H. Liu, R. Jia, C. Qin, Q. Yang, Z. Tang et al., Anti-CO poi-
soning FePtRh nanoflowers with Rh-rich core and Fe-rich
shell boost methanol oxidation electrocatalysis. Adv. Funct.
Mater. 33(7), 2210626 (2023). https://doi.org/10.1002/adfm.
202210626

S. Zhao, Z. Li, High entropy alloys for extreme load-bearing
applications. Mater. Lab 1, 220035 (2022). https://doi.org/10.
54227/mlab.20220035

B. Xiao, G. Wu, T. Wang, Z. Wei, Y. Sui et al., High-entropy
oxides as advanced anode materials for long-life lithium-ion
Batteries. Nano Energy 95, 106962 (2022). https://doi.org/
10.1016/j.nanoen.2022.106962

Y. Ma, Y. Ma, S.L. Dreyer, Q. Wang, K. Wang et al.,
High-entropy metal-organic frameworks for highly revers-
ible sodium storage. Adv. Mater. 33(34), €2101342 (2021).
https://doi.org/10.1002/adma.202101342

Y. Li, Y. Liao, L. Ji, C. Hu, Z. Zhang et al., Quinary high-
entropy-alloy @ graphite nanocapsules with tunable interfacial
impedance matching for optimizing microwave absorption.
Small 18(4), 2107265 (2022). https://doi.org/10.1002/smll.
202107265

S. Wu, Y. Chen, W. Kang, X. Cai, L. Zhou, Hydrogen storage
properties of MgTiVZrNb high-entropy alloy and its catalytic
effect upon hydrogen storage in Mg. Int. J. Hydrog. Energy
50, 1113-1128 (2024). https://doi.org/10.1016/j.ijhydene.
2023.09.022

B. Liu, K. Li, Y. Luo, L. Gao, G. Duan, Sulfur spillover
driven by charge transfer between AuPd alloys and SnO,
allows high selectivity for dimethyl disulfide gas sensing.
Chem. Eng. J. 420, 129881 (2021). https://doi.org/10.1016/].
cej.2021.129881

R. Tu, K. Liang, Y. Sun, Y. Wu, W. Lv et al., Ultra-dilute
high-entropy alloy catalyst with core-shell structure for high-
active hydrogenation of furfural to furfuryl alcohol at mild
temperature. Chem. Eng. J. 452, 139526 (2023). https://doi.
org/10.1016/j.cej.2022.139526

X. Fu,J. Zhang, S. Zhan, F. Xia, C. Wang et al., High-entropy
alloy nanosheets for fine-tuning hydrogen evolution. ACS
Catal. 12(19), 11955-11959 (2022). https://doi.org/10.1021/
acscatal.2c02778

Y.F. Ye, Q. Wang, J. Lu, C.T. Liu, Y. Yang, High-entropy
alloy: challenges and prospects. Mater. Today 19(6), 349-362
(2016). https://doi.org/10.1016/j.mattod.2015.11.026

X. Chang, M. Zeng, K. Liu, L. Fu, Phase engineering of high-
entropy alloys. Adv. Mater. 32(14), 1907226 (2020). https://
doi.org/10.1002/adma.201907226

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

42

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

. X. Wang, W. Guo, Y. Fu, High-entropy alloys: emerging
materials for advanced functional applications. J. Mater.
Chem. A 9(2), 663-701 (2021). https://doi.org/10.1039/d0ta0
9601f

F. Liu, P. Liaw, Y. Zhang, Recent progress with BCC-struc-
tured high-entropy alloys. Metals 12(3), 501 (2022). https://
doi.org/10.3390/met12030501

Y. Ma, Y. Ma, Q. Wang, S. Schweidler, M. Botros et al.,
High-entropy energy materials: challenges and new opportu-
nities. Energy Environ. Sci. 14(5), 2883-2905 (2021). https://
doi.org/10.1039/d1ee00505g

F. Otto, Y. Yang, H. Bei, E.P. George, Relative effects of
enthalpy and entropy on the phase stability of equiatomic
high-entropy alloys. Acta Mater. 61(7), 2628-2638 (2013).
https://doi.org/10.1016/j.actamat.2013.01.042

Y. Zhai, X. Ren, B. Wang, S. Liu, High-entropy catalyst:
a novel platform for electrochemical water splitting. Adv.
Funct. Mater. 32(47), 2207536 (2022). https://doi.org/10.
1002/adfm.202207536

M. Li, F. Lin, S. Zhang, R. Zhao, L. Tao et al., High-entropy
alloy electrocatalysts go to (sub-) nanoscale. Sci. Adv. 10(23),
eadn2877 (2024). https://doi.org/10.1126/sciadv.adn2877

H. Wang, Q. He, X. Gao, Y. Shang, W. Zhu et al., Multifunc-
tional high entropy alloys enabled by severe lattice distor-
tion. Adv. Mater. 36(17), 2305453 (2024). https://doi.org/
10.1002/adma.202305453

C. Deng, T. Wang, P. Wu, W. Zhu, S. Dai, High entropy mate-
rials for catalysis: a critical review of fundamental concepts
and applications. Nano Energy 120, 109153 (2024). https://
doi.org/10.1016/j.nanoen.2023.109153

Z. Luo, W. Gao, Q. Jiang, Determinants of vacancy forma-
tion and migration in high-entropy alloys. Sci. Adv. 11(1),
eadr4697 (2025). https://doi.org/10.1126/sciadv.adr4697
L.J. Santodonato, Y. Zhang, M. Feygenson, C.M. Parish,
M.C. Gao et al., Deviation from high-entropy configura-
tions in the atomic distributions of a multi-principal-element
alloy. Nat. Commun. 6, 5964 (2015). https://doi.org/10.1038/
ncomms6964

K. Wang, W. Hua, X. Huang, D. Stenzel, J. Wang et al.,
Synergy of cations in high entropy oxide lithium ion battery
anode. Nat. Commun. 14(1), 1487 (2023). https://doi.org/10.
1038/s41467-023-37034-6

B.X. Cao, C. Wang, T. Yang, C.T. Liu, Cocktail effects in
understanding the stability and properties of face-centered-
cubic high-entropy alloys at ambient and cryogenic tempera-
tures. Scr. Mater. 187, 250-255 (2020). https://doi.org/10.
1016/j.scriptamat.2020.06.008

J. Wang, B. Zhang, W. Guo, L. Wang, J. Chen et al., Toward
electrocatalytic methanol oxidation reaction: longstand-
ing debates and emerging catalysts. Adv. Mater. 35(26),
€2211099 (2023). https://doi.org/10.1002/adma.202211099

M.V. Kante, M.L. Weber, S. Ni, I.C.G. van den Bosch, E. van
der Minne et al., A high-entropy oxide as high-activity elec-
trocatalyst for water oxidation. ACS Nano 17(6), 5329-5339
(2023). https://doi.org/10.1021/acsnano.2c08096

@ Springer


https://doi.org/10.1002/adma.202207466
https://doi.org/10.1002/adma.202207466
https://doi.org/10.1021/acs.chemrev.3c00514
https://doi.org/10.1002/adfm.202210626
https://doi.org/10.1002/adfm.202210626
https://doi.org/10.54227/mlab.20220035
https://doi.org/10.54227/mlab.20220035
https://doi.org/10.1016/j.nanoen.2022.106962
https://doi.org/10.1016/j.nanoen.2022.106962
https://doi.org/10.1002/adma.202101342
https://doi.org/10.1002/smll.202107265
https://doi.org/10.1002/smll.202107265
https://doi.org/10.1016/j.ijhydene.2023.09.022
https://doi.org/10.1016/j.ijhydene.2023.09.022
https://doi.org/10.1016/j.cej.2021.129881
https://doi.org/10.1016/j.cej.2021.129881
https://doi.org/10.1016/j.cej.2022.139526
https://doi.org/10.1016/j.cej.2022.139526
https://doi.org/10.1021/acscatal.2c02778
https://doi.org/10.1021/acscatal.2c02778
https://doi.org/10.1016/j.mattod.2015.11.026
https://doi.org/10.1002/adma.201907226
https://doi.org/10.1002/adma.201907226
https://doi.org/10.1039/d0ta09601f
https://doi.org/10.1039/d0ta09601f
https://doi.org/10.3390/met12030501
https://doi.org/10.3390/met12030501
https://doi.org/10.1039/d1ee00505g
https://doi.org/10.1039/d1ee00505g
https://doi.org/10.1016/j.actamat.2013.01.042
https://doi.org/10.1002/adfm.202207536
https://doi.org/10.1002/adfm.202207536
https://doi.org/10.1126/sciadv.adn2877
https://doi.org/10.1002/adma.202305453
https://doi.org/10.1002/adma.202305453
https://doi.org/10.1016/j.nanoen.2023.109153
https://doi.org/10.1016/j.nanoen.2023.109153
https://doi.org/10.1126/sciadv.adr4697
https://doi.org/10.1038/ncomms6964
https://doi.org/10.1038/ncomms6964
https://doi.org/10.1038/s41467-023-37034-6
https://doi.org/10.1038/s41467-023-37034-6
https://doi.org/10.1016/j.scriptamat.2020.06.008
https://doi.org/10.1016/j.scriptamat.2020.06.008
https://doi.org/10.1002/adma.202211099
https://doi.org/10.1021/acsnano.2c08096

283

Page 34 of 38

Nano-Micro Lett. (2025) 17:283

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Y. Ai, H. Sun, Z. Gao, C. Wang, L. Guan et al., Dual enzyme
mimics based on metal-ligand cross-linking strategy for
accelerating ascorbate oxidation and enhancing tumor ther-
apy. Adv. Funct. Mater. 31(40), 2103581 (2021). https://doi.
org/10.1002/adfm.202103581

L. Wang, H. Liu, J. Zhuang, D. Wang, Small-scale big sci-
ence: from nano- to atomically dispersed catalytic materials.
Small Sci. 2(11), 2200036 (2022). https://doi.org/10.1002/
smsc.202200036

Y. Wang, W. Luo, S. Gong, L. Luo, Y. Li et al., Synthesis of
high-entropy-alloy nanoparticles by a step-alloying strategy
as a superior multifunctional electrocatalyst. Adv. Mater.
35(36), 2302499 (2023). https://doi.org/10.1002/adma.20230
2499

M. Li, C. Huang, H. Yang, Y. Wang, X. Song et al., Pro-
grammable synthesis of high-entropy nanoalloys for efficient
ethanol oxidation reaction. ACS Nano 17(14), 1365913671
(2023). https://doi.org/10.1021/acsnano.3c02762

H. Li, H. Zhu, S. Zhang, N. Zhang, M. Du et al., Nano high-
entropy materials: synthesis strategies and catalytic applica-
tions. Small Struct. 1(2), 2000033 (2020). https://doi.org/10.
1002/sstr.202000033

W. Liao, F. Qing, Q. Liu, R. Wu, C. Zhou et al., Carbother-
mal shock synthesis of lattice oxygen-mediated high-entropy
FeCoNiCuMo-O electrocatalyst with a fast kinetic, high
efficiency, and stable oxygen evolution reaction. Nano Lett.
25(4), 1575-1583 (2025). https://doi.org/10.1021/acs.nanol
ett.4c05658

Y. Sun, S. Dai, High-entropy materials for catalysis: a new
frontier. Sci. Adv. 7(20), eabg1600 (2021). https://doi.org/10.
1126/sciadv.abg1600

S.A. Lee, J. Bu, J. Lee, H.W. Jang, High-entropy nanomateri-
als for advanced electrocatalysis. Small Sci. 3(5), 2200109
(2023). https://doi.org/10.1002/smsc.202200109

W. Al Zoubi, R.A K. Putri, M.R. Abukhadra, Y.G. Ko, Recent
experimental and theoretical advances in the design and
science of high-entropy alloy nanoparticles. Nano Energy
110, 108362 (2023). https://doi.org/10.1016/j.nanoen.2023.
108362

Y. Liao, Y. Li, L. Ji, X. Liu, X. Zhao et al., Confined high-
entropy-alloy nanoparticles within graphitic shells for syn-
ergistically improved photothermal conversion. Acta Mater.
240, 118338 (2022). https://doi.org/10.1016/j.actamat.2022.
118338

Y. Li, Y. Ma, Y. Liao, L. Ji, R. Zhao et al., High-entropy-
alloy-nanoparticles enabled wood evaporator for efficient
photothermal conversion and sustainable solar desalination.
Adv. Energy Mater. 12(47), 2203057 (2022). https://doi.org/
10.1002/aenm.202203057

Y. Li, Y. Liao, J. Zhang, E. Huang, L. Ji et al., High-entropy-
alloy nanoparticles with enhanced interband transitions for
efficient photothermal conversion. Angew. Chem. Int. Ed.
60(52), 27113-27118 (2021). https://doi.org/10.1002/anie.
202112520

© The authors

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Y. Liao, Y. Li, R. Zhao, J. Zhang, L. Zhao et al., High-
entropy-alloy nanoparticles with 21 ultra-mixed elements
for efficient photothermal conversion. Natl. Sci. Rev. 9(6),
nwac(041 (2022). https://doi.org/10.1093/nsr/nwac041

K. Kusada, M. Mukoyoshi, D. Wu, H. Kitagawa, Chemical
synthesis, characterization, and properties of multi-element
nanoparticles. Angew. Chem. Int. Ed. 61(48), 202209616
(2022). https://doi.org/10.1002/anie.202209616

Y. Nakaya, E. Hayashida, H. Asakura, S. Takakusagi, S.
Yasumura et al., High-entropy intermetallics serve ultrastable
single-atom Pt for propane dehydrogenation. J. Am. Chem.
Soc. 144(35), 15944-15953 (2022). https://doi.org/10.1021/
jacs.2c¢01200

H.-K. Lin, Y.-H. Cheng, G.-Y. Li, Y.-C. Chen, P. Bazarnik
et al., Study on the surface modification of nanostructured Ti
alloys and coarse-grained Ti alloys. Metals 12(6), 948 (2022).
https://doi.org/10.3390/met12060948

A. Takeuchi, A. Inoue, Classification of bulk metallic glasses
by atomic size difference, heat of mixing and period of con-
stituent elements and its application to characterization of
the main alloying element. Mater. Trans. 46(12), 2817-2829
(2005). https://doi.org/10.2320/matertrans.46.2817

H. Xie, S. Chen, J. Liang, T. Wang, Z. Hou et al., Weakening
intermediate bindings on CuPd/Pd core/shell nanoparticles to
achieve Pt-like bifunctional activity for hydrogen evolution
and oxygen reduction reactions. Adv. Funct. Mater. 31(26),
2100883 (2021). https://doi.org/10.1002/adfm.202100883

P.-F. Yin, M. Zhou, J. Chen, C. Tan, G. Liu et al., Synthe-
sis of palladium-based Crystalline @ Amorphous core—shell
nanoplates for highly efficient ethanol oxidation. Adv. Mater.
32(21), 2000482 (2020). https://doi.org/10.1002/adma.20200
0482

X. Wang, Q. Dong, H. Qiao, Z. Huang, M.T. Saray et al.,
Continuous synthesis of hollow high-entropy nanoparticles
for energy and catalysis applications. Adv. Mater. 32(46),
2002853 (2020). https://doi.org/10.1002/adma.202002853

M. Cui, C. Yang, S. Hwang, M. Yang, S. Overa et al., Multi-
principal elemental intermetallic nanoparticles synthesized
via a disorder-to-order transition. Sci. Adv. 8(4), eabm4322
(2022). https://doi.org/10.1126/sciadv.abm4322

G. Zhu, Y. Jiang, H. Yang, H. Wang, Y. Fang et al., Construct-
ing structurally ordered high-entropy alloy nanoparticles on
nitrogen-rich mesoporous carbon nanosheets for high-per-
formance oxygen reduction. Adv. Mater. 34(15), 2110128
(2022). https://doi.org/10.1002/adma.202110128

J. Wang, W. Liu, Y. Wang, Y. Guo, M. Liu et al.,
AgCulnCdZn high-entropy alloy nanoparticles-embedded in
porous carbon fibers for long-cycling lithium metal anodes.
Chem. Eng. J. 477, 146884 (2023). https://doi.org/10.1016/].
cej.2023.146884

H. Guo, Z. Guo, K. Chu, W. Zong, H. Zhu et al., Polymer-
confined pyrolysis promotes the formation of ultrafine single-
phase high-entropy alloys: a promising electrocatalyst for
oxidation of nitrogen. Adv. Funct. Mater. 33(51), 2308229
(2023). https://doi.org/10.1002/adfm.202308229

https://doi.org/10.1007/s40820-025-01779-0


https://doi.org/10.1002/adfm.202103581
https://doi.org/10.1002/adfm.202103581
https://doi.org/10.1002/smsc.202200036
https://doi.org/10.1002/smsc.202200036
https://doi.org/10.1002/adma.202302499
https://doi.org/10.1002/adma.202302499
https://doi.org/10.1021/acsnano.3c02762
https://doi.org/10.1002/sstr.202000033
https://doi.org/10.1002/sstr.202000033
https://doi.org/10.1021/acs.nanolett.4c05658
https://doi.org/10.1021/acs.nanolett.4c05658
https://doi.org/10.1126/sciadv.abg1600
https://doi.org/10.1126/sciadv.abg1600
https://doi.org/10.1002/smsc.202200109
https://doi.org/10.1016/j.nanoen.2023.108362
https://doi.org/10.1016/j.nanoen.2023.108362
https://doi.org/10.1016/j.actamat.2022.118338
https://doi.org/10.1016/j.actamat.2022.118338
https://doi.org/10.1002/aenm.202203057
https://doi.org/10.1002/aenm.202203057
https://doi.org/10.1002/anie.202112520
https://doi.org/10.1002/anie.202112520
https://doi.org/10.1093/nsr/nwac041
https://doi.org/10.1002/anie.202209616
https://doi.org/10.1021/jacs.2c01200
https://doi.org/10.1021/jacs.2c01200
https://doi.org/10.3390/met12060948
https://doi.org/10.2320/matertrans.46.2817
https://doi.org/10.1002/adfm.202100883
https://doi.org/10.1002/adma.202000482
https://doi.org/10.1002/adma.202000482
https://doi.org/10.1002/adma.202002853
https://doi.org/10.1126/sciadv.abm4322
https://doi.org/10.1002/adma.202110128
https://doi.org/10.1016/j.cej.2023.146884
https://doi.org/10.1016/j.cej.2023.146884
https://doi.org/10.1002/adfm.202308229

Nano-Micro Lett.

(2025) 17:283

Page 35 0f 38 283

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Y.-H. Liu, C.-J. Hsieh, L.-C. Hsu, K.-H. Lin, Y.-C. Hsiao
et al., Toward controllable and predictable synthesis of high-
entropy alloy nanocrystals. Sci. Adv. 9(19), eadf9931 (2023).
https://doi.org/10.1126/sciadv.adf9931

C.-Y. Wu, Y.-C. Hsiao, Y. Chen, K.-H. Lin, T.-J. Lee et al.,
A catalyst family of high-entropy alloy atomic layers with
square atomic arrangements comprising iron- and platinum-
group metals. Sci. Adv. 10(30), ead13693 (2024). https://doi.
org/10.1126/sciadv.ad13693

J. Hao, Z. Zhuang, K. Cao, G. Gao, C. Wang et al., Unrave-
ling the electronegativity-dominated intermediate adsorption
on high-entropy alloy electrocatalysts. Nat. Commun. 13(1),
2662 (2022). https://doi.org/10.1038/s41467-022-30379-4

D. Wy, K. Kusada, T. Yamamoto, T. Toriyama, S. Matsumura
et al., Platinum-group-metal high-entropy-alloy nanoparti-
cles. J. Am. Chem. Soc. 142(32), 13833-13838 (2020).
https://doi.org/10.1021/jacs.0c04807

H. Zhu, S. Sun, J. Hao, Z. Zhuang, S. Zhang et al., A high-
entropy atomic environment converts inactive to active sites
for electrocatalysis. Energy Environ. Sci. 16(2), 619-628
(2023). https://doi.org/10.1039/D2EE03185]

S.L.A. Bueno, A. Leonardi, N. Kar, K. Chatterjee, X. Zhan
et al., Quinary, senary, and septenary high entropy alloy nan-
oparticle catalysts from Core @ Shell nanoparticles and the
significance of intraparticle heterogeneity. ACS Nano 16(11),
18873-18885 (2022). https://doi.org/10.1021/acsnano.2c077
87

S. Saxena, T.S. Khan, F. Jalid, M. Ramteke, M. Ali Haider,
In silico high throughput screening of bimetallic and single
atom alloys using machine learning and ab initio microkinetic
modelling. J. Mater. Chem. A 8(1), 107-123 (2020). https://
doi.org/10.1039/C9TA07651D

Z.Lu, Z.W. Chen, C.V. Singh, Neural network-assisted devel-
opment of high-entropy alloy catalysts: decoupling ligand and
coordination effects. Matter 3(4), 1318-1333 (2020). https://
doi.org/10.1016/j.matt.2020.07.029

J. Zhang, C. Wang, S. Huang, X. Xiang, Y. Xiong et al.,
Design high-entropy electrocatalyst via interpretable deep
graph attention learning. Joule 7(8), 1832-1851 (2023).
https://doi.org/10.1016/j.joule.2023.06.003

M.J.R. Haché, J. Tam, U. Erb, Y. Zou, Electrodeposited
nanocrystalline medium-entropy alloys—An effective strat-
egy of producing stronger and more stable nanomaterials. J.
Alloys Compd. 899, 163233 (2022). https://doi.org/10.1016/j.
jallcom.2021.163233

C.-Z. Yao, P. Zhang, M. Liu, G.-R. Li, J.-Q. Ye et al., Electro-
chemical preparation and magnetic study of Bi—-Fe—Co-Ni—
Mn high entropy alloy. Electrochim. Acta 53(28), 8359-8365
(2008). https://doi.org/10.1016/j.electacta.2008.06.036

J. Sure, D.S.M. Vishnu, C. Schwandt, Direct electrochemical
synthesis of high-entropy alloys from metal oxides. Appl.
Mater. Today 9, 111-121 (2017). https://doi.org/10.1016/].
apmt.2017.05.009

F. Yoosefan, A. Ashrafi, S.M. Monir Vaghefi, I. Constan-
tin, Synthesis of CoCrFeMnNi high entropy alloy thin
films by pulse electrodeposition: part 1: effect of pulse

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

electrodeposition parameters. Met. Mater. Int. 26(8), 1262—
1269 (2019). https://doi.org/10.1007/s12540-019-00404-1
F. Yoosefan, A. Ashrafi, S.M. Monir Vaghefi, Characteriza-
tion of Co-Cr-Fe-Mn-Ni high-entropy alloy thin films syn-
thesized by pulse electrodeposition: part 2: effect of pulse
electrodeposition parameters on the wettability and corrosion
resistance. Met. Mater. Int. 27(1), 106-117 (2021). https://
doi.org/10.1007/s12540-019-00584-w

D. Zhang, Y. Shi, H. Zhao, W. Qi, X. Chen et al., The facile
oil-phase synthesis of a multi-site synergistic high-entropy
alloy to promote the alkaline hydrogen evolution reaction.
J. Mater. Chem. A 9(2), 889—-893 (2021). https://doi.org/10.
1039/DO0TA10574K

G.R. Dey, C.R. McCormick, S.S. Soliman, A.J. Darling,
R.E. Schaak, Chemical insights into the formation of col-
loidal high entropy alloy nanoparticles. ACS Nano 17(6),
5943-5955 (2023). https://doi.org/10.1021/acsnano.3c00176

A. Aliyu, C. Srivastava, Phase constitution, surface chemis-
try and corrosion behavior of electrodeposited MnFeCoNiCu
high entropy alloy-graphene oxide composite coatings. Surf.
Coat. Technol. 429, 127943 (2022). https://doi.org/10.1016/j.
surfcoat.2021.127943

H. Luo, L. Li, F. Lin, Q. Zhang, K. Wang et al., Sub-2 nm
microstrained high-entropy-alloy nanoparticles boost hydro-
gen electrocatalysis. Adv. Mater. 36(32), e2403674 (2024).
https://doi.org/10.1002/adma.202403674

G. Feng, F. Ning, J. Song, H. Shang, K. Zhang et al., Sub-2
nm ultrasmall high-entropy alloy nanoparticles for extremely
superior electrocatalytic hydrogen evolution. J. Am. Chem.
Soc. 143(41), 17117-17127 (2021). https://doi.org/10.1021/
jacs.1c07643

Z.Zhang, P. Yu, Z. Liu, K. Liu, Z. Mu et al., Oft-equilibrium
hydrothermal synthesis of high-entropy alloy nanoparticles.
J. Am. Chem. Soc. 147(11), 9640-9652 (2025). https://doi.
org/10.1021/jacs.4c17756

B. Niu, F. Zhang, H. Ping, N. Li, J. Zhou et al., Sol-gel
autocombustion synthesis of nanocrystalline high-entropy
alloys. Sci. Rep. 7, 3421 (2017). https://doi.org/10.1038/
s41598-017-03644-6

A.S. Rogachev, S.G. Vadchenko, N.A. Kochetov, D.Y. Kova-
lev, I.D. Kovalev et al., Combustion synthesis of TiC-based
ceramic-metal composites with high entropy alloy binder. J.
Eur. Ceram. Soc. 40(7), 2527-2532 (2020). https://doi.org/
10.1016/j.jeurceramsoc.2019.11.059

K. Mori, N. Hashimoto, N. Kamiuchi, H. Yoshida, H. Kob-
ayashi et al., Hydrogen spillover-driven synthesis of high-
entropy alloy nanoparticles as a robust catalyst for CO,
hydrogenation. Nat. Commun. 12(1), 3884 (2021). https://
doi.org/10.1038/s41467-021-24228-z

Y. Yao, Z. Huang, P. Xie, S.D. Lacey, R.J. Jacob et al., Car-
bothermal shock synthesis of high-entropy-alloy nanoparti-
cles. Science 359(6383), 1489-1494 (2018). https://doi.org/
10.1126/science.aan5412

J.-Y. Song, C. Kim, M. Kim, K.M. Cho, I. Gereige et al.,
Generation of high-density nanoparticles in the carbothermal

@ Springer


https://doi.org/10.1126/sciadv.adf9931
https://doi.org/10.1126/sciadv.adl3693
https://doi.org/10.1126/sciadv.adl3693
https://doi.org/10.1038/s41467-022-30379-4
https://doi.org/10.1021/jacs.0c04807
https://doi.org/10.1039/D2EE03185J
https://doi.org/10.1021/acsnano.2c07787
https://doi.org/10.1021/acsnano.2c07787
https://doi.org/10.1039/C9TA07651D
https://doi.org/10.1039/C9TA07651D
https://doi.org/10.1016/j.matt.2020.07.029
https://doi.org/10.1016/j.matt.2020.07.029
https://doi.org/10.1016/j.joule.2023.06.003
https://doi.org/10.1016/j.jallcom.2021.163233
https://doi.org/10.1016/j.jallcom.2021.163233
https://doi.org/10.1016/j.electacta.2008.06.036
https://doi.org/10.1016/j.apmt.2017.05.009
https://doi.org/10.1016/j.apmt.2017.05.009
https://doi.org/10.1007/s12540-019-00404-1
https://doi.org/10.1007/s12540-019-00584-w
https://doi.org/10.1007/s12540-019-00584-w
https://doi.org/10.1039/D0TA10574K
https://doi.org/10.1039/D0TA10574K
https://doi.org/10.1021/acsnano.3c00176
https://doi.org/10.1016/j.surfcoat.2021.127943
https://doi.org/10.1016/j.surfcoat.2021.127943
https://doi.org/10.1002/adma.202403674
https://doi.org/10.1021/jacs.1c07643
https://doi.org/10.1021/jacs.1c07643
https://doi.org/10.1021/jacs.4c17756
https://doi.org/10.1021/jacs.4c17756
https://doi.org/10.1038/s41598-017-03644-6
https://doi.org/10.1038/s41598-017-03644-6
https://doi.org/10.1016/j.jeurceramsoc.2019.11.059
https://doi.org/10.1016/j.jeurceramsoc.2019.11.059
https://doi.org/10.1038/s41467-021-24228-z
https://doi.org/10.1038/s41467-021-24228-z
https://doi.org/10.1126/science.aan5412
https://doi.org/10.1126/science.aan5412

283

Page 36 of 38

Nano-Micro Lett. (2025) 17:283

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

shock method. Sci. Adv. 7(48), eabk2984 (2021). https://doi.
org/10.1126/sciadv.abk2984

M. Kheradmandfard, H. Minouei, N. Tsvetkov, A.K. Vayghan,
S.F. Kashani-Bozorg et al., Ultrafast green microwave-
assisted synthesis of high-entropy oxide nanoparticles for
Li-ion battery applications. Mater. Chem. Phys. 262, 124265
(2021). https://doi.org/10.1016/j.matchemphys.2021.124265

R. Roy, D. Agrawal, J. Cheng, S. Gedevanishvili, Full sinter-
ing of powdered-metal bodies in a microwave field. Nature
399(6737), 668—670 (1999). https://doi.org/10.1038/21390

H. Qiao, M.T. Saray, X. Wang, S. Xu, G. Chen et al., Scalable
synthesis of high entropy alloy nanoparticles by microwave
heating. ACS Nano 15(9), 14928-14937 (2021). https://doi.
org/10.1021/acsnano.1c05113

B. Wang, W. Liu, Y. Leng, X. Yu, C. Wang et al., Strain engi-
neering of high-entropy alloy catalysts for electrocatalytic
water splitting. iScience 26(4), 106326 (2023). https://doi.
org/10.1016/j.is¢i.2023.106326

B. Wang, C. Wang, X. Yu, Y. Cao, L. Gao et al., General
synthesis of high-entropy alloy and ceramic nanoparticles in
nanoseconds. Nat. Synth. 1(2), 138-146 (2022). https://doi.
org/10.1038/s44160-021-00004-1

T. Yu, Y. Zhang, Y. Hu, K. Hu, X. Lin et al., Twelve-compo-
nent free-standing nanoporous high-entropy alloys for mul-
tifunctional electrocatalysis. ACS Mater. Lett. 4(1), 181-189
(2022). https://doi.org/10.1021/acsmaterialslett.1c00762
S.Li, X. Tang, H. Jia, H. Li, G. Xie et al., Nanoporous high-
entropy alloys with low Pt loadings for high-performance
electrochemical oxygen reduction. J. Catal. 383, 164-171
(2020). https://doi.org/10.1016/j.jcat.2020.01.024

H. Liu, H. Qin, J. Kang, L. Ma, G. Chen et al., A freestanding
nanoporous NiCoFeMoMn high-entropy alloy as an efficient
electrocatalyst for rapid water splitting. Chem. Eng. J. 435,
134898 (2022). https://doi.org/10.1016/j.cej.2022.134898
L. Huang, Y. Duan, X. Dai, Y. Zeng, G. Ma et al., Bioinspired
metamaterials: multibands electromagnetic wave adaptabil-
ity and hydrophobic characteristics. Small 15(40), €1902730
(2019). https://doi.org/10.1002/sml1.201902730

Y. Ren, Y. Zhang, Q. Zheng, L. Wang, W. Jiang, Integrating
large specific surface area and tunable magnetic loss in Fe@C
composites for lightweight and high-efficiency electromag-
netic wave absorption. Carbon 206, 226-236 (2023). https://
doi.org/10.1016/j.carbon.2023.02.048

H. Ge, L. Zheng, G. Yuan, W. Shi, J. Liu et al., Polyoxometal-
late cluster induced high-entropy oxide sub-1 nm nanosheets
as photoelectrocatalysts for Zn-air batteries. J. Am. Chem.
Soc. 146(15), 10735-10744 (2024). https://doi.org/10.1021/
jacs.4c00652

J. Ai, S. Liu, Y. Zhang, Y. Han, B. Liu et al., 3D-printed
high-entropy alloy nanoarchitectures. Small 21(8), 2409900
(2025). https://doi.org/10.1002/smll.202409900

G. Cao, S. Yang, J.-C. Ren, W. Liu, Electronic descriptors
for designing high-entropy alloy electrocatalysts by leverag-
ing local chemical environments. Nat. Commun. 16(1), 1251
(2025). https://doi.org/10.1038/s41467-025-56421-9

© The authors

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Z.Lu, W. Sun, P. Cai, L. Fan, K. Chen et al., High-entropy
alloy catalysts for advanced hydrogen-production zinc-based
batteries. Energy Environ. Sci. 18(6), 2918-2930 (2025).
https://doi.org/10.1039/d4ee05500d

Y. Fu, J. Li, H. Luo, C. Du, X. Li, Recent advances on
environmental corrosion behavior and mechanism of high-
entropy alloys. J. Mater. Sci. Technol. 80, 217-233 (2021).
https://doi.org/10.1016/j.jmst.2020.11.044

S. Yang, X. Sun, Y. Ning, Y. Yuan, B. Luo et al., Effectively
tuning electromagnetic absorption of carbon-based nano-
composites by phase transition. Carbon 190, 47-56 (2022).
https://doi.org/10.1016/j.carbon.2021.12.091

S. Wang, Q. Liu, S. Li, F. Huang, H. Zhang, Joule-heat-
ing-driven synthesis of a honeycomb-like porous carbon
nanofiber/high entropy alloy composite as an ultralight-
weight electromagnetic wave absorber. ACS Nano 18(6),
5040-5050 (2024). https://doi.org/10.1021/acsnano.3c114
08

J. Ma, B. Zhao, H. Xiang, F.-Z. Dai, Y. Liu et al., High-
entropy spinel ferrites MFe,O, (M = Mg, Mn, Fe Co, Ni,
Cu, Zn) with tunable electromagnetic properties and strong
microwave absorption. J. Adv. Ceram. 11(5), 754-768
(2022). https://doi.org/10.1007/s40145-022-0569-3

F. Gu, W. Wang, H. Meng, Y. Liu, L. Zhuang et al., Lattice
distortion boosted exceptional electromagnetic wave absorp-
tion in high-entropy diborides. Matter 8(3), 102004 (2025).
https://doi.org/10.1016/j.matt.2025.102004

A. Sarkar, L. Velasco, D. Wang, Q. Wang, G. Talasila
et al., High entropy oxides for reversible energy storage.
Nat. Commun. 9, 3400 (2018). https://doi.org/10.1038/
s41467-018-05774-5

C. Zhao, F. Ding, Y. Lu, L. Chen, Y.-S. Hu, High-entropy lay-
ered oxide cathodes for sodium-ion batteries. Angew. Chem.
Int. Ed. 59(1), 264-269 (2020). https://doi.org/10.1002/anie.
201912171

B. Yang, Y. Zhang, H. Pan, W. Si, Q. Zhang et al., High-
entropy enhanced capacitive energy storage. Nat. Mater.
21(9), 1074-1080 (2022). https://doi.org/10.1038/
s41563-022-01274-6

J. Chen, H. Huang, T. Xu, Y. Lv, B. Liu et al., Enhancement
of vanadium addition on hydrogen storage properties of high
entropy alloys TiZrFeMnCrV,. Int. J. Hydrog. Energy 50,
1223-1233 (2024). https://doi.org/10.1016/j.ijjhydene.2023.
09.121

J. Hu, J. Zhang, H. Xiao, L. Xie, G. Sun et al., A first-
principles study of hydrogen storage of high entropy alloy
TiZrVMoNb. Int. J. Hydrog. Energy 46(40), 21050-21058
(2021). https://doi.org/10.1016/j.ijhydene.2021.03.200

J. Hu, J. Zhang, M. Li, S. Zhang, H. Xiao et al., The origin
of anomalous hydrogen occupation in high entropy alloys. J.
Mater. Chem. A 10(13), 7228-7237 (2022). https://doi.org/
10.1039/d1ta10649j

J.W. Zhang, P.P. Zhou, Z.M. Cao, P.C. Li, J.T. Hu et al., Com-
position and temperature influence on hydrogenation perfor-
mance of TiZrHfMo, Nb,_, high entropy alloys. J. Mater.

https://doi.org/10.1007/s40820-025-01779-0


https://doi.org/10.1126/sciadv.abk2984
https://doi.org/10.1126/sciadv.abk2984
https://doi.org/10.1016/j.matchemphys.2021.124265
https://doi.org/10.1038/21390
https://doi.org/10.1021/acsnano.1c05113
https://doi.org/10.1021/acsnano.1c05113
https://doi.org/10.1016/j.isci.2023.106326
https://doi.org/10.1016/j.isci.2023.106326
https://doi.org/10.1038/s44160-021-00004-1
https://doi.org/10.1038/s44160-021-00004-1
https://doi.org/10.1021/acsmaterialslett.1c00762
https://doi.org/10.1016/j.jcat.2020.01.024
https://doi.org/10.1016/j.cej.2022.134898
https://doi.org/10.1002/smll.201902730
https://doi.org/10.1016/j.carbon.2023.02.048
https://doi.org/10.1016/j.carbon.2023.02.048
https://doi.org/10.1021/jacs.4c00652
https://doi.org/10.1021/jacs.4c00652
https://doi.org/10.1002/smll.202409900
https://doi.org/10.1038/s41467-025-56421-9
https://doi.org/10.1039/d4ee05500d
https://doi.org/10.1016/j.jmst.2020.11.044
https://doi.org/10.1016/j.carbon.2021.12.091
https://doi.org/10.1021/acsnano.3c11408
https://doi.org/10.1021/acsnano.3c11408
https://doi.org/10.1007/s40145-022-0569-3
https://doi.org/10.1016/j.matt.2025.102004
https://doi.org/10.1038/s41467-018-05774-5
https://doi.org/10.1038/s41467-018-05774-5
https://doi.org/10.1002/anie.201912171
https://doi.org/10.1002/anie.201912171
https://doi.org/10.1038/s41563-022-01274-6
https://doi.org/10.1038/s41563-022-01274-6
https://doi.org/10.1016/j.ijhydene.2023.09.121
https://doi.org/10.1016/j.ijhydene.2023.09.121
https://doi.org/10.1016/j.ijhydene.2021.03.200
https://doi.org/10.1039/d1ta10649j
https://doi.org/10.1039/d1ta10649j

Nano-Micro Lett.

(2025) 17:283

Page 37 of 38 283

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Chem. A 11(38), 20623-20635 (2023). https://doi.org/10.
1039/D3TA01990]

V.R. Naganaboina, M. Anandkumar, A.S. Deshpande, S.G.
Singh, Single-phase high-entropy oxide-based chemiresistor:
toward selective and sensitive detection of methane gas for
real-time applications. Sens. Actuat. B Chem. 357, 131426
(2022). https://doi.org/10.1016/j.snb.2022.131426

R. Shaik, R.K. Kampara, A. Kumar, C.S. Sharma, M.
Kumar, Metal oxide nanofibers based chemiresistive H,S
gas sensors. Coord. Chem. Rev. 471, 214752 (2022).
https://doi.org/10.1016/j.ccr.2022.214752

K.M.B. Urs, N.K. Katiyar, R. Kumar, K. Biswas, A.K.
Singh et al., Multi-component (Ag—Au—Cu-Pd-Pt) alloy
nanoparticle-decorated p-type 2D-molybdenum disulfide
(MoS,) for enhanced hydrogen sensing. Nanoscale 12(22),
11830-11841 (2020). https://doi.org/10.1039/DONRO
2177F

M.T. Banizi, M. Khakbiz, S. Shakibania, E. Amiri, F. Naser-
ian, Functionalized high entropy alloys with ZIF-8 and LDH
nanolayers for next-generation drug eluting medical implants.
J. Alloys Compd. 997, 174883 (2024). https://doi.org/10.
1016/j.jallcom.2024.174883

Y. Sun, W. Zhang, Q. Zhang, Y. Li, L. Gu et al., A general
approach to high-entropy metallic nanowire electrocatalysts.
Matter 6(1), 193-205 (2023). https://doi.org/10.1016/j.matt.
2022.09.023

P. Zhao, Q. Cao, W. Yi, X. Hao, J. Li et al., Facile and general
method to synthesize Pt-based high-entropy-alloy nanoparti-
cles. ACS Nano 16(9), 14017-14028 (2022). https://doi.org/
10.1021/acsnano.2c03818

X. Yang, J. Feng, Y. Li, W. Zhu, Y. Pan et al., PdAMoPtCoNi
high entropy nanoalloy with d electron self-complementation-
induced multisite synergistic effect for efficient nanozyme
catalysis. Adv. Sci. 11(38), 2406149 (2024). https://doi.org/
10.1002/advs.202406149

X. He, Y. Qian, C. Wu, J. Feng, X. Sun et al., Entropy-
mediated high-entropy MXenes nanotherapeutics: NIR-II-
enhanced intrinsic oxidase mimic activity to combat methi-
cillin-resistant Staphylococcus aureus infection. Adv. Mater.
35(26), 2211432 (2023). https://doi.org/10.1002/adma.20221
1432

H. Li, J. Lai, Z. Li, L. Wang, Multi-sites electrocatalysis in
high-entropy alloys. Adv. Funct. Mater. 31(47), 2106715
(2021). https://doi.org/10.1002/adfm.202106715

D. Zhang, H. Zhao, X. Wu, Y. Deng, Z. Wang et al., Multi-
site electrocatalysts boost pH-universal nitrogen reduction
by high-entropy alloys. Adv. Funct. Mater. 31(9), 2006939
(2021). https://doi.org/10.1002/adfm.202006939

Z.Li, L. Zhai, Y. Ge, Z. Huang, Z. Shi et al., Wet-chemical
synthesis of two-dimensional metal nanomaterials for elec-
trocatalysis. Natl. Sci. Rev. 9(5), 142 (2021). https://doi.org/
10.1093/nsr/nwab142

H. Cai, H. Yang, S. He, D. Wan, Y. Kong et al., Size-adjust-
able high-entropy alloy nanoparticles as an efficient plat-

form for electrocatalysis. Angew. Chem. Int. Ed. 64(13),
€202423765 (2025). https://doi.org/10.1002/anie.202423765

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

143

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

. H.Jin, J. Xu, H. Liu, H. Shen, H. Yu et al., Emerging materi-
als and technologies for electrocatalytic seawater splitting.
Sci. Adv. 9(42), eadi7755 (2023). https://doi.org/10.1126/
sciadv.adi7755

L. Zhang, P. Jin, Z. Wu, B. Zhou, J. Jiang et al., CuO/CoO
bifunctional catalysts for electrocatalytic 5-hydroxymethyl-
furfural oxidation coupled cathodic ammonia production.
Energy Environ. Mater. 7(5), e12725 (2024). https://doi.org/
10.1002/eem2.12725

Y. Zhang, J. Liu, Y. Xu, C. Xie, S. Wang et al., Design and
regulation of defective electrocatalysts. Chem. Soc. Rev.
53(21), 10620-10659 (2024). https://doi.org/10.1039/d4csO
0217b

M. Wei, Y. Sun, J. Zhang, F. Ai, S. Xi et al., High-entropy
alloy nanocrystal assembled by nanosheets with d—d electron
interaction for hydrogen evolution reaction. Energy Envi-
ron. Sci. 16(9), 4009-4019 (2023). https://doi.org/10.1039/
D3EE01929B

H. Li, Y. Han, H. Zhao, W. Qi, D. Zhang et al., Fast site-
to-site electron transfer of high-entropy alloy nanocatalyst
driving redox electrocatalysis. Nat. Commun. 11(1), 5437
(2020). https://doi.org/10.1038/s41467-020-19277-9

G. Zhang, K. Ming, J. Kang, Q. Huang, Z. Zhang et al., High
entropy alloy as a highly active and stable electrocatalyst for
hydrogen evolution reaction. Electrochim. Acta 279, 19-23
(2018). https://doi.org/10.1016/j.electacta.2018.05.035

Y. Wang, Y. Zhang, P. Xing, X. Li, Q. Du et al., Self-encapsu-
lation of high-entropy alloy nanoparticles inside carbonized
wood for highly durable electrocatalysis. Adv. Mater. 36(28),
2402391 (2024). https://doi.org/10.1002/adma.202402391

W. Shi, H. Liu, Z. Li, C. Li, J. Zhou et al., High-entropy
alloy stabilized and activated Pt clusters for highly efficient
electrocatalysis. SusMat 2(2), 186-196 (2022). https://doi.
org/10.1002/sus2.56

K. Huang, J. Xia, Y. Lu, B. Zhang, W. Shi et al., Self-recon-
structed spinel surface structure enabling the long-term sta-
ble hydrogen evolution reaction/oxygen evolution reaction
efficiency of FeCoNiRu high-entropy alloyed electrocatalyst.
Adv. Sci. 10(14), 2300094 (2023). https://doi.org/10.1002/
advs.202300094

A. Abdelhafiz, B. Wang, A.R. Harutyunyan, J. Li, Carbother-
mal shock synthesis of high entropy oxide catalysts: dynamic
structural and chemical reconstruction boosting the catalytic
activity and stability toward oxygen evolution reaction. Adv.
Energy Mater. 12(35), 2200742 (2022). https://doi.org/10.
1002/aenm.202200742

Y. Qin, W. Zhang, F. Wang, J. Li, J. Ye et al., Extraordinary
p—d hybridization interaction in heterostructural Pd-PdSe
nanosheets boosts C—C bond cleavage of ethylene gly-
col electrooxidation. Angew. Chem. 134(16), 202200899
(2022). https://doi.org/10.1002/ange.202200899

C. Zhan, Y. Xu, L. Bu, H. Zhu, Y. Feng et al., Publisher
Correction: Subnanometer high-entropy alloy nanow-
ires enable remarkable hydrogen oxidation catalysis. Nat.
Commun. 12(1), 7099 (2021). https://doi.org/10.1038/
s41467-021-27395-1

@ Springer


https://doi.org/10.1039/D3TA01990J
https://doi.org/10.1039/D3TA01990J
https://doi.org/10.1016/j.snb.2022.131426
https://doi.org/10.1016/j.ccr.2022.214752
https://doi.org/10.1039/D0NR02177F
https://doi.org/10.1039/D0NR02177F
https://doi.org/10.1016/j.jallcom.2024.174883
https://doi.org/10.1016/j.jallcom.2024.174883
https://doi.org/10.1016/j.matt.2022.09.023
https://doi.org/10.1016/j.matt.2022.09.023
https://doi.org/10.1021/acsnano.2c03818
https://doi.org/10.1021/acsnano.2c03818
https://doi.org/10.1002/advs.202406149
https://doi.org/10.1002/advs.202406149
https://doi.org/10.1002/adma.202211432
https://doi.org/10.1002/adma.202211432
https://doi.org/10.1002/adfm.202106715
https://doi.org/10.1002/adfm.202006939
https://doi.org/10.1093/nsr/nwab142
https://doi.org/10.1093/nsr/nwab142
https://doi.org/10.1002/anie.202423765
https://doi.org/10.1126/sciadv.adi7755
https://doi.org/10.1126/sciadv.adi7755
https://doi.org/10.1002/eem2.12725
https://doi.org/10.1002/eem2.12725
https://doi.org/10.1039/d4cs00217b
https://doi.org/10.1039/d4cs00217b
https://doi.org/10.1039/D3EE01929B
https://doi.org/10.1039/D3EE01929B
https://doi.org/10.1038/s41467-020-19277-9
https://doi.org/10.1016/j.electacta.2018.05.035
https://doi.org/10.1002/adma.202402391
https://doi.org/10.1002/sus2.56
https://doi.org/10.1002/sus2.56
https://doi.org/10.1002/advs.202300094
https://doi.org/10.1002/advs.202300094
https://doi.org/10.1002/aenm.202200742
https://doi.org/10.1002/aenm.202200742
https://doi.org/10.1002/ange.202200899
https://doi.org/10.1038/s41467-021-27395-1
https://doi.org/10.1038/s41467-021-27395-1

283

Page 38 of 38

Nano-Micro Lett. (2025) 17:283

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Y. Men, D. Wu, Y. Hu, L. Li, P. Li et al., Understanding
alkaline hydrogen oxidation reaction on PdNiRulrRh high-
entropy-alloy by machine learning potential. Angew. Chem.
Int. Ed. 62(27), €202217976 (2023). https://doi.org/10.1002/
anie.202217976

X. Zhao, H. Cheng, X. Chen, Q. Zhang, C. Li et al., Multiple
metal-nitrogen bonds synergistically boosting the activity
and durability of high-entropy alloy electrocatalysts. J. Am.
Chem. Soc. 146(5), 3010-3022 (2024). https://doi.org/10.
1021/jacs.3c08177

W. Gong, P. Guo, L. Zhang, R. Fu, M. Yan et al., Atomically
dispersed bimetallic single-atom Cu, Fe/NC as pH-universal
ORR electrocatalyst. Chem. Eng. J. 507, 160400 (2025).
https://doi.org/10.1016/j.cej.2025.160400

X. Zhou, Y. Ma, Y. Ge, S. Zhu, Y. Cui et al., Preparation
of Au@Pd core-shell nanorods with fcc-2H- fcc heterophase
for highly efficient electrocatalytic alcohol oxidation. J. Am.
Chem. Soc. 144(1), 547-555 (2022). https://doi.org/10.1021/
jacs.1c11313

M. Xie, B. Zhang, Z. Jin, P. Li, G. Yu, Atomically recon-
structed palladium metallene by intercalation-induced lattice
expansion and amorphization for highly efficient electroca-
talysis. ACS Nano 16(9), 13715-13727 (2022). https://doi.
org/10.1021/acsnano.2c05190

H. Li, M. Sun, Y. Pan, J. Xiong, H. Du et al., The self-com-
plementary effect through strong orbital coupling in ultrathin
high-entropy alloy nanowires boosting pH-universal multi-
functional electrocatalysis. Appl. Catal. B Environ. 312,
121431 (2022). https://doi.org/10.1016/j.apcatb.2022.121431

Y. Lv, P. Liu, R. Xue, Q. Guo, J. Ye et al., Cascaded p—d
orbital hybridization interaction in ultrathin high-entropy
alloy nanowires boosts complete non-CO pathway of metha-
nol oxidation reaction. Adv. Sci. 11(19), 2309813 (2024).
https://doi.org/10.1002/advs.202309813

C. Zhan, L. Bu, H. Sun, X. Huang, Z. Zhu et al., Medium/
high-entropy amalgamated core/shell nanoplate achieves effi-
cient formic acid catalysis for direct formic acid fuel cell.
Angew. Chem. Int. Ed. 62(3), €202213783 (2023). https://
doi.org/10.1002/anie.202213783

V.-H. Do, J.-M. Lee, Surface engineering for stable electro-
catalysis. Chem. Soc. Rev. 53(5), 2693-2737 (2024). https://
doi.org/10.1039/d3cs00292f

Z. Guo, Y. Yu, C. Li, E. Campos dos Santos, T. Wang et al.,
Deciphering structure-activity relationship towards CO,

© The authors

165.

166.

167.

168.

169.

170.

171.

172.

electroreduction over SnO, by a standard research paradigm.
Angew. Chem. Int. Ed. 63(12), €202319913 (2024). https://
doi.org/10.1002/anie.202319913

L. Yang, R. He, J. Chai, X. Qi, Q. Xue et al., Synthesis strat-
egies for high entropy nanoparticles. Adv. Mater. 37(1),
2412337 (2025). https://doi.org/10.1002/adma.202412337
S. Schweidler, M. Botros, F. Strauss, Q. Wang, Y. Ma et al.,
High-entropy materials for energy and electronic applica-
tions. Nat. Rev. Mater. 9(4), 266-281 (2024). https://doi.org/
10.1038/s41578-024-00654-5

P. Shao, H.-X. Zhang, Q.-L. Hong, L. Yi, Q.-H. Li et al.,
Enhancing CO, electroreduction to ethylene via Copper—
Silver tandem catalyst in boron-imidazolate framework
nanosheet. Adv. Energy Mater. 13(19), 2300088 (2023).
https://doi.org/10.1002/aenm.202300088

J.K. Pedersen, T.A.A. Batchelor, A. Bagger, J. Rossmeisl,
High-entropy alloys as catalysts for the CO, and CO reduc-
tion reactions. ACS Catal. 10(3), 2169-2176 (2020). https:/
doi.org/10.1021/acscatal.9b04343

L. Jiao, C. Mao, F. Xu, X. Cheng, P. Cui et al., Constructing
gold single-atom catalysts on hierarchical nitrogen-doped car-
bon nanocages for carbon dioxide electroreduction to syngas.
Small 20(16), 2305513 (2024). https://doi.org/10.1002/smll.
202305513

Z. Luo, Y. Guo, C. He, Y. Guan, L. Zhang et al., Creating
high-entropy single atoms on transition disulfides through
substrate-induced redox dynamics for efficient electrocata-
lytic hydrogen evolution. Angew. Chem. Int. Ed. 136(32),
€202405017 (2024). https://doi.org/10.1002/ange.202405017
Z.W. Chen, Z. Gariepy, L. Chen, X. Yao, A. Anand et al.,
Machine-learning-driven high-entropy alloy catalyst discov-
ery to circumvent the scaling relation for CO, reduction reac-
tion. ACS Catal. 12(24), 14864-14871 (2022). https://doi.
org/10.1021/acscatal.2c03675

H. Li, H. Huang, Y. Chen, F. Lai, H. Fu et al., High-entropy
alloy aerogels: a new platform for carbon dioxide reduction.
Adv. Mater. 35(2), €2209242 (2023). https://doi.org/10.1002/
adma.202209242

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-025-01779-0


https://doi.org/10.1002/anie.202217976
https://doi.org/10.1002/anie.202217976
https://doi.org/10.1021/jacs.3c08177
https://doi.org/10.1021/jacs.3c08177
https://doi.org/10.1016/j.cej.2025.160400
https://doi.org/10.1021/jacs.1c11313
https://doi.org/10.1021/jacs.1c11313
https://doi.org/10.1021/acsnano.2c05190
https://doi.org/10.1021/acsnano.2c05190
https://doi.org/10.1016/j.apcatb.2022.121431
https://doi.org/10.1002/advs.202309813
https://doi.org/10.1002/anie.202213783
https://doi.org/10.1002/anie.202213783
https://doi.org/10.1039/d3cs00292f
https://doi.org/10.1039/d3cs00292f
https://doi.org/10.1002/anie.202319913
https://doi.org/10.1002/anie.202319913
https://doi.org/10.1002/adma.202412337
https://doi.org/10.1038/s41578-024-00654-5
https://doi.org/10.1038/s41578-024-00654-5
https://doi.org/10.1002/aenm.202300088
https://doi.org/10.1021/acscatal.9b04343
https://doi.org/10.1021/acscatal.9b04343
https://doi.org/10.1002/smll.202305513
https://doi.org/10.1002/smll.202305513
https://doi.org/10.1002/ange.202405017
https://doi.org/10.1021/acscatal.2c03675
https://doi.org/10.1021/acscatal.2c03675
https://doi.org/10.1002/adma.202209242
https://doi.org/10.1002/adma.202209242

	Synthesis Strategies and Multi-field Applications of Nanoscale High-Entropy Alloys
	Highlights
	Abstract 
	1 Introduction
	2 Fundamental Properties of HEAs
	2.1 High-Entropy Effect
	2.2 Lattice Distortion Effect
	2.3 Sluggish Diffusion Effect
	2.4 Cocktail Effect
	2.5 Other Non-core Effects

	3 Synthesis Strategies of Nanoscale HEAs
	3.1 Design Strategies for Nanoscale HEAs
	3.2 Electrochemical Synthesis
	3.3 Wet Chemical Synthesis
	3.4 Combustion-assisted Synthesis
	3.5 Flash-thermal Shock Synthesis
	3.6 Microwave Heating Synthesis
	3.7 Laser Scanning Ablation Technology
	3.8 Dealloying Synthesis
	3.9 Other Synthesis Methods

	4 Multi-field Applications of Nanoscale HEAs
	4.1 Electromagnetic Absorption Material
	4.2 Energy Storage
	4.3 Gas Sensor
	4.4 Biomedical Materials
	4.5 Catalyst Materials

	5 Conclusions and Outlook
	Acknowledgements 
	References


