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Controllable synthesis of high-entropy alloys

Jingjing Liang,†a Guanghui Cao,†b Mengqi Zeng *b and Lei Fu *ab

High-entropy alloys (HEAs) involving more than four elements, as emerging alloys, have brought about a

paradigm shift in material design. The unprecedented compositional diversities and structural

complexities of HEAs endow multidimensional exploration space and great potential for practical

benefits, as well as a formidable challenge for synthesis. To further optimize performance and promote

advanced applications, it is essential to synthesize HEAs with desired characteristics to satisfy the

requirements in the application scenarios. The properties of HEAs are highly related to their chemical

compositions, microstructure, and morphology. In this review, a comprehensive overview of the

controllable synthesis of HEAs is provided, ranging from composition design to morphology control,

structure construction, and surface/interface engineering. The fundamental parameters and advanced

characterization related to HEAs are introduced. We also propose several critical directions for future

development. This review can provide insight and an in-depth understanding of HEAs, accelerating the

synthesis of the desired HEAs.

Key learning points
(1) Guidelines for understanding the controllable synthesis of HEAs toward property modification. (2) Fundamental understanding of HEAs and the influence
parameters. (3) The advanced characterization of HEAs. (4) The main approaches to designing HEAs from the perspectives of composition, morphology,
structure, surface, and interface. (5) Current and future development directions in this emerging field.

1. Introduction

The basic alloying strategy of incorporating a small number of
minor components into a principal element for a long time has
been proposed. The concept of high-entropy alloys (HEAs) was
put forward simultaneously by Ye et al. and Cantor et al. in
2004,1,2 where materials containing five or more elements (each
with an atomic percentage from 5% to 35%) were generally
assumed to form solid-solution alloys through sufficiently high
configurational entropy. The novel design philosophy of alloy-
ing highlights the unexplored interior realm of multidimen-
sional phase diagrams, greatly enriching the material library.
Later, with the increasing exploration of HEAs, the definition of
HEAs becomes wider.3–5 In recent years, some HEAs have been
demonstrated to exhibit many excellent properties, such as
irradiation resistance,6 high strength,7 enhanced stability,8

high catalytic activity,9,10 efficient photothermal conversion,11

etc., making them powerful candidates in structural appli-
cations,12 energy,13–15 therapeutics16 and other fields.17

Compared with less-element alloys, there is a vast composi-
tion space due to the multi-elemental combinations in HEAs,
which provides an excellent platform for material design and
development. Random multielement mixing in HEAs creates
complex atomic and electronic configurations and atomic-level
heterogeneity. Consequently, the diversity of chemical species
at the atomic level results in the loss of periodicity, as well as
the compressive and tensile strain field. The electronic, vibra-
tional and magnetic excitations would also be affected.18 Addi-
tionally, multi-dimensional heterogeneity exists in HEAs, such
as the chemical short-range order, tiny and closely spaced
clusters, complexes, etc., which would increase the resistance
to dislocation motion and afford high strength.19 Meanwhile,
the complex atomic configuration endows HEAs with diverse
binding sites and a near-continuous distribution of binding
energies, laying the foundation for fine-adjusting binding
energies to regulate reaction properties.9,20

The properties of HEAs are highly associated with the
chemical composition, structure, morphology, surface, and
interface. The selection and proportion of elements can affect
the adsorption energy distribution pattern, further adjusting
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the catalytic activity.21 Additionally, the level of chemical dis-
order in HEAs is related to the specific alloying elements,
which affects the defect physics and radiation performance.18

These indicate that the composition design of HEAs is vital
to achieving performance modification. Moreover, another
feature originating from multielement alloying within
vast composition space is the diverse structure in HEAs.22

This is closely related to their properties and application.
For instance, owing to the site-isolation effect, the PtCoNiIn-
GaSn HEA with an intermetallic phase can offer ordered
reaction environments to efficiently catalyze oxidative dehydro-
genation of propane using CO2.23 Liu et al. constructed multi-
ple coherent interfaces in the Fe26Co25Ni20Cu15Al13.1Ga0.9

HEA to attain the trade-off among strength, plasticity, and
coercivity.24

Likewise, the morphology and surface of materials also play
an important role in their performance and application
scenario.25 HEAs in the bulk form usually show great promise
for structural applications.26 For nanoscaled HEAs, high spe-
cific surface areas, abundant active sites, and facile electron

transport behavior make them promising for multiple surface
reactions.27 Therein, the morphology and surface of HEAs can
be further designed to increase the atomic utilization or gen-
erate new interface interactions.28,29 As a consequence, con-
trollable synthesis of HEAs is the prerequisite for
understanding the synthesis-to-structure-to-property correla-
tions of materials and further realizing the property regulation
as desired.

In response to the significant progress made recently in this
field, here, we mainly summarize the controllable synthesis of
HEAs (Fig. 1). First, the fundamental parameters and advanced
characterization methods related to HEAs will be introduced,
laying a solid foundation for the understanding of HEAs. Then,
we will discuss the significance and strategies of the synthesis
of HEAs with desired characteristics toward different applica-
tions from the perspective of composition design, morphology
control, structure construction, and surface/interface engineer-
ing. Finally, current challenges and prospects will be proposed
to further promote the exploration and developments in this
rapidly emerging field.
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2. Fundamental parameters related to
high-entropy alloy formation

The classical Hume-Rothery rules point out the principle of
the formation of solid solution alloys, where similar atomic
sizes, crystal structure, valency, and electronegativity of ele-
ments are in favor of the stabilization of solid solution alloys.30

Based on the rules and thermodynamic consideration,
researchers have mainly developed five influence factors to
discuss the formation of HEAs, including mixing entropy,
mixing enthalpy, atomic size difference, valence electron
concentration, and electronegativity difference.22,31 These para-
meters are relevant to the chemical composition of HEAs,
which could be considered as the intrinsic regulation factors
of HEA formation.

The mixing entropy (DSmix) of alloys can be approximated as
the configurational entropy (DSconf), which can be formulated
as follows:

DSmix ¼ DSconf ¼ �R
Xn
i¼1

ci ln ci

where R represents the mole gas constant, and ci is the atom
percentage of the ith component, and n is the number of
components in the alloys. When the content of multiple
elements is in an equal molar ratio, it would generate a
maximization of mixing entropy in alloys, where DSmix can be
simplified as follows:

DSmix = R ln(n)

Therefore, the mixing entropy increases with the number
of elements. High mixing entropy would be conducive to the
random occupancy of different elements at the site of
the lattice. Under such circumstances, the generation of the
ordered phase and phase separation could be restrained,
promoting the formation of a solid solution phase.

George et al. discovered that mixing enthalpy plays a more
important role than mixing entropy in phase stability for
different quinary HEAs with equiatomic compositions.32

Actually, from the viewpoint of thermodynamics, it is the Gibbs
free energy (DGmix) that decides the phase formation.33

DGmix = DHmix � TDSmix

where T is the temperature and DHmix represents the mixing
enthalpy. Therefore, it is essential to take mixing enthalpy into
consideration.

The mixing enthalpy of HEAs describes the chemical com-
patibility, which can be expressed below.

DHmix ¼
Xn

i¼1;iaj

4DHmix
ij cicj

where ci or cj is the atomic percentage of the ith or jth. DHij
mix

represents the mixing enthalpy of the atom pair between the ith

and jth components. The positive value of mixing enthalpy
reflects a repulsive interaction between components, increasing
the tendency of phase separation or elemental segregation.
When the mixing enthalpy is more negative, there is a strong
attraction between elements, making it easier to generate
intermetallic compounds. Moreover, Inoue reported that the
very negative mixing enthalpy would promote the formation of
the amorphous structure.34 For nanoscale alloying, the size
effect can be regarded as an additional negative mixing
enthalpy which will help with the alloy mixing by lowering
the Gibbs free energy, whose effect is mostly evident at a very
small size, e.g. 3 nm.35

In addition to thermodynamic parameters, atomic size differ-
ence (d), as a topological parameter, is also closely related to the
stability of HEAs, whose calculated formula is shown as follows:

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

ci 1� ri
�r

� �2s

�r ¼
Xn
i¼1

ciri

where %r is the average radius of all elements, ri and ci are the
atomic radii and atomic percentage of the ith element, respec-
tively. If the atomic size difference is very large, the lattice would

Fig. 1 Schematic illustration of the controllable synthesis of HEAs.
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undergo extremely severe deformation, destabilizing the solid
solution structure and inducing phase transformation.36

The valence electron refers to the electrons that can interact
with other atoms to form chemical bonding. Therefore, the
valence electron concentration (VEC) of HEAs can affect the
phase structure by regulating the characteristics of bonding
and stacking, which can be calculated as follows:

VEC ¼
Xn
i¼1

ci VECð Þi

where (VEC)i represents the VEC of the ith component, ci is the
percentage of atoms of the ith component. It was reported that
the VEC is closely associated with the relative stability of face-
centered cubic close packing (FCC) and body-centered cubic
packing (BCC) structures for some HEAs.37,38

Electronegativity represents the preference of atoms for
electrons. The difference in the Pauling electronegativity
(DwPauling) of HEAs is defined as follows:

DwPauling ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

ci wi � wavg
� �2s

wavg ¼
Xn
i¼1

ciwi

where ci is the atomic percentage and wi describes the Pauling
electronegativity of the ith component. Li et al. discovered that
the stability of topologically close-packed phases could be
evaluated by the parameter of DwPauling.39

In short, mixing entropy has always been an important
influencing factor for the formation of single-phase solid solu-
tions. Mixing enthalpy depicts the atomic interaction between
elements and could affect the microstructure of HEAs. The
atomic size difference, valence electron concentration, and
electronegativity difference parameters are related to the intrin-
sic attributes of atoms, which play a vital role in the phase
stability, structural stacking character, and phase transforma-
tion of HEAs. These five parameters are closely related to the
phase structure and element distribution of HEAs, which could
further affect the performance. For example, raising the differ-
ence of the atomic size and electronegativity (i.e., replacing Mn
with Pd in the CrFeCoNiMn HEA) would enhance the effect of
local aggregations, which led to considerable resistance to
dislocation glide and thereby a higher yield strength.40 More-
over, Liu et al. discovered that the introduction of the Ni
element to form the strong enthalpic interaction between (Ni,
Co) and (Al, Ti) pairs in the FeCrCoAlTi0.5 HEA could cause the
phase partitions into the A2 precipitate and the B2 matrix,
which realized the combination of strength and plasticity.41

3. Advanced characterization methods
of high-entropy alloys

Owing to the multi-component, HEAs possess complexity at the
levels of atoms and electrons such as the lattice structure and

electronic structure, creating grand challenges in the character-
ization of HEAs. Taking the quinary HEAs as an example, the
nearest neighboring atomic arrangement way of one atom in
the FCC(111) face is more than 105.42 The complex atomic
configurations make electronic structures of HEAs variable,
further affecting their catalytic properties.

Some conventional techniques are applied for HEA charac-
terization. Scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and X-ray diffraction (XRD) can be
used for probing the morphology, size, composition, elemental
distribution, and basic phase structure, giving the cognition of
HEAs to some extent. Although these methods can supply
much information about HEAs under most circumstances,
there are still high requirements and necessity for the improve-
ment of characterization techniques, aiming at gaining more
detailed information, such as the chemical environment and
bonding structure of specific atoms, and promoting the in-
depth understanding of HEAs to decouple the multi-elemental
mixing. The advanced characterization method would also
bring a clearer interpretation of the mechanism and pathway
of the reactions that HEAs participated in.

Advanced characterization techniques have been developed
with high resolution and accuracy, which are suitable for
exploring complicated systems. Characterization techniques
based on synchrotron radiation (SR) possess the ultra-high
resolution and signal-to-noise ratio.43 The electronic structure
of HEAs can be characterized via SR-based hard X-ray photo-
electron spectroscopy (HAXPES), which is associated with the
adsorption and binding energy of intermediates. Kitagawa et al.
used HAXPES to demonstrate the valence band spectrum and d-
band center of HEAs,42,44 providing an opportunity to under-
stand the origin of the enhanced hydrogen evolution reaction
(HER) performance. SR-based X-ray absorption near-edge struc-
ture (XANES) is also a powerful technique for probing the
electronic structure of HEAs. Zhang et al. reported that 3d
metal elements (i.e. Co and Ni) exhibited different types of
oxidation in different HEA systems via measuring the K-edge.45

Besides, the SR-based extended X-ray absorption fine structure
(EXAFS) can obtain the coordination number and bonding
structure.45,46 Synchrotron XRD can be used for identifying
the phase structure and possible impurities in HEAs with great
accuracy.47

In addition to the spectrum characterization based on the
SR technique, the direct visual characterization is also of great
importance. Taking the characterization of the atomic configu-
ration and lattice structure as an example, their visualization
can be realized via electron microscopy-based techniques.
Short-range order (SRO) refers to the configuration where the
atoms display a regular and ordered arrangement at a spatial
scale that is usually less than 1 nm.48 Considering the SRO
reflects the specific configuration in the first and next couple of
the nearest neighbors of atoms in HEAs or medium entropy
alloys (MEAs),49 the capture and characterization have been a
challenging pursuit for years. Recently, the SRO was experi-
mentally identified in a VCoNi MEA by using advanced and fine
TEM characterization.50 Both the selected area electron
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diffraction pattern (EDP) and the corresponding nano-beam
EDP with a high signal-to-noise ratio indicated that the extra
disks between two transmission spots were highly diffused,
which was explicit evidence for the existence of the SRO. The
energy-filtered dark-field TEM image also directly observed the
area where atoms exhibited the SRO structure. Furthermore,
atomically energy-dispersive X-ray spectroscopy (EDS) mapping
can identify the detailed arrangement of the SRO. For a further
in-depth understanding of the SRO, an atomic electron tomo-
graphy reconstruction method has been developed to reveal the
3D atomic position of amorphous HEA nanoparticles (HEA-
NPs), indicating that the SRO could connect with each other to
form medium-range order.51 Moreover, four-dimensional scan-
ning transmission electron microscopy (4D-STEM) enables the
characterization of strain and local lattice distortion of HEA-
NPs.47 The advanced characterization techniques provide a
single-atom-level insight into HEAs, promoting the understand-
ing and development of the field.

4. Controllable synthesis of high-
entropy alloys

Achieving superior performance in different applications has
always been the major impetus for synthesizing and designing
HEAs. With the growing exploration of HEAs, the number of
aspects for the synthesis of HEAs with desired characteristics is
likewise increasing to make the products meet the require-
ments of different application scenarios, which include the
regulation of the composition, morphology, structure, surface,
and interface.

4.1. Composition design

Chemical compositions could be considered as the roots of
structures and the properties of alloys. With regard to the
composition design of HEAs, the integration of multiple ele-
ments in an alloy (i.e. high-entropy state) is required first and
foremost, which would supply the foundation for their parti-
cular performance. The concentration, category, and mixing
state of elements are of great importance for the alloys. That is
to say, the overall properties could also be modulated by the
specific state of elements.

4.1.1. High-entropy mixing. Benefiting from the composi-
tion flexibility, high-entropy mixing greatly broadens the tuning
range of the geometric and electronic properties of active sites,
endowing HEAs with an almost continuous distribution of
binding energies.20 Thereby, the elemental type and concen-
tration can be tailored to accommodate the optimum binding
energy for catalytic reactions. Meanwhile, complex surface
active sites of HEAs may lead to spatially varying adsorption
of intermediates, providing promising access to circumvent the
Sabatier principle.52 Additionally, the highly adjustable compo-
sition allows for the fine-tuning of the d-band distribution
filling around the Fermi level to enhance the interband transi-
tions for improving light absorption properties and photother-
mal conversion performance.11 The lattice distortion stemming

from the atomic size difference could stabilize a thermody-
namic nonequilibrium state, decreasing the energy barrier of
active species (e.g., electrons and ions).14,53 Meanwhile, the
distortion-derived highly fluctuating elastic stress/strain field
could influence the movements of crystalline defects for reg-
ulating the dislocation behavior.54 The high entropy and slug-
gish diffusion tendencies of HEAs are recognized as the main
impetus for enhancing thermodynamic and kinetic
stabilities.20 Moreover, owing to the disordered distribution
of diversified constituent elements, high-entropy mixing could
bring multiple levels of heterogeneities in HEAs.19 When the
load is applied and deformation occurs, the multiple hetero-
geneities in HEAs conduce to lattice friction and strain hard-
ening, influencing the dislocation motion and promoting the
strength–ductility synergy in mechanical properties. Therefore,
the realization of high-entropy mixing possesses grand scien-
tific and technological potential.

However, the huge difference in physicochemical properties
hinders the uniform mixing of different elements. The early
reported synthetic methods generated phase-separated struc-
tures in nanoalloys when diverse elements were mixed.55,56 It is
of great importance to overcome the immiscibility and obtain a
high-entropy state in the composition design of HEAs. Based on
the Gibbs free energy formula (DGmix = DHmix � TDSmix), the
uniform mixing and formation of the high-entropy state could
be propelled through the adjustment of the three contained
parameters (i.e. DHmix, T and DSmix).

Hu et al. proposed a carbothermal shock (CTS) strategy to
synthesize HEA-NPs containing eight dissimilar elements,
which makes the reaction to occur at ultrahigh temperatures
(about 2000 K) within about 55 ms (Fig. 2a).57 The improved
temperature contributed to overcoming immiscibility gaps of
components, as well as a decreased DGmix. Meanwhile, the
ultrafast cooling rate is also essential to preserve the uniform
high-entropy state and single-phase solid-solution structure.
EDS mappings presented the uniform distribution of the eight
elements, which demonstrated the formation of high-entropy
mixing (Fig. 2b). Compared with the phase-separated alloy, the
obtained PtPdRhRuCe HEA-NPs exhibited higher nitrogen
oxide selectivity for ammonia oxidation, which likely originated
from the highly homogeneous feature of the solid-solution
structure (Fig. 2c) Additionally, the laser melting and arc
melting strategy for the preparation of bulk HEAs also rely on
the high temperature during the reaction to realize the high-
entropy state. Similar to the CTS process, a series of non-
equilibrium synthesis strategies featuring the ‘‘shock’’ could
contribute to the simultaneous reduction, nucleation, and
growth, leading to the formation of a high-entropy state. These
developed strategies are simply summarized as follows: vapor
phase oscillatory spark mixing,35 fast-moving bed pyrolysis,58

an ultrasonication-assisted method,59 laser heating,60,61 tran-
sient electrosynthesis,62 a hydrogen spillover-driven method,63

microwave heating,64 chemical co-reduction,65 and so on.66

These synthesis strategies analogous to CTS are also applied
to more kinds of high-entropy materials, such as multi-
element oxide nanoparticles,67 high-entropy carbide films,68

Chem Soc Rev Tutorial Review

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
02

4.
 D

ow
nl

oa
de

d 
by

 S
ha

nx
i U

ni
ve

rs
ity

 o
n 

12
/1

0/
20

24
 2

:5
9:

34
 A

M
. 

View Article Online

https://doi.org/10.1039/d4cs00034j


6026 |  Chem. Soc. Rev., 2024, 53, 6021–6041 This journal is © The Royal Society of Chemistry 2024

and high-entropy metal sulfides,69 which have enriched the
composition of high-entropy materials.

Considering that the high mixing entropy conduces to the
formation of a single-phase solid-solution structure, the para-
meter DSmix is also critical for high-entropy mixing. The mixing
entropy could be raised by increasing the number of elements.
Combined with the high reaction temperature, their contribu-
tion could be further amplified for multi-element mixing in
consequences. The HEA-NPs up to 15 distinct elements are
successfully synthesized by Hu et al. via the integration of high
temperature and high entropy.47 The elemental range of high-
entropy mixing has been extended to the strongly repelling
pairs (Au–W and Au–Mo) and easily oxidized elements (Zr)
(Fig. 2d).

In addition to increasing the contribution of TDSmix for
counterbalancing the enthalpy penalty and promoting high-
entropy mixing, decreasing mixing enthalpy is another entry
point for driving alloy formation. Fu et al. discovered that liquid
metals can act as a reaction medium for the synthesis of HEAs
by utilizing its feature of relatively negative mixing enthalpy
with most metal elements to decrease the Gibbs free energy
(Fig. 2e and f).70 After introducing Ga, the ratio of compositions
satisfying the criteria of the solid solution phase increased,
demonstrating that mixing enthalpy is important for HEA
formation. Besides liquid metal elements, the mixing enthalpy

between Pt and other metal elements is also mostly negative,
which is also feasible for high-entropy mixing.71

Moreover, it was reported that the autocatalysis of some
noble metal (e.g., Pd and Pt) atoms can realize high-entropy
mixing.72,73 The noble metal salts were preferentially reduced
and nucleated in mixed precursors, which could then autoca-
talyze the other elements to be fully reduced and result in the
formation of HEAs.

4.1.2. Element modulation. HEAs have been demonstrated
to exhibit unexpected properties profiting from the integration
of various elements in some studies. The modulation of specific
elements would affect the atomic arrangement, elemental dis-
tribution, and phase structure, thus regulating performance.

Zheng et al. developed an atomic-level tailoring strategy to
construct the paracrystalline HEA through the modulation of
Pt.74 Owing to the highly negative mixing enthalpy, the intro-
duced Pt induced the rearrangement of its surrounding atoms,
which tailored the crystalline HEA structure into the paracrys-
talline HEA with a structure of medium-range order and
amorphization (Fig. 3a and b). Such structural characteristics
endowed it with high yield strength and hardness (Fig. 3c).

A certain element also has a significant impact on entire
elemental distributions in HEAs. Yu et al. replaced the Mn
element with the Pd element in the CrMnFeCoNi Cantor
alloy.40 Compared with Mn and the other four elements, the

Fig. 2 Realization of the high-entropy mixing state. (a) Temperature evolution with time in the carbothermal shock strategy. (b) STEM elemental maps of
the individual octonary (PtPdCoNiFeCuAuSn) HEA-NP. (c) Schematic illustration of the ammonia oxidation process and the performance comparison
between the HEA-NPs synthesized by the carbothermal shock strategy and the phase-separated alloy by wet impregnation. Reproduced from ref. 57
with permission from American Association for the Advancement of Science, Copyright 2018. (d) Schematic diagram of the strongly repelling pairs (left)
and easily oxidized elements (right) stabilized by combining high temperature with the high-entropy strategy. Reproduced from ref. 47 with permission
from Elsevier, Copyright 2021. (e) Schematic illustration of the liquid metal-assisted strategy for the HEA-NP synthesis. (f) Statistics diagram of the binary
mixing enthalpy of liquid metals (Ga, Sn, and In) with other elements. Reproduced from ref. 70 with permission from Springer Nature, Copyright 2023.
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Pd atom has the largest atomic radius and electronegativity,
leading to fluctuations of atomic fractions and obvious element
aggregation (Fig. 3d). Consequently, it generated the alternat-
ing compressive and tensile strain fields at the nanoscale,
providing strong resistance to dislocation glide and thereby
enhancing the yield strength. The atomic-level modulation
strategy provides more access to purposefully regulate and
optimize properties, meanwhile displaying the precision of
the modulation.

Moreover, regulating the element concentration can realize
the modulation of the phase structure. Tasan et al. designed a
metastable HEA system with a dual-phase microstructure.7 As
the atomic fraction of Mn decreased from 45% to 30% in
Fe80�xMnxCo10Cr10, the hexagonal close-packed (HCP) phase
appeared (Fig. 3e), which originated from the martensitic
transformation of the FCC phase. Accordingly, the deformation
mechanism changed, increasing the ductility and strength. In
addition to mechanical performance, element modulation
could also be applied to enhance the functional properties of
HEAs. Wang et al. synthesized CoMoFeNiCu HEA-NPs with
different Co/Mo ratios for the NH3 decomposition reaction.75

The change of the element ratio modulated the adsorption and
desorption properties of the catalytic process (Fig. 3f). HEA-NPs

with the Co25Mo45 elemental ratio were demonstrated to be the
most excellent catalyst.

Due to their vast compositional space and complex atomic
structure, there are grand challenges to realizing the composi-
tion design of these intrinsically complex alloys toward prop-
erty modification. High-throughput computational methods
and combinatorial synthesis can explore the multielement
space of HEAs more effectively than the traditional trial-and-
error approaches.

Generally, four types of calculation methods have been
demonstrated to accelerate the exploration rate of novel HEA
compositions, which are empirical rules, calculation of phase
diagrams, first-principles calculations, and machine learning.76

As a viable method to investigate the thermodynamic and
atomistic mechanisms of the HEAs, a chemical map of the
equimolar single-phase HEAs was constructed through high-
throughput density functional theory (DFT).77 The computation
following the empirical rules and the calculation of the phase
diagram was capable of realizing the phase prediction of HEAs
within millions of elemental composition space.78,79 Addition-
ally, the HEA composition with desired mechanical perfor-
mance has been demonstrated to be screened out
computationally.80 It should be noted that these calculations

Fig. 3 Modulation of elements in HEAs. (a) High-resolution TEM images with the corresponding FFT patterns (insets) of the HEA before (left) and after
(right) adding Pt. (b) Magnified TEM images of the pink box in (a). The lattice spacings and angles of the medium-range order region are marked in the
image. (c) The hardness results (left) and the stress–strain curves (right) of different HEAs. The Pt-3% HEA showed a paracrystalline structure. Reproduced
from ref. 74 with permission from Springer Nature, Copyright 2023. (d) EDS line profiles of the atomic fraction of CrPdFeCoNi (left) and CrMnFeCoNi
(right). Reproduced from ref. 40 with permission Springer Nature, Copyright 2019. (e) EBSD phase maps and corresponding XRD patterns of the HEA with
different Mn concentrations. Reproduced from ref. 7 with permission from Springer Nature, Copyright 2016. (f) Schematic illustration of the NH3

decomposition mechanism in the HEAs with different Co/Mo ratios. Reproduced from ref. 75 with permission from Springer Nature, Copyright 2019.
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may not be easily transferred to the HEAs with the nanoscale
size considering that they mainly build on the thermodynamic
equilibrium consideration of materials at the microscale. More-
over, determining the active site for binding and building an
accurate atomic model for exploring the structure–property
performance are also great challenges for HEAs. Recently,
machine learning tools have been increasingly utilized to
accelerate performance prediction and guided optimization in
the HEA field owing to strong learning ability and powerful
processing of complex data. Rossmeisl et al. performed DFT
and supervised learning to explore the optimized surface
atomic configurations and predict the adsorption energy of
the HEA catalyst toward the oxygen reduction reaction (ORR).81

Utilizing the neural network and DFT method, the researcher
tried to decouple the ligand and coordination effects of the
HEA catalyst to explore the relationship between structural
features and catalytic performance.82

Combinatorial synthesis and high-throughput characteriza-
tion have been demonstrated to experimentally screen HEAs for
discovering high-performance materials. Schuhmann et al. rea-
lized the combinatorial synthesis of different HEA-NPs by
utilizing co-sputtering, which resulted in the discovery of a
catalyst with high activity for the ORR.83 Yao et al. achieved the
high-throughput synthesis and characterization of HEA-NPs to
rapidly screen these samples for highly active catalysts discov-
ery based on ink-printed and scanning droplet cell
techniques.84 Moreover, the high-throughput experimentation
could provide data feedback to refine the model of the compu-
tational prediction, which could also guide the experimentation
and vice versa. Consequently, a closed-loop optimization proto-
col was established to advance the prediction power toward the
discovery of the most active HEA composition.85 Therefore,
combinatorial high-throughput studies enable rapid predic-
tion, synthesis, and characterization of promising HEA compo-
sitions in the vast compositional space.

4.2. Morphology control

The physicochemical properties and applications of materials
are largely affected by their morphology, especially in the
catalysis field.86 Generally, downsizing HEAs to the nanoscale
and constructing porous or hierarchical nanostructures can
provide a large surface area and efficient electron/mass trans-
port for elevating reaction kinetics and catalytic activity and
improving atomic efficiency. In this part, the significance and
approaches to regulating the morphology in zero-dimensional,
one-dimensional, two-dimensional, and three-dimensional
HEAs are discussed in detail.

4.2.1. Zero-dimensional HEAs. Nanoparticles (NPs), a kind
of zero-dimensional material, are the major low-dimensional
HEAs since the approach of carbothermal shock was reported
in 2018.57 Most of the strategies mentioned in Section 4.1.1 can
achieve the preparation of HEA-NPs.57,58,65 Thereinto, the sup-
ports are usually utilized to assist in controlling the size and
alleviate the agglomeration of the HEA-NPs during the synth-
esis. The design of HEA-NPs would expose more specific

surface areas and reaction sites to enhance reaction kinetics
and activity.

The wet-chemistry synthetic approach allows for the excel-
lent control of the NP shape and size. The morphology of the
material mainly depends on the relative magnitudes between
the atom deposition rate (Vdeposition) and the surface diffusion
rate (Vdiffusion), which can be regulated by the reagent concen-
tration, capping agent, and injection rate.87,88 Yang et al.
reported the synthesis of distinctive HEA-NPs including the
tetrahedral and dendritic shapes (Fig. 4a).89 By increasing the
injection rate, a higher Vdeposition could be obtained. When the
value of Vdeposition was larger than that of Vdiffusion, the nano-
crystal would follow island growth mode and thus develop into
the dendritic shape. The surface of dendritic HEA-NPs provided
low-coordination defect sites, which would optimize the hydro-
gen adsorption and consequently enhance the HER activity
(Fig. 4b and c). Kang et al. reported the design of the convex
cube-shaped HEA-NPs by selective deposition of atoms with the
assistance of the Ru element, which was demonstrated to be a
high-activity catalyst toward water splitting and the ORR.90

Besides, Hu et al. realized hollow nanostructures by utilizing
the decomposition of critic acid to generate gas, which in situ
puffed the NP into a hollow structure.28 The interior void space
of HEA-NPs would greatly increase atom economy, realizing a
record current density per unit catalyst mass of 2000 mA gcat.

�1

for the Li–O2 battery. In addition to individual NPs, the
aggregation of HEA-NPs can be patterned in a controlled
morphology by using the strong coordination interaction
between metal cations and the bases of DNA origami template
with a prescribed pattern.91

The optimization of the HEA-NP size can be achieved by
enhancing the strength of reducing agents (e.g., lithium
naphthalenide) or enhancing the metal–substrate interaction
(e.g., defect engineering of the substrate).92,93 When the size
was further decreased to the sub-nanoscale region, the material
could produce new properties through the hybridization of
atomic orbitals owing to the strong quantum effects in the
sub-nanoclusters.94 Ga1In1Au3Bi2Sn6 sub-nanoclusters with a
size of 0.9–1.0 nm were synthesized by employing the phenyla-
zomethine (DPA) dendrimer as a macromolecular ligand tem-
plate (Fig. 4d). The intramolecular potential gradient induced
by the Lewis basicity difference of the DPA could promote the
layer-by-layer stepwise complexation of the metal salts on the
DPA template, followed by the reduction of metal salts with
NaBH4, enabling the delicate modulation of the HEA cluster
with the size of sub-nanoscale.

With a further decreasing number of atoms, the exploration
of single-atom catalysts (SACs) has momentum due to their
unique geometric and electronic properties and great potential
to explore catalytic structure–performance relationships at the
atomic scale.95 Tian et al. developed a movable type printing
method to synthesize high entropy SACs with a composition of
up to eleven metal elements (Fig. 4e).96 After coating the
dopamine hydrochloride on the printing template M-g-C3N4

composed of a metal precursor and melamine, high entropy
SACs were generated by a pyrolysis process. Thereinto, the
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thermally excited and stripped metal atoms from M-g-C3N4

were directly point-to-point transferred to the carbon support
by the capture and stabilization of the defects and nitrogen
species. The prepared quinary non-noble high-entropy SACs
exhibited better activity than commercial Pt/C toward the ORR
in the rotating disk electrode test and Zn–Air batteries (Fig. 4f
and g). In addition to maximum atom utilization, the design of
HEAs into the single atom state could decrease the local
symmetry in graphitic carbon, inducing destabilization of the
p-electron network to enhance the activity of carbon catalysts
toward the oxygen evolution reaction (OER) and ORR (Fig. 4h
and i).97

4.2.2. One-dimensional HEAs. One-dimensional (1D)
materials with structural anisotropy present excellent proper-
ties, such as enhanced surface plasmon resonance and fast
electron/mass transfer kinetics.98 The high-entropy concept
provides the 1D nanostructure with severe lattice distortion,
which can vary the distribution of strain and electronic struc-
ture. Because most metals have cubic lattices with high struc-
tural symmetry, they tend to adopt the high symmetry
morphology. To realize the anisotropic growth, the template
or structure-directing agent was utilized to guide the deposition
and diffusion of metal atoms.

Guo et al. utilized an Ag nanowire template to induce the
anisotropic growth of HEAs (Fig. 5a).99 The galvanic exchange

reaction enabled the nucleation and growth of different com-
positional metals on the Ag template accompanied by the co-
reduction process. After a dealloying process, the inner Ag core
was removed and HEA subnanometer ribbons were
achieved. The abundant lattice distortion and defect of the
subnanometer ribbons and the synergistic effect of multiple
elements endowed them with a high mass activity 21 times
higher than the Pt/C toward the ORR (Fig. 5b and c). Later, they
developed a simple reduction–diffusion method, which
increased the aspect ratio of the 1D nanostructure and gener-
ated HEA nanowires.100 The in situ-produced CO molecule of
Mo(CO)6 could induce the initial nucleation of Pt to atomic-
thick nanowires by selectively adsorbing on crystal faces. Then,
the other metal atoms were reduced and diffused into the
preformed nanowires. With the well-controlled morphology
and tunable composition, the strain distribution and electronic
structure of HEA nanowires could be regulated to realize out-
standing catalytic performance. Moreover, both stearyl tri-
methyl ammonium bromide and hexadecyl trimethyl
ammonium bromide (CTAB) have been demonstrated to act
as structure-directing agents for producing HEA nanowires with
numerous surface atomic steps and facet boundaries.101,102

When carboxyl-functionalized surfactants are introduced
as soft templates, it is possible to obtain HEA nanowire
networks.103

Fig. 4 Synthesis of HEAs with the 0D morphology. (a) Schematic illustration of the HEA nanocrystal formation with different shapes by manipulating the
dropwise synthesis. (b) Atomic-resolution HAADF-STEM image of PdPtRhIrRu nanocrystals. (c) Electrocatalytic activity for the HER. Reproduced from ref.
89 with permission from American Association for the Advancement of Science, Copyright 2023. (d) Schematic illustration of the formation of sub-
nanoclusters by using a dendrimer template. Reproduced from ref. 94 with permission from Springer Nature, Copyright 2018. (e) Schematic illustration of
the movable type printing strategy to synthesize high-entropy SACs. (f) Electrocatalytic ORR activity of the quinary HESACs (FeCoNiCuMn). (g)
Polarization and power curves of the Pt/C-based and HESAC-based zinc–air battery. Reproduced from ref. 96 with permission from Springer Nature,
Copyright 2022. (h) The relationship between basal-plane symmetry and electrocatalytic activity. (i) The comparison of electrochemical ORR and OER
performance. Reproduced from ref. 97 with permission from Springer Nature, Copyright 2023.
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4.2.3. Two-dimensional HEAs. Two-dimensional (2D)
materials have attracted great attention owing to the quantum
confinement effect.104 In consideration of the non-directional
metallic bonding and relatively high surface energy of the
specific facet, it is extremely challenging to realize their 2D
structure with single or few-atom layer thicknesses. Generally,
the nanosheet and ultra-thin film could be regarded as the 2D
structure of metals.105 Kang et al. reported a pleated PdMo-
GaInNi nanosheet with an approximately 1.6 nm thickness as
the excellent Pt-free HER electrocatalyst.106 The reducing agent
Mo(CO)6 could in situ produce CO, which exhibited a strong
adsorption tendency to the Pd (111) surface and resulted in the
anisotropic growth of the PdMoGaInNi HEA. Moreover, in the
presence of a CTAB surfactant, the formed Bi-complex
nanosheet at the reaction beginning could act as a template
to generate the PtRhBiSnSb nanosheet, which was demon-
strated to be a state-of-the-art multifunctional material toward
electrocatalytic electrooxidation reactions of methanol, etha-
nol, and glycerol.107

The liquid-phase synthesis usually generates 2D HEAs with a
small in-plane size. Yang et al. reported the synthesis of free-
standing HEA films with a lateral dimension at the centimeter

scale by combining multi-target magnetron sputtering with
polymer surface buckling-enabled exfoliation.108 When water
molecules diffused into the PVA hydrogel substrate, it would
spontaneously swell, leading to the exfoliation of the deposited
metal film from the substrate within minutes and the for-
mation of freestanding 2D HEAs with a thickness of about
36 nm (Fig. 5d). The obtained 2D FeCoNiCrNb film exhibited a
lower elastic modulus than the corresponding thick film.

4.2.4. Three-dimensional HEAs. Introducing pores and
even interconnected open channels into three-dimensional
(3D) HEAs would greatly increase the specific surface area for
exposing active sites and accelerating mass transfer. Dealloying
is a facile strategy to realize the nanoporous structure by
utilizing the Zn or Al metal as sacrificial elements.109,110 More-
over, Liu et al. synthesized PdCuAuAgBiIn HEA aerogels via the
freeze–thaw strategy,111 which dramatically improved the por-
osity. Due to the strong interactions between the surface
unsaturated sites in the porous structures and different metals
of HEAs, the obtained PdCuAuAgBiIn aerogel exhibited
impressive carbon dioxide reduction reaction performance
(Fig. 5e and f), outperforming the corresponding HEA-NPs
and Pd metallic aerogels. The faradaic efficiency (FE) of C1

Fig. 5 Synthesis of HEAs with 1D, 2D, and 3D morphologies. (a) Schematic illustration of the synthesis of HEA subnanometer ribbons. (b) Low-
magnification (left) and high-resolution (right) HAADF-STEM images of the PtPdIrRuAg HEA subnanometer ribbon and the magnified atomic-resolution
HAADF-STEM image (red dashed square). (c) Comparison of mass activity normalized with Pt and Pt group metals (PGM) at 0.9 V versus RHE. Reproduced
from ref. 99 with permission from American Chemical Society, Copyright 2022. (d) SEM image (left) and AFM image (right) of the 2D FeCoNiCrNb HEA
films. Reproduced from ref. 108 with permission from Elsevier, Copyright 2020. (e) Schematic illustration for enhanced HCOOH generation on
PdCuAuAgBiIn HEA aerogels. (f) Reduction potential dependent faradaic efficiency (FE) tested on PdCuAuAgBiIn HEA aerogels. Reproduced from ref. 111
with permission from Wiley-VCH, Copyright 2022.
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products is almost 100% from �0.7 to �1.1 V versus reversible
hydrogen electrode (VRHE), and the maximum FE of formic acid
can reach up to 98.1% at �1.1 VRHE.

4.3. Structure construction

Although high configuration entropy endows HEAs with a
tendency to form the solid solution phase, HEAs can also exist
as intermetallics, the amorphous phase, and quasicrystal. It has
been well-known that the structure determines the properties
to a great extent. For example, the crystal structures are closely
related to the electronic structure and electrical conductivity,
which affect the activity and selectivity of catalytic reactions.112

The construction of HEAs with desired structures is necessary
for practical applications.

4.3.1. Solid solution. When the atoms of the alloy compo-
nents exhibit a random distribution across the lattice, it is
conventionally regarded as a solid solution. In HEAs, the most
widely studied phase structure would be a solid solution
structure, which has been realized via the majority of the
approaches mentioned in Section 4.1.1, such as high-
temperature shock, fast-moving bed pyrolysis, and so
on.57,58,113 It mainly consists of three simple phases, BCC,
FCC, and HCP structures,22 where the stacking structure forms
in HEAs are highly related to the intrinsic elemental properties.
HEAs with the BCC structure basically consist of refractory
elements, which usually possess high strength. FCC-structured
HEAs are predominantly composed of 3d transition metals and
noble metals, which exhibit higher ductility than HEAs with the
BCC phase. Meanwhile, most of the 3d transition metals and
noble metals are catalytically active, allowing the HEAs with the
FCC structure great potential for catalysis. For the HCP struc-
ture, it has been reported that rare earth elements tend to adopt
HCP structural stacking.114 Compared with cubic BCC and FCC
phases, the HCP structure inherently has relatively less inde-
pendent slip systems and suffers from intrinsic brittleness.115

4.3.2. Intermetallic. The intermetallic with ordered atomic
structures and well-defined sublattices of the constituent ele-
ments features strong chemical bonding and site-isolation
effect.116,117 Such a structure enables the homogeneity of the
active sites, which can help to study the underlying structure–
activity relationship. Moreover, cubic B2 and L12-type struc-
tures have been designed in bulk HEAs to enhance strength
and ductility.116,118,119

Thermal annealing is the most straightforward and effective
protocol to produce the intermetallic by facilitating atom
diffusion and ordering. Hu et al. reported a general strategy
to generate high entropy intermetallic nanoparticles (HEI-NPs)
via a disorder-to-order phase transition process (Fig. 6a).120

After heating the disordered solid-solution HEA-NP intermedi-
ates, the sample underwent an atomic rearrangement toward
an energetically more stable ordering configuration. Followed
by rapid cooling, the high entropy intermetallic structure was
finally locked in place. The HEI-NP existed as an L10 structure
with two sublattices, where Pt, Au, and Pd randomly occupied
one sublattice and Fe, Co, Ni, Cu, and Sn casually distributed in
the other sublattice (Fig. 6b). Moreover, Luo et al. found that

the FeCoNiCuPd HEA-NPs adopt two different phases by
annealing treatment under an NH3 and N2 atmosphere.121

The theoretical calculation indicated that NH3 prefers to absorb
the HEI-NPs while N2 has a stronger affinity to FCC HEA-NPs.
Therefore, annealing under an NH3 atmosphere would promote
the atom reconstruction to a more favorable intermetallic
structure. Owing to the stable chemically ordered structure
and modulated electronic structure, the HEI-NPs exhibited
better activity and durability toward the ORR than disorder
HEA-NPs.

Although high-temperature annealing is beneficial to atom
ordering, it also inevitably prompts metal sintering, resulting in
particle growth and agglomeration. Liang et al. presented the
synthesis of Pt-based HEI-NPs with an average size of o5 nm by
a sulfur-anchoring approach (Fig. 6c).122 The anchoring sup-
port was prepared by doping sulfur atoms in the porous carbon
matrix. The strong metal–substrate interaction through Pt–S
bonds could greatly inhibit the sintering of NPs up to 1273 K
during the disorder–order transition process.

In addition to external energy regulation for circumventing
the kinetic energy barrier involved in the atom ordering, the
site occupation preference of an element also highly depends
on the chemical composition. Furukawa et al. utilized inter-
metallic PtGe with strongly negative formation enthalpy as a
structural framework to maintain the ordered structure upon
multiple metal alloying (Fig. 6d).123 The smooth substitution of
Pt and Ge sites should be near elements in the periodic table
for each, which would be helpful to the preservation of the
parent PtGe-type structure. For the replacement of the Pt site,
noble metals and Ni with high activity for C–H scission should
be excluded, which enabled the Pt site to be ‘‘catalytically’’
isolated to suppress side reactions. The combination of high
entropy and the site-isolation effects of the ordered structure
allowed the (PtCoCu)(GeGaSn) HEI to exhibit high catalytic
activity and thermal stability even at 600 1C during the propane
dehydrogenation process (Fig. 6e and f). Meanwhile, the other
catalysts exhibited slow deactivation because of coke accumu-
lation. Such a strategy with partial substitution in the parent
binary intermetallic has been demonstrated to be feasible in
other HEI systems.23,124,125 Moreover, the element selection
containing the same binary intermetallic structure can realize
the formation of the PtRhBiSnSb HEI.107

4.3.3. Amorphous phase. The amorphous alloy, also
named metallic glass, usually possesses unique mechanics
and catalytic properties due to the absence of long-range order
in the atom arrangement.126,127 According to the confusion
principle, high mixing entropy also favors the formation of an
amorphous phase.128 It has been reported that a large atomic
radius difference and very negative mixing enthalpy could
enable high glass-forming ability,34 which is beneficial to the
preparation of metallic glass. However, it is difficult to avoid
the nucleation and growth of crystals during the liquid–solid
transition. The amorphous HEAs usually exist in the form of
bulk metallic glasses, which were prepared by fast enough
cooling the supercooled liquid to avoid crystallization.
Recently, Dick et al. reported a nanodroplet-mediated
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electrodeposition strategy to synthesize amorphous HEA-NPs
with up to eight principle components (Fig. 6g).62 A nanodro-
plet was created by confining various metal salt precursors to
water nanodroplets emulsified by dichloroethane. After the
nanodroplet collided with an electrode and was then reduced,
NPs were electrodeposited into an amorphous microstructure
within a 100 ms period. Moreover, slowing crystallization
kinetics by ion implantation or stabilizing the amorphous
phase by carbon species could also promote the realization of
HEA-NP glasses in the reported studies.129,130

4.3.4. Quasicrystal. Different from amorphous solid and
periodic crystals, quasicrystals possess long-range order with-
out translational symmetry. Such a structurally complex phase
is generally dominated by only one element. He et al. found the
decagonal quasicrystal (DQC) in Al20Si20Mn20Fe20Ga20 melt-
spun alloy ribbons.131 By referring to similar structural
blocks of DQCs, the Al–Si–Mn–Fe–Ga system was selected
because there was a similarity between the reported Ga–Mn

and Al–Cr–Fe–Si decagonal quasicrystals about their 2 nm
decagons. The diffraction spots in the selected area electron
diffraction pattern (SAED) exhibited evident tenfold symmetry,
indicating the existence of the DQC (Fig. 6h). The configuration
entropy of both the HEA (Al20Si20Mn20Fe20Ga20) and the DQC
(Al20.5Si19.0Mn20.9Fe26.3Ga13.3) was higher than 1.5R, which
satisfied the definition of HEAs. Later, they further explored
the phase transition in this quasicrystal HEA system.132

4.4. Surface/interface engineering

Surface and interface play an important role in diverse applica-
tions, which are regarded as the main places where numerous
physical and chemical transformation processes occur. Design-
ing and optimizing surface/interface are proven feasible and
effective strategies to enhance the performance of HEAs, such
as catalysis and mechanics. In this part, we mainly concentrate
on the surface of HEAs at the nanoscale and the interfaces of
phases.

Fig. 6 Construction of the intermetallic, amorphous, and quasicrystal structures in HEAs. (a) Temperature evolution with the heating time in the
synthesis process of the HEI-NPs. (b) HAADF-STEM image of an octonary HEI-NP with the L10 intermetallic structure. Reproduced from ref. 120 with
permission from American Association for the Advancement of Science, Copyright 2022. (c) Illustration of the sulfur-anchoring strategy with high
temperature. Reproduced from ref. 122 with permission from American Association for the Advancement of Science, Copyright 2021. (d) Illustration of
the design concept for the HEI using the partial substitution strategy, forming the thermally stable isolated Pt active sites. (e) Catalytic performance of
different catalysts in propane dehydrogenation without co-feeding H2 at 600 1C. (f) Stability of the HEI catalyst in propane dehydrogenation with co-
feeding H2 at 600 1C. Reproduced from ref. 123 with permission from American Chemical Society, Copyright 2022. (g) Current variation along with the
time during the synthesis process (left). The insets show the formation process of the amorphous HEA-NP. The schematic illustration of amorphous HEA-
NP formation at the nanodroplet/electrode interface (right). Reproduced from ref. 62 with permission from Springer Nature, Copyright 2019. (h) SAED
pattern of the quasicrystal structure along the tenfold direction. Reproduced from ref. 131 with permission from Science China Press and Springer-Verlag
GmbH Germany, part of Springer Nature, Copyright 2020.
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4.4.1. Surface modification. The surface of HEAs could be
introduced to additional substances to realize modification,
which is expected to reduce the catalyst cost by exposing the
most active sites and improve their properties by interface
interaction for various applications.

Yao et al. developed a two-step heating strategy to achieve
the decoration of metallic elements on HEA-NPs.133 Due to
adopting a lower temperature and a shorter duration during the
second step, the decorated Pd was mostly alloyed with the
surface atoms of non-noble HEA-NPs (NHEA-NPs) by limiting
atom diffusion, thus generating a surface-modified HEA
catalyst (denoted as NHEA@NHEA-Pd) (Fig. 7a). Such a surface
modification strategy simultaneously provided the catalyst with
high stability and minimum usage of noble metals, where the
NHEA core ensured that high entropy stability and active noble
metal Pd only existed on the surface. As a result, the NHEA@N-
HEA-Pd catalyst achieved high mass activity and excellent
stability in the ethanol oxidation reaction (Fig. 7b and c).
Meanwhile, they also realized the Pt and Ir cluster decoration
on the HEA-NP surface as the highly efficient electrocatalyst for
overall water splitting.134 Owing to the differences in reduction
potentials, the Pt or Ir clusters were able to be anchored onto
the surface of the FeCoNiCu or FeCoNiCrMn alloy using
galvanic replacement, respectively.

Furthermore, Pt dendrites could be decorated on the surface
of HEAs to construct a core–satellite heterostructure electro-
catalyst (HEA@Pt).135 The growth of Pt dendrites on the HEA
was related to an autocatalytic behavior of Pt.136 Owing to the
difference in work functions, the atomically connected inter-
face between Pt and HEA (Fig. 7d) would generate electron
transfer of the heterointerface and further regulate the electron
distribution, which provided abundant active sites and accel-
erated reaction kinetics. The d band center of the interfacial
atoms changed because of the electron redistribution, afford-
ing appropriate adsorption energy of the intermediate to
achieve superior ORR and OER performance (Fig. 7e).

In addition to metal elements, the surface of HEA-NPs could
also be decorated by the non-metallic composition. An arc-
discharged plasma method was developed to synthesize core@-
shell structural HEA@graphite nanocapsules (Fig. 7f).29 The
surface of HEA-NPs was in situ modified by a few layers of
graphite in the one-step encapsulation process through the
decomposition of methane. The heterogeneous interface of the
HEA core and the graphite shell could induce dielectric polar-
ization. By regulating the composition of the HEA core, the
polarization could be reinforced, realizing desirable electro-
magnetic wave absorption performance (Fig. 7g).

Fig. 7 Surface modification of HEAs. (a) Scheme illustration of the NHEA@NHEA-Pd catalyst. (b) Mass activities of different catalysts for the
electrocatalytic EOR. (c) Comparison of the stability of different catalysts for the electrocatalytic EOR after 2000 cycles. Reproduced from ref. 133
with permission from Wiley-VCH, Copyright 2022. (d) The crystal structure of Pt dendrites grown on HEAs, with an orientation relationship of HEA[011]//
Pt[011]. (e) Electrocatalytic activity for the OER. Reproduced from ref. 135 with permission from Wiley-VCH, Copyright 2023. (f) Schematic illustration of
the synthesis of HEA@graphite nanocapsules by using the arc-discharged method with the decomposition of methane. (g) Summary of the efficient
absorption bandwidth below �10 dB, with the corresponding thickness, the impedance matching ratio of HEA@graphite nanocapsules, and the resistivity
of graphitic shells or HEA cores for different samples. Reproduced from ref. 29 with permission from Wiley-VCH, Copyright 2022.
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4.4.2. Surface reconstruction. Many studies demon-
strated that HEAs exhibited good stability under different
electrochemical conditions and even high-temperature
thermal catalysis, particularly compared with the less-element
counterparts.71,123,125,135 From the perspectives of thermody-
namics and kinetics, it could be attributed to high entropy and
sluggish diffusion tendencies.4,113 The in situ TEM character-
ization revealed the excellent stability of the structure and the
particle size distribution at temperatures up to 873 K.78 Inter-
estingly, surface reconstruction has also been experimentally
observed in some HEAs. Such a unique behavior is also an
emerging strategy to tune the elemental distribution and
lead to unexpected properties.137 The induction factors of sur-
face reconstruction involve oxidation, heat treatment, and
electrochemical redox.

In situ TEM revealed the surface oxidation process of PtFe-
CoNiCu HEA nanoparticles (Fig. 8a).138 After annealing at 673 K
for 40 min, the transition metals (Fe, Co, Ni, and Cu) exhibited
preferential surface segregation to evolve into the oxide shell,
while Pt remained in the core of the nanoparticle (Fig. 8b). By
contrast, pure Co NPs suffered from catastrophic oxidation
within about 1 min (Fig. 8c). The in situ experimental char-
acterization during the oxidation process and dynamic simula-
tions revealed the oxidation guided by the Kirkendall effect
drove the elemental segregation.

Thermal treatment can promote atom rearrangement, pro-
viding accessible access to inducing surface reconstruction.
Yang et al. synthesized the PtPdFeCoNiSnMn HEA possessing
a PtPd-rich surface (Fig. 8d).139 The HEA was obtained by using
a solvothermal strategy, and the followed relatively low-
temperature annealing could form the gathering of Pt and Pd
on the surface. The segregation of Pt and Pd endowed a unique
surface structure of the HEA with low-platinum-group-metals,
leading to a performance with a high power density and super-
ior stability in the direct ethanol fuel cell (Fig. 8e and f).

The surface reconstruction phenomenon of catalysts under
electrochemical reaction conditions has been reported in many
studies.140,141 Recently, Ito et al. discovered that the redistribu-
tion of elements and the rearrangement of the surface structure
occurred in novenary HEAs when the target reaction conditions
were applied (Fig. 8g).142 The rearranged surface of the HEAs
was more conducive to the catalytic reaction, demonstrating
high corrosion resistance as well as high catalytic activity in the
practical application of water electrolysis.

4.4.3. Interface design of phases. In some cases, single-
phase HEAs showed limitations for performance enhance-
ments; for example, single-phase BCC HEAs possess high
strength and low ductility while FCC HEAs are the opposite.22

Surprisingly, the coexistence of various phases in HEAs brings
a giant leap for some applications and properties owing to

Fig. 8 Surface reconstruction of HEAs. (a) Illustration of the TEM gas-cell for the in situ experiment. (b) Schematic illustration of the elemental
segregation in PtFeCoNiCu HEA-NPs during the oxidation process. (c) The oxidation kinetics of HEA NPs and Co NPs with different sizes. Reproduced
from ref. 138 with permission from American Chemical Society, Copyright 2020. (d) Schematic of the PtPdFeCoNiSnMn HEA with the PtPd-rich surface.
(e) The steady-state polarization curves and power-density curves of the direct ethanol fuel cells utilizing different catalysts for membrane electrode
assembly. (f) The discharge curves of the direct ethanol fuel cells at 0.6 V using the PtPdFeCoNiSnMn HEA as the catalyst. Reproduced from ref. 139 with
permission from Elsevier, Copyright 2023. (g) Schematic illustration of the self-selection/reconstruction process on the HEA surface. Reproduced from
ref. 142 with permission from Wiley-VCH, Copyright 2022.
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multiphase interactions and interfacial effects. The phase
interfaces create structural discontinuity, facilitate the
chemical and electronic interactions between adjacent
domains, and generate dislocation-precipitate phase interac-
tions, endowing the materials with collective properties that are
not observed in the single-phase structure. For example, the
interface charge transfer can alter the plasmonic and catalytic
properties.143,144 In the case of the epitaxially grown multi-
phase structure, the generated strain can modulate the electro-
nic structure.145 There may be defects between the interface of
the two domains for enhancing catalysis.146 Moreover, the
coherent or semicoherent interfaces conduce to improve the
strength and maintain high ductility.147

Eutectic HEAs exhibit unique interfaces of phases due to
their hierarchical microstructure.148 The interface design and
fabrication of eutectic HEAs have been invariably explored till
now. Zhong et al. constructed the interface of the lamellar
phase in eutectic HEAs by directional solidification.118 The as-
prepared eutectic HEA possessed a herringbone-like structure
(Fig. 9a), which was composed of aligned and branched eutectic
colonies. All of the eutectic colonies exhibited the hierarchical
microstructure, comprising hard B2 and soft L12 lamellae. The
alloy exhibited a high uniform elongation and extreme crack
tolerance (Fig. 9b), which could be attributed to the effect of
guiding and buffering on cracks devoted by the interface.
Specifically, the soft L12 lamellae phase could hinder the crack
from percolating forward and shield high local strains at crack

tips. Therefore, the microcracks that emerged in the hard B2
phase could be effectively arrested at the lamellar interface to
the adjacent soft L12 buffer (Fig. 9c). Moreover, the interface
between lamellae could also be fabricated via the strategy of
laser powder bed fusion.12 In this work, the HEAs realized a
high yield strength as well as a large uniform elongation, whose
thicknesses of lamellae could decrease to the nanoscale
(Fig. 9d). With the applied strain increase, the edge dislocation
density of the interface would increase while the nanolamellar
did not exhibit a dramatic increase in the dislocation density
(Fig. 9e and f), demonstrating that phase interfaces possessed
the capability of dislocation storage. As a result, the disloca-
tions could be effectively blocked and stored by the nanola-
mellae interfaces, which was beneficial to promoting the
realization of strength-ductility synergy.

In addition to enhancing performance by lamellae interfaces
mentioned above, it has been reported that precipitation in
HEAs also contributes significantly to the properties via
‘‘precipitation-hardening’’. Liu et al. constructed an interface
of intermetallic nanoprecipitation and the FCC matrix in the
HEA via arc melting and following thermomechanical
treatments.149 The high-density nanoprecipitation with the
L12 structure was evenly located in the FCC matrix, whose size
was about 30–50 nm (Fig. 10a). There was a small lattice
mismatch of the dual-phase interface (Fig. 10b), which avoided
heterogeneous coarsening and improved the stabilization of
the nanoprecipitation. When the stress was applied and

Fig. 9 Construction of lamellar phase interfaces in HEAs. (a) Electron backscattering diffraction image of AEC and BEC with dual phases. (b) Engineering
stress–strain curves of eutectic HEAs prepared via directional solidification and conventionally cast, respectively. Inset: The corresponding strain-
hardening curves of the two alloys. (c) Schematic illustration of the buffering mechanism for crack. Reproduced from ref. 118 with permission from the
American Association for the Advancement of Science, Copyright 2022. (d) HAADF-STEM image of the alternating FCC and BCC nanolamellae (left) and
the magnified nanostructures within BCC lamellae (right). (e) and (f) HRTEM image (left) of the interface between FCC and BCC phases and the
corresponding inverse FFT result (right) of the yellow box at tensile strains of about 0% (e) and 5% (f), respectively. Reproduced from ref. 12 with
permission from Springer Nature, Copyright 2022.
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deformation occurred, the constructed interface could contri-
bute to decreasing the local stress–strain concentrations and
inhibiting the nucleation of microcracks, thus achieving a
promotion of mechanical properties (Fig. 10c). Furthermore,
other researchers have reported different kinds of precipita-
tion–matrix interfaces to enhance the mechanical properties.
Chen et al. synthesized a bulk FeCoNiAlTi HEA that contained
an FCC matrix and hierarchical nanoprecipitates by combining
mechanical alloying with a spark plasma sintering strategy.150

The high density of nanoprecipitates (denoted as g0) was pre-
sent inside the FCC phase (denoted as g). Some secondary
precipitates (represented by g*) existed in the g0 precipitate
(Fig. 10d and e). The hierarchical nanoprecipitates provided a
more abundant interface of phases. Since there was a coher-
ency of the g matrix, g0 and g* phases (Fig. 10f), the dislocation-
shearing mechanism was suspected to be the main precipita-
tion strengthening factor. The HEA exhibited an ultimate
tensile strength of about 2.52 GPa and an appreciable failure
strain of about 5.2%.

Compared with designing the interface to enhance the
mechanical properties in the bulk HEA, the development of
HEA-NPs with a well-defined interface is still at the beginning,
whose influence on the application deserves to be further
explored and experimentally demonstrated. Chard et al. rea-
lized a series of thermodynamically stable polyelemental nano-
particles through a scanning probe block copolymer
lithography strategy, providing an effective way to investigate
the multiphase and interface formation at the nanoscale.56 The
reduction, nucleation, and growth of multiple elements
occurred in the restricted space was defined using the polymer
nanoreactor. Two-step long-term thermal annealing would

induce the aggregation of the metal ions within the polymer
and further coarsening into a single nanoparticle, enabling the
nanoparticles to reach thermodynamic equilibrium. They dis-
covered that the nanoparticle composed of miscible elements
exhibited the homogeneous elemental distribution. However,
phase segregation was observed in the nanoparticle with
immiscible elements. For instance, owing to the immiscibility
of Au with Co and Ni, the quinary alloy nanoparticles (Au, Ag,
Cu, Co, and Ni) exhibited three phases of AuAg/AuCu/CoNi.
Afterward, they further discussed the number and types of
interfaces formed by phase boundaries.55 For the polyelemental
nanoparticles, their thermodynamically preferential interface
architecture was the one that possessed the lowest total surface
and interfacial energies. For instance, based on the miscibility
relationship among the Au, Co, Pd, and Sn, this quaternary
system developed into Au, Co, and Pd3Sn phases. DFT calcula-
tions on the surface and interface energy of all possible inter-
face structures revealed that the triphase Au/Co/Pd3Sn
nanoparticles with three interface structures had the lowest
total energy, which was consistent with the experimental result.
Such discoveries offer us a good prediction for the thermo-
dynamically stable phases and interface structures of polyele-
mental systems. Later, they achieved the synthesis of
polyelemental heterostructured nanoparticles with high-index
facets through alloying/dealloying with Bi.151 The number and
type of interface can be altered during the alloying process with
Bi owing to the miscibility difference between Bi and different
elements.

Recently, Hu et al. found that the complete random mixing
of elements in the RhPtPdFeCo system transformed into a local
single elemental ordering feature by replacing Rh with Ru.152

Fig. 10 Construction of precipitation–matrix interfaces in HEAs. (a) TEM image of the alloy with the dual-phase region. (b) Magnified TEM image of the
precipitation–matrix interface. (c) Engineering stress–strain curves (left) of the designed (FeCoNi)86–Al7Ti7(Al7Ti7) and (FeCoNi)86–Al8Ti6(Al8Ti6), as well
as the FeCoNi-based alloy for comparison. The Al7Ti7 alloy showed a ductile structure without macroscopic necking (right). Reproduced from ref. 149
with permission from American Association for the Advancement of Science, Copyright 2018. (d) Schematic illustration of the phase constitution in the
alloy. (e) TEM image of the g0 nanoprecipitate is highlighted by the red circle and some secondary nanoprecipitates (g*) are indicated by the arrows. (f)
HRTEM image of the interface between the matrix (g) and two precipitates (g0) (left), and the interface between the precipitate (g0) and the secondary
precipitate (g*) (right), respectively. Reproduced from ref. 150 with permission from the American Association for the Advancement of Science, Copyright
2018.
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The increase of the Ru concentration would generate a distinct
heterostructure with two interfaces of PtPdFeCo/Ru-rich/
PtPdFeCo phases. The free energy change obtained by DFT
calculations revealed that the introduction of Ru into PtPdFeCo
increased the energy of the original system and then formed
phase segregation to decrease the energy. Furthermore, Huang
et al. demonstrated the nanometer-precision manipulation on
phase segregation of polyelemental nanomaterials.153 The layer
growth mechanism at the interface of heterostructures induced
by the small lattice mismatch facilitated the unit-cell-level
interface engineering, leading to the synthesis of several
phase-segregated segments with a unit-cell thickness in one
single particle.

It is worth mentioning that the bulk phase diagrams may
not be applicable to guiding the phase separation behavior of
nanoparticles. For instance, it has been experimentally
observed that the immiscible elements achieved uniform mix-
ing within the nanoparticles.47 The miscibility change is largely
attributed to the surface effect of the small nanoparticles. In
particular, the surface atoms possess fewer neighboring atoms
than those in bulk, decreasing the interaction between immis-
cible elements and thus promoting the mixing. Additionally,
the strain induced by the lattice mismatch of distinct elements
can be relieved by the structural relaxation and defects of
nanoparticles, further complicating the thermodynamic state
of systems and influencing the separation at the nanoscale.
Yang et al. revealed that the phase separation behavior of
nanoparticles was largely affected by their composition, size,
and possible surface absorbates.154 Therefore, combined with
the intrinsic element miscibility difference, these factors
should be taken into consideration in the case of designing
the phase interface of HEA-NPs.

5. Conclusions and perspectives

Interest in HEAs is increasing dramatically in the scientific
community due to their remarkable properties as structural
and functional materials. To further promote their exploration
and practical applications, the synthesis of HEAs with control-
lable manufactured structures is urgently required. This review
starts with a brief introduction of the fundamental parameters
and advanced characterization methods related to HEAs. Sub-
sequently, the recent progress in the controllable synthesis of
HEAs is summarized from these aspects, namely, the composi-
tion, morphology, structure, and surface/interface. The
chemical composition of HEAs can be designed by high-
entropy mixing and element modulation. The morphology
control involves the synthesis of different dimensional HEAs.
The structure of HEAs can be constructed to form the solid
solution, intermetallic, amorphous phase, and quasicrystal.
The surface/interface can be engineered by modification, recon-
struction, and multi-phase construction. The specific synthesis
strategies and significance are also presented in the corres-
ponding section, which would provide a clear guideline for
realizing the controllable synthesis of HEAs. Generally, the

reported synthesis strategies demonstrated the controllability
up to the nanoscale on the regulation of HEAs. Nanosized HEA
products (e.g., nanoparticles, nanowires, and nanosheets) and
HEAs with nanostructures (e.g., nanoporous structure, hollow
nanostructure, and nanosized phase interface) could be
obtained. When the element modulation is investigated, the
atomic arrangement and distribution state could be regulated,
exhibiting the possibility of atomic-precision manipulation.

In spite of the exciting advances made in the controllable
synthesis of HEAs, several challenges still need to be explored.
First, due to the compositional and structural complexity of
HEAs, the current controllable fabrication of HEAs with differ-
ent aspects is quite limited. The synthesis of HEAs with tailored
composition, size uniformity, distinct morphology, exposed
facets, hybrid structures (e.g., core–shell, hierarchical and
heterostructures), and unconventional phases should be given
more attention, which would provide abundant active sites and
reaction selectivity, enhance the stability and attain multi-
functionalization. Two-dimensional HEAs with several atomic
layer thicknesses could have innovative physical properties for
next-generation quantum and optoelectronic devices. The
exploration of short-range order, complex phase interface,
and the accurate control of the ratio and distribution of every
phase will conduce to the discovery of high-performance struc-
tural HEAs. All of these require the balance between current
nonequilibrium techniques with the delicate control of HEAs,
which can gain inspiration from existing wet chemistry.
Besides, the development of mild and facile approaches would
provide an opportunity for the precise regulation of HEAs in a
high-yield way. Second, an in-depth understanding of growth
mechanisms and dynamic evolution under operation condi-
tions is crucial to guide the refined synthesis of HEAs and
accelerate the development of applications. In situ character-
ization techniques enable us to detect multiscale information
on HEAs in real time. In situ liquid or environmental electron
microscopies can visualize the growth behavior of HEAs and
even the change of the composition and structure during the
growth process, which will provide valuable insight into the
comprehensive understanding of the growth mechanism. The
relationship between the phase structure and the mechanical
property can be revealed by utilizing in situ TEM to observe the
structural deformation of HEAs under strain. Moreover, in situ
technology (e.g., X-ray absorption spectroscopy, hard X-ray
photoemission spectroscopy, and Raman spectroscopy) can
offer information about chemical valence states, electronic
structures, and even active sites, deepening the exploration of
catalytic mechanisms. Based on the fundamental understand-
ing of structure-to-property in the complicated system, HEAs
can be controllably engineered more effectively as desired.
Third, owing to essentially infinite combinations of elements,
thus far, ‘‘tailoring’’ of HEAs seems to be mostly done experi-
mentally in a random fashion. The elaborate ‘‘tailoring’’
requires the identification of functional units in certain appli-
cations and figuring out the role of individual elements and
their correlation with the cocktail effect. High-throughput
computational approach, especially the newly developed
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machine learning techniques, provides great convenience to
screen out and reasonably design HEAs with desired properties.
Combined with high-throughput experiments, the correlation
between the composition to structure and properties will be
established to benefit the controllable synthesis of HEAs.
Fourth, the future development of HEAs needs to expand the
application fields as well. Structure engineering of HEAs mainly
concentrates on the mechanical properties at present, whose
effect on catalysis is worthy of investigation. Besides mechan-
ical and catalytic applications, HEAs would be greatly possible
to be applied in the fields of photocatalysis, biomedicine, and
plasmonic fields given their unexpected features in vast com-
position space, all of which call for a reasonable design of HEAs
on demand. Furthermore, the exploration of the integrating
functional with mechanical properties is highly encouraged. In
short, there is no doubt that the controllable synthesis of HEAs
is extremely desirable and will be booming, thus promoting
further research and diverse practical applications.
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