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tegies of high-entropy alloys for
electrocatalytic applications

Liyuan Xiao, Zhenlu Wang * and Jingqi Guan *

High-entropy alloys (HEAs) are expected to become one of the most promising functional materials in the

field of electrocatalysis due to their site-occupancy disorder and lattice order. The chemical complexity and

component tunability make it possible for them to obtain a nearly continuous distribution of adsorption

energy curve, which means that the optimal adsorption strength and maximum activity can be obtained

by a multi-alloying strategy. In the last decade, a great deal of research has been performed on the

synthesis, element selection and catalytic applications of HEAs. In this review, we focus on the analysis

and summary of the advantages, design ideas and optimization strategies of HEAs in electrocatalysis.

Combined with experiments and theories, the advantages of high activity and high stability of HEAs are

explored in depth. According to the classification of catalytic reactions, how to design high-performance

HEA catalysts is proposed. More importantly, efficient strategies for optimizing HEA catalysts are

provided, including element regulation, defect regulation and strain engineering. Finally, we point out the

challenges that HEAs will face in the future, and put forward some personal proposals. This work

provides a deep understanding and important reference for electrocatalytic applications of HEAs.
1. Introduction

With the continuous development of civilization, there is
growing demand for energy. To solve the problem of environ-
mental pollution and energy shortage, people have turned to
renewable energy sources such as solar energy, wind energy,
and water energy in recent years, reducing the dependence on
fossil energy.1 The excess electricity generated by clean energy
can be used to convert water and carbon dioxide into fuels such
as hydrogen, formic acid, and methanol, which are then
released through electrochemical devices such as fuel cells.2 In
the conversion process of electrical energy and chemical energy,
appropriate catalysts are needed to accelerate the electro-
chemical reactions, thereby improving the energy efficiency.
Hydrogen production by electrolysis of water is one of the ideal
ways to alleviate the current energy and environmental prob-
lems, which involve the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER). For the HER, Pt-group noble
metals have ideal d-electron structures and are recognized as
high-performance electrocatalysts.3,4 Compared with the HER,
the OER is a more complex 4e− transfer process, which requires
a higher overpotential and is a bottleneck restricting the
development of hydrogen production technology.5,6 The OER
includes multi-step adsorption and desorption processes, and it
is necessary to simultaneously improve the conductivity of the
catalyst and increase the active adsorption sites to ensure that
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the electron and proton transport is not limited.7 A fuel cell is
a power generation device that converts chemical energy in
fuels and oxidizers into electrical energy through redox reac-
tions.8 It has the characteristics of high energy conversion effi-
ciency and being clean and non-polluting.9 The oxygen
reduction reaction (ORR) involves complex four-electron and
four-proton transfer processes, and its slow kinetics is the main
obstacle for the practical application of fuel cells.10 As an
effective way to convert CO2 into high value-added chemicals,
the electrocatalytic carbon dioxide reduction reaction (CO2RR)
is one of the important means to slow down the greenhouse
effect and achieve the goal of carbon peaking and carbon
neutralization.11 At present, copper-based materials are still the
only heterogeneous electrocatalysts that can selectively electro-
catalyze the reduction of CO2 to multi-carbon products.

Up to now, a large number of non-noble metal catalysts with
high activity, high stability and low cost have emerged in the
eld of electrocatalysis. Among them, high-entropy alloys
(HEAs) are composed of ve or more equiatomic or near-
equiatomic components, forming a simple solid solution
phase.12 Different from traditional alloys, multi-component
HEAs are the result of the interaction of multiple principal
elements, rather than the unique properties of a single element,
with the structural characteristics of disordered occupation and
ordered lattice.13 High-entropy alloying has been widely used in
the design of electrocatalysts because of rich elemental
composition, adjustable electronic structure, and unique
physical and chemical properties (Scheme 1). In recent years,
HEAs have been widely reported in the HER,14 OER,15 ORR16 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Recent advances in HEAs for electrocatalysis. Reproduced with permission.20 Copyright 2019, Springer Nature. Reproduced with
permission.21 Copyright 2021, Wiley-VCH. Reproduced with permission.22 Copyright 2019, American Chemical Society. Reproduced with
permission.23 Copyright 2021, Royal Society of Chemistry. Reproduced with permission.24 Copyright 2022, Elsevier Ltd. Reproduced with
permission.25 Copyright 2022, American Chemical Society. Reproduced with permission.26 Copyright 2023, Elsevier Ltd. Reproduced with
permission.27 Copyright 2023, Elsevier Ltd.

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
CO2RR.17 On the one hand, high-entropy alloying can improve
the utilization of precious metals, regulate the coordination
environment and local electronic structure of precious metal
atoms, and thus adjust the adsorption energy of intermediates.
Xia et al. prepared FeCoNiRhPt HEA-NPs with an average
particle size of 2 nm, which can withstand ultra-high atomic
utilization.18 X-ray absorption near-edge structure (XANES)
showed that the electron density is transferred from adjacent
atoms to Pt and Rh atoms. The Fermi level of Pt reduces aer
getting the charge, thus optimizing the hydrogen adsorption
free energy. At a low overpotential, hydrogen ions are mainly
adsorbed on the Rh site, and Pt becomes the main active site of
the HER as the reaction begins. This work improves the atomic
utilization of precious metal Pt and reveals the catalytic mech-
anism of multi-site cooperative work in precious metal high-
entropy catalysts. Furthermore, the interaction of different
elements in the high-entropy catalyst provides a unique surface
binding site to achieve selective adsorption of different reac-
tants and intermediates, which effectively promotes the rate-
determining step. Nellaiappan et al. prepared an AuAgPtPdCu
HEA for the CO2RR,19 over which the main products are CO,
CH4, C2H4 and H2, and the total Faraday efficiency (FE) of the
gaseous products at low potentials is 100%. DFT calculations
showed that the random distribution of elements in the HEA
promotes the formation of abundant active centers on the
surface, which optimizes the adsorption energy of reaction
intermediates. In addition, high-entropy alloying regulates the
© 2023 The Author(s). Published by the Royal Society of Chemistry
electronic interaction of the metal–oxygen bond. The hysteresis
diffusion effect can improve the dynamic stability of the catalyst
and enable it to achieve effective expression of active sites in
harsh environments such as strong corrosion and high
potential.

Here, we summarize the strategies for regulating HEAs to
improve electrocatalytic performances, providing guidance for
future research. Firstly, the structure, core effect and prepara-
tion method of HEAs are introduced, the applicable conditions
of each synthesis method are analyzed, and the advanced
characterization methods for revealing HEAs are introduced.
Secondly, the advantages of HEAs for electrocatalysis are
introduced from both experimental and theoretical aspects, and
how to design HEAs according to different reaction systems is
analyzed. More importantly, on the basis of the previous liter-
ature,28,29 we summarize several strategies for regulating HEAs
to improve their catalytic activity through in-depth analysis,
including element regulation, defect regulation and strain
engineering. Finally, the challenges faced by high-entropy
catalysts in electrocatalysis are proposed, and the prospects of
their future development are discussed.
2. Properties of HEAs
2.1. Denition

The denition of HEAs can be divided into two types, one based
on composition and the other based on entropy. In 2004, Yeh
Chem. Sci., 2023, 14, 12850–12868 | 12851

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04962k


Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
et al. and Cantor et al. proposed the concepts of HEAs and
equiatomic multi-component alloys, respectively.30,31 High
entropy alloys are composed of ve or more main elements, and
the atomic fraction of each main element is 5–35%. In addition,
the denition of HEAs based on entropy is related to the
conguration entropy of the alloy, and the entropy value is
decisive in the stability of the alloy structure (Fig. 1a).32 With the
deepening of the concept, the confusion degree of atomic
entropy has become the dominant factor in dening the
concept. In the experiment, it was found that the ternary and
quaternary alloys with an equal molar ratio or near equal molar
ratio tend to form a simple solid solution phase with excellent
comprehensive properties, and thereby they are also dened as
HEAs. Traditional alloy development is mostly located at the
corner of the phase diagram,33 and the larger space in the
middle part is oen neglected (Fig. 1b). The material develop-
ment of high entropy concept is to use the middle space for
design and development.
2.2. Phase structure

HEAs can be divided into FCC-type (face-centered cubic struc-
ture),34 BCC-type (body-centered cubic structure),35 HCP-type
(hexagonal close-packed structure),36 amorphous type and
intermetallic compound type.37,38 Different atoms randomly
occupy the lattice position to form a simple solid solution
(Fig. 1c).32 At present, FCC-type HEAs are the most widely
studied, such as FeCoNiCrMn,39,40 PtPdRhRuCe,41 RuRhCoNiIr42

and TiZrHfNbTa.43 The FCC structure has good plasticity, but
the strength is insufficient. It is worth mentioning that HEAs
with FCC structure usually exhibit excellent electrocatalytic
performance. Wang et al. prepared a powdered FCC phase
Fe0.5CoNiCuZnx HEA for the OER, which exhibited an over-
potential of 340 mV at 10 mA cm−2.44 BCC structure (such as
Fig. 1 (a) Enablingmore alloy choices based on the entropic contribution
(b) Different spaces of traditional alloy and high entropy alloy. Reproduc
model. Reproduced with permission.32 Copyright 2021, Elsevier Ltd. (d) H

12852 | Chem. Sci., 2023, 14, 12850–12868
CrMnFeNi) has high strength and brittleness. Furthermore, it
has excellent electrical conductivity and optimized electronic
structure, which is superior to the FCC structure counterpart in
the OER and HER.45 The HCP structure (such as IrOsReRhRu) is
less reported in electrocatalysis.
2.3. Core effects

Different from traditional alloys, HEAs have many components
and complex structures, which affect the microstructure prop-
erties. HEAs have four unique effects: (1) high entropy effect in
thermodynamics, (2) slow diffusion effect in dynamics, (3)
structural lattice distortion effect, and (4) cocktail effect on
performance. Among them, the rst three effects are the
assumptions based on the previously published data, while the
cocktail effect is a separate characterization of HEAs, which
does not need to be proved.

2.3.1. High entropy effect. The high entropy effect is
a hallmark concept of HEAs, that is, ve or more elements are
uniformly mixed with a nearly equal molar ratio, which makes
the system more inclined to form an ideal entropy solid solu-
tion, rather than fusion entropy of pure metals (Fig. 1d).46

2.3.2. Slow diffusion effect. The slow diffusion effect refers
to the slow atomic diffusion rate and phase transformation
kinetics of HEAs. The diffusion rate of atoms has a strong
relationship with the grain size of the material. When the alloy
is composed of nanocrystals, the transformation occurs very
quickly. Only under the condition of large grains is the diffusion
rate of atoms consistent with the hysteresis diffusion effect.

2.3.3. Lattice distortion effect. The lattice distortion effect
refers to the phenomenon that the bond length and bond angle
between adjacent atoms in the crystal structure are distorted.47

The displacement of each lattice site depends on the atoms
occupying the site and the type of atoms in the local
(−TDSmix). Reproducedwith permission.32 Copyright 2021, Elsevier Ltd.
ed with permission.33 Copyright 2016, Elsevier Ltd. (c) HEAs structure
igh entropy effect.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04962k


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
environment.48 This effect causes inhomogeneity in the same
layer of atomic planes, resulting in obvious Bragg scattering of
X-rays on uneven crystal planes, thereby weakening and
broadening the XRD peaks of HEAs.

2.3.4. Cocktail effect. The cocktail effect of HEAs refers to
a synergistic effect caused by the interaction between adjacent
elements, that is, the special combination of elements may
bring about the specicity of alloy properties.

The high entropy effect and slow diffusion effect keep the
catalyst thermodynamically and kinetically stable, respectively,
while the lattice distortion effect optimizes the electronic
structure of the active site, and the cocktail effect produces
a synergistic effect on metals.
3. Synthetic method

According to the process approach, the synthesis methods of
HEAs can be divided into the ‘bottom-up’ preparation strategy
by direct reaction of the solid phase, liquid phase and gas
phase, and the ‘top-down’ preparation strategy through chem-
ical or mechanical processes to dealloy or strip bulk materials to
form nanostructures. The ‘bottom-up’ preparation method
includes the carbon thermal shock method, moving bed
pyrolysis method, magnetron sputtering method, electrodepo-
sition method and wet chemical method, while the ‘top-down’
preparation method includes mechanical methods and the
dealloying method.
3.1. Carbon thermal shock method

The carbon thermal shock method is an ultra-fast synthesis
method for preparing mono-metal and multi-metal nano-
particles. Hu et al. rst proposed a method to quickly heat the
conductive carbon carrier loaded with a metal salt mixture to
2000–3000 K at a heating rate of 105 K s−1 under the protection
of inert gas, forming uniform nanoparticles.41 This method can
effectively realize the high entropy of 15 elements and the
controllable synthesis of single-phase alloy nanoparticles.32 Xie
Fig. 2 (a) Schematic diagram of moving bed pyrolysis. (b) Synthesis of
Copyright 2020, Springer Nature. (c) Nanodroplet-mediated electrod
Springer Nature. (d) The preparation process of nano-sponge HEMG. Re

© 2023 The Author(s). Published by the Royal Society of Chemistry
et al. prepared CoMnFeNiCu HEA nanoparticles on oxygen-
containing carriers by rapid heating and cooling.49 The instan-
taneous high temperature can rapidly pyrolyze metal precursors
and convert them into high-entropy metal droplets. Heat pres-
ervation in the millisecond range enables the metal droplets to
maintain a dynamic balance of splitting and coalescence. Rapid
cooling can reduce the diffusion behaviour between different
elements. Carbon thermal shock technology can be used to
quickly, efficiently and massively prepare HEA nanoparticles
with uniform composition and uniform size, but it has certain
requirements for the conductivity of the carrier.
3.2. Moving bed pyrolysis method

To overcome the dependence on the conductivity of the carrier,
Lu et al. proposed a method for preparing HEAs by fast moving
bed pyrolysis (FMBP).22 They quickly put the metal precursor
into a high-temperature tube furnace at 923 K within 5 s, and
the mixed metal precursor was pyrolyzed at the same time to
form HEA-NPs without phase separation (Fig. 2a). Compared
with the sequential reduction of metal precursors in xed bed
pyrolysis (FBP), the mixed metal precursors in FMBP are
instantaneously pyrolyzed, which ensures the high saturation of
the monomer and the formation of smaller nuclear clusters
(Fig. 2b). At present, FMBP has been used to synthesize ultra-
small and highly dispersed HEAs composed of up to 10
immiscible elements. The low free energy of the nucleus and the
rapid nucleation rate during the FMBP process ensure the
formation of highly dispersed and uniform HEAs.50
3.3. Electrodeposition method

The electrodeposition method is a high-entropy material prep-
aration technology by which metals or alloys from the
compound solution deposit onto the conductive carrier. In
2018, Glasscott et al. proved that nanodroplet-mediated elec-
trodeposition can effectively control the porosity of single Pt
nanoparticles by introducing glycerol into water droplets.51 In
2019, Glasscott et al. used this method to prepare high-entropy
HEA-NPs by FMBP and FBP strategies. Reproduced with permission.22

eposition method. Reproduced with permission.20 Copyright 2019,
produced with permission.52 Copyright 2021, Wiley-VCH.

Chem. Sci., 2023, 14, 12850–12868 | 12853
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metallic glass (HEMG) with up to eight equimolar components,
namely CoFeLaNiPtHEMG-NPs.20 Specically, mixing the
aqueous solution of eight metal salt precursors in dichloro-
ethane will form ‘microreactors’ in the microemulsion. At
a cathodic potential of −1.5 V (vs. Ag/AgCl) and a pulse of about
100 ms (Fig. 2c), the metal ions were simultaneously reduced
and deposited on a highly oriented pyrolytic graphite cathode
electrode. This method is similar to the carbon thermal shock,
but it is simpler than the carbon thermal shock method and can
be carried out at room temperature.
3.4. Dealloying method

The dealloying method is based on the principle that non-active
elements such as Al and Cu with lower electrode potentials are
selectively removed, and the dissolved active metals are then
formed by surface diffusion and self-assembly. Jia et al. used the
dealloying method to effectively construct nanopores with high
active surface sites and embedded crystal nano-sponge porous
structures on NiCuPdPtP alloys, thereby providing more abun-
dant active sites (Fig. 2d).52 The lattice distortion and chemical
complexity in high-entropy materials induce the transformation
of electronic structure to reduce the energy barrier. Since the
etching reaction usually occurs on the material surface, HEAs
prepared by the dealloying method easily form metal/oxide or
metal/hydroxide composite structures. Ding et al. prepared
Fig. 3 (a) Various characterization techniques are summarized. Repro
spectra of (b) CoCuMnAl@C and (c) CoNiCuMnAl@C. Reproduced with
Mo6Pd28Rh27Ni15 NCs. Reproduced with permission.57 Copyright 2023, Ro
in AlCoCrFeNiWx. Reproduced with permission.59 Copyright 2021, MDPI
sion.60 Copyright 2020, Wiley-VCH. (g) Atomic-resolution HAADF image

12854 | Chem. Sci., 2023, 14, 12850–12868
amorphous high-entropy oxide ultrathin core–shell nano-
structures by the dealloying method.53
4. Characterization methods

Physical characterization is the key to exploring the physical
and chemical properties of HEAs in electrocatalysis.29 Zhang
et al. summarized several characterization methods for HEAs to
characterize their morphology, structure, surface state changes,
and strain characteristics as shown in Fig. 3a.54 This chapter
mainly introduces advanced characterization methods for
revealing the synergistic effect of HEAs in different reactions,
such as in situ Raman and X-ray absorption ne structure
(XAFS).
4.1. In situ Raman

Unlike traditional Raman, which can only detect the nal
product, in situ Raman can detect the intermediate product and
the reaction process. Electrochemical in situ Raman can
conveniently provide the microstructure information of the
molecules on the electrode surface (interface). Wang et al. used
in situ Raman to elucidate the surface structure transformation
of CoNiCuMnAl@C in the overpotential range of 1.2–1.5 V
(Fig. 3b and c).55 Hao et al. revealed the adsorption of the
reaction intermediates on the surface of FeCoNiMoRu HEA in
duced with permission.54 Copyright 2022, Wiley-VCH. In situ Raman
permission.55 Copyright 2022, Elsevier Ltd. (d) In situ Raman of Pt28-
yal Society of Chemistry. (e) Fourier transform spectra of XAFS K-edges
. (f) Element distribution shown by 3D-APT. Reproduced with permis-
. Reproduced with permission.32 Copyright 2021, Elsevier Ltd.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the range of 0.1–1.5 V (vs. RHE) by in situ Raman.56 When the
applied potential increases from 0.2 V to 1.5 V, the peak
intensities of N–H and C]O gradually increase, implying the
continuous production of the HN–CO–NH intermediate. When
the potential exceeds 1.2 V, the Ni site binds N element, Ru and
Co stabilize C]O, and Fe–OH and Mo–OH are generated. Aer
the C–N bond in the CON2 intermediate is broken, two N atoms
form N2, and the remaining CO is attacked by OH– to form
a CO2 molecule. In FeCoNiMoRu HEA, the intermediates are
stabilized by the integration effect between metals to improve
the catalytic activity. Wei et al. determined that Pt and Ni are the
direct active sites of hydrolysis dissociation in Pt28Mo6Pd28-
Rh27Ni15 NCs by the in situ Raman technique, and Pt and Rh are
the direct active sites of H* adsorption/desorption (Fig. 3d).57
4.2. XAFS

XAFS is mainly divided into XANES (X-ray absorption near edge
structure) and EXAFS (extended X-ray absorption ne structure).
When the spectral peak and shoulder of more than 20 to 30 eV
are just passing through the starting point of the edge, the
XANES region appears. The ne structure on the high-energy
side of the edge where the energy decays to a few hundred
electron volts is called EXAFS. Among them, XANES can be used
to characterize the valence state of elements, d-band charac-
teristics and atomic structure in catalysis. Tan et al. conrmed
the severe oxidation of Mn in CrMnFeCoNi HEA by analyzing
XANES spectra.58 In addition, XANES also showed that Ni, Co
and Fe atoms maintained similar crystal structures in the alloy,
but the local short-range environment was slightly different.
EXAFS can be used to study the coordination structure of atoms
in HEAs and the chemical bond parameters between macro-
molecules. More importantly, it can be used to study the cata-
lytic surface electronic structure changes. The difference of
atomic radius and irregular atomic arrangement in HEAs will
lead to lattice distortion. However, it is very difficult to charac-
terize the lattice distortion in the experiment. Wu et al. veried
the lattice distortion of AlCoCrFeNiW HEA by XAFS analysis.59

As shown in Fig. 3e, the spectral positions of all elements in
AlCoCrFeNiW HEA deviate from the standard sample, indi-
cating that there is a huge lattice distortion. Among them, Co
has a negative deviation and a large deviation, while Ni, Cr and
Fe have similar positive deviations.

Other advanced characterizationmethods are also emerging.
For example, 3D atomic probe tomography (3D-APT) is an
element characterization technique that can visualize the
distribution of elements and the formation of new phases at the
atomic scale (Fig. 3f).60 As early as 2015, Schuh et al. used 3D-
APT to link the mechanical changes and microstructure of
HEAs.61 Zhao et al. studied the phase transformation,
mechanical properties and phase transformation deformation
behaviour of Ni–Co–Fe–Cr–Al–Nb HEA by combining 3D-APT
and other characterization methods.62 Atomic HR-STEM (high-
resolution STEM) can be used to characterize the single-phase
structure of HEAs (Fig. 3g).32 High energy synchrotron X-ray
and neutron diffraction can verify the existence of lattice
distortion.63 Aberration-corrected transmission electron
© 2023 The Author(s). Published by the Royal Society of Chemistry
microscopy (ACTEM) and high-angle annular dark eld trans-
mission electron microscopy (HAADF-STEM) can directly char-
acterize the surface defects of HEAs. In addition, X-ray
diffraction (XRD) can also detect defects through the original
crystal structure and microcrystalline size.64 With the contin-
uous development of characterization technology, the reaction
mechanism and structural changes of HEAs in electrocatalysis
have been deeply understood, providing necessary conditions
for their further design and applications.
5. The advantages of HEAs in
electrocatalysis

HEAs have a highly disordered structure and a wide range of
composition modulation, showing excellent performance in
mechanical properties, magnetic properties and so on. In the
future, HEAs are expected to become ideal catalytic materials in
electrocatalytic reactions. Here, we systematically demonstrate
why HEAs are considered as excellent electrocatalysts from the
perspectives of abundant active sites, high selectivity, and high
stability.
5.1. Abundant active sites

It is well known that ultradominant active sites determine the
apparent activity of catalysts. Compared with single-atom
catalysts and traditional alloys, the diversity of the number
and types of metals in HEAs will produce a high degree of
heterogeneity and different active sites, resulting in fast reac-
tion kinetics. Jiang et al. prepared a nanoporous CuAlNiMoFe
electrode, whose catalytic activity is about 46 and 14 times
higher than that of CuNi and CuAlNi electrodes, respectively.65

HEAs have higher catalytic activity perhaps due to their rich
active sites and high conguration entropy. In addition, metal
elements and their molar ratios also affect the number and local
composition of active sites. Cui et al. proved that the over-
potential of MxSy nanoparticles with one, two, three and four
kinds of metal elements is inversely proportional to the number
of metal elements (Fig. 4a).66

More importantly, the complex atomic mixing conguration
makes HEAs possess multifunctional sites. In a monometallic
catalyst, the single active site can only perform a specic reac-
tion. In HEAs, multi-metal active sites can play a variety of roles,
which can be used for various types of reactions. Huang et al.
prepared PtRuNiCoFeMo HEA sub-nanowires (SNW) for alka-
line hydrogen oxidation reaction (HOR).67 The pin-on reaction
at Fe and Mo sites, the highly stable valence state of Co and Ni
sites, and the high activity of Pt and Ru sites contribute to the
high performance of SNW, indicating that different metal sites
have different effects (Fig. 4b). Kang et al. prepared Pt34Fe5-
Ni20Cu31Mo9Ru HEA with convex cubic nanocrystals (Fig. 4c).68

In 1 M KOH, the overpotentials of Pt34Fe5Ni20Cu31Mo9Ru HEA
for the HER and OER are 20 mV and 259 mV at 10 mA cm−2,
respectively. In 0.1 M KClO4, the half-wave potential of Pt34-
Fe5Ni20Cu31Mo9Ru HEA for the ORR is 0.87 V vs. RHE. The
excellent catalytic activity of the HEA in the HER, OER and ORR
proves that multi-metal elements can be used for multiple types
Chem. Sci., 2023, 14, 12850–12868 | 12855
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Fig. 4 (a) Comparison of overpotentials and metal element numbers. Reproduced with permission.66 Copyright 2021, Wiley-VCH. (b) Schematic
illustration of the HOR over HEA SNWs/C. Reproduced with permission.67 Copyright 2021, Springer Nature. (c) Synthesis of Pt34Fe5Ni20Cu31-
Mo9Ru HEA. Reproduced with permission.68 Copyright 2022, Wiley-VCH. (d) The application of np-12 in the HER, OER and ORR. Reproduced
with permission.69 Copyright 2022, American Chemical Society. (e) The mechanism diagram of RuFeCoNiCu NPs in the NRR. Reproduced with
permission.71 Copyright 2021, Wiley-VCH. (f) In situ normalized XANES spectra at the Pt L3-edge. (g) The binding strength of H to the Rh site, Fe–
Co–Ni site and Pt site. Reproduced with permission.18 Copyright 2021, American Chemical Society. (h) The projected density of states (PDOS) of
the HEA surface. Reproduced with permission.72 Copyright 2021, Royal Society of Chemistry. (i) The stability tests at 10 mA cm−2. Reproduced
with permission.75 Copyright 2022, Wiley-VCH.
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of reactions at the same time. Yu et al. used 12 metals, Mn, Ni,
Co, Fe, Mo, V, Ru, Ir, Pt, Pd, Au and Cu, to form a multi-
component nanoporous HEA (np-12).69 np-12 exhibited high
activity and durability for the HER, OER and ORR (Fig. 4d). The
complex atomic conguration leads to the existence of multi-
functional active sites in HEAs, which can be used for a variety
of catalytic reactions.70
5.2. High selectivity

The synergistic effect between multiple metals not only regu-
lates the electronic structure, but also provides various types of
adsorption sites, which has strong application potential in
multi-step tandem reactions (e.g. CO2RR and NRR). Zhang et al.
prepared RuFeCoNiCu HEA NPs for the NRR (Fig. 4e).71 At a low
overpotential of 0.05 V, the Faraday efficiency of the HEA NPs
was 38.5%, and there was no signicant attenuation aer 100 h
of continuous operation. DFT calculations showed that Fe in
the HEA is the best site for N2 adsorption and activation. Co–Cu
and Ni–Ru couplings have excellent surface hydrogenation
ability, making it easier for *H to activate N2 to form NH3.
Biswas et al. prepared a CuPdAgPtAu HEA by low temperature
ball milling for the CO2RR.19 The random distribution of
elements in the HEA promoted the formation of active sites and
optimized the adsorption energy of intermediate products, over
which CO, CH4 and C2H2 can be selectively produced. There-
fore, the use of multi-metal component HEAs is an effective way
12856 | Chem. Sci., 2023, 14, 12850–12868
to improve the CO2RR kinetics and the selectivity of multi-
carbon products.
5.3. Multi-site functionalization

The random distribution of various elements in a single phase
will produce serious lattice distortion and inherent synergistic
effects, which can regulate the electronic state and coordination
environment.70 Lei et al. prepared PdFeCoNiCu NPs for alkaline
HER, which exhibited a low overpotential of 18 mV at 10 mA
cm−2.72 DFT calculations showed that the synergistic effect
between various metals in the HEA optimized the electronic
structure. Specically, HEA surface deformation led to surface
electron modulation. Co and Ni sites showed high activity,
which are the potential active sites in the initial water decom-
position. Co helped to stabilize the adsorption of H2O, while Ni
contributed to the stability of *OH and the capture of protons at
the Pd site. In addition, Pd and Cu have electron-rich proper-
ties. Among them, Pd enhanced the adsorption of free-moving
protons, and Cu promoted electron transfer between metal
sites. Fe enhanced the d–d electron coupling and compensated
for the electrons at the Co position. The electronegativity
difference between each metal causes the charge redistribution
in HEAs, changes the d-band center position, and thus adjusts
the adsorption energy of reactants and key intermediates.73 The
central position of the d band is crucial for the activity and
selectivity of the catalyst. For example, for the HER, properly
© 2023 The Author(s). Published by the Royal Society of Chemistry
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adjusting the d-band center of the H* binding site is benecial
to promote the dissociation of H, and the alloying between
metals is benecial to adjust the d-band center of the catalyst.
Xia et al. prepared FeCoNiRhPt HEA nanoparticles (us-HEA)
with a particle size of 2 nm for the HER.18 In 0.5 M H2SO4, the
h10 on us-HEA/C is only 27 mV. According to in situ XANES
analysis, there was charge transfer between metal atoms in the
HEA. The Pt site obtained electrons, and its Fermi level and d-
band center were reduced, which optimized the hydrogen
adsorption free energy (Fig. 4g and h).
5.4. Outstanding stability

The high mixing entropy makes HEAs tend to form a single
solid solution phase, which makes it difficult to produce
a potential difference between multiple phases and form
a galvanic cell, thus improving the corrosion resistance of HEAs.
At the same time, the transition elements (Al, Cr and Mo) make
the alloy easy to passivate and form a passivation lm, similar to
the case of stainless steel. Hence, HEAs have better corrosion
resistance than traditional alloys. Gao et al. prepared hollow
HEA nanoparticles as cathode catalysts for Li–O2 batteries.74

The stability results showed that the hollow HEA remained
intact aer 80 cycles and more than 300 h cycles. Yao et al. used
non-noble metal FeCoNiCu HEA nanoparticles to stabilize
noble metal Pt and load it on carbonized wood.75 As shown in
Fig. 4i, HEA@Pt exhibited better stability than commercial Pt/C
and Pt, andmaintained the performance and structural stability
aer 100 h of continuous testing.
6. Theoretical study

HEAs have the complexity of composition and surface. It is
difficult to nd HEAs with suitable composition and structure
by traditional repeated trial and error experimental methods.
Computational methods (such as DFT, Monte Carlo, molecular
dynamics, and articial neural networks) have been widely used
Fig. 5 (a) The chart of the U and d of each 8-atom HEA unit cell. (b) A sch
Predicted (c) *OH and (d) *O adsorption energies plotted against DFT-ca
with permission.86 Copyright 2019, Elsevier Ltd.

© 2023 The Author(s). Published by the Royal Society of Chemistry
in monoatomic alloys,76–79 ordered intermetallic alloys,80 and
surface and subsurface alloys.81 In the past decade, research on
machine learning (ML) has exploded, mainly because it can
describe complex patterns. This function is of great help to
solve the challenges faced by theoretical modelling of HEAs.
From the simulation point of view, the calculation speed of ML
is much faster than DFT, and it is closer to the empirical
potential. In addition, ML can be used to identify the nonlinear
structure–attribute relationship, which is conducive to a deeper
exploration of the design space of HEAs.82,83 Liu et al. used the
ML method to establish the intrinsic correlation between local
stacking fault energy and local composition inhomogeneity in
HEAs, providing important guidance for the composition opti-
mization.84 Hou et al. proposed a hybrid framework of HEA
phase prediction combining ML and empirical knowledge,
which has high accuracy.85

In addition to studying the framework and properties of
HEAs by theoretical calculations, great progress has been made
in studying the thermodynamic/kinetic stability and adsorption
energy of HEAs for electrocatalysis. Thermodynamic stability
mainly depends on the enthalpy and entropy changes caused by
element mixing. It is generally believed that HEAs can be
formed when the conditions of atomic radius difference (d) #
6.6% and ratio of mixing entropy (Smix) to mixing enthalpy
(Hmix) (U) $ 1.1 are simultaneously satised. Batchelor et al.
calculated 500 face-centered cubics containing 8 atoms to
conrm that each structure of IrPdPtRhRu HEA falls in the
region of d # 6.6% and U$ 1.1, indicating that it can maintain
a single-phase solid solution state (Fig. 5a).86

Kinetic stability is used to measure the possibility of element
diffusion and segregation in the catalytic process. Yao et al.
simulated the kinetic stability of Ru-based multi-element alloy
nanoparticles (MEA-NPs) by the mixed Monte Carlo-molecular
dynamics (MC-MD) method.42 They used ve-membered
Ru0.25Rh0.25Co0.2Ni0.2Ir0.1 (about 4033 atoms) HEA nano-
particles to undergo two million MC diffusion steps at 1500 K,
followed by high-temperature quenching to 298 K. The results
ematic diagram of *OH and *O adsorption on the IrPdPtRhRu surface.
lculated energies. (e) Distribution of adsorption energies. Reproduced

Chem. Sci., 2023, 14, 12850–12868 | 12857
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showed that the uniformly mixed alloy structure was not
destroyed, indicating that it has dynamic stability. Aer that,
they used the MD method to nd that the self-diffusion coeffi-
cient is two orders of magnitude lower than that of Ru0.25Ni0.75,
indicating that the lattice distortion caused by multi-element
mixing has a hysteresis effect, thus maintaining its dynamic
stability.

According to the Sabatier principle, the adsorption energy
and catalytic activity of key intermediates oen have a volcanic
relationship.87 When the adsorption energy reaches the
optimum, the catalytic activity reaches the maximum. Batchelor
et al. used a simple machine learning algorithm to predict the
adsorption energy of the key intermediates (*OH and *O) of
IrPdPtRhRu HEA in the ORR (Fig. 5b).86 The predicted adsorp-
tion energies of *OH and *O are very close to the results of DFT
calculations, with root mean square deviations of 0.063 and
0.076 eV (Fig. 5c and d), respectively. In addition, they found
that the equimolar ratio of Ir20Pd20Pt20Rh20Ru20 HEA has 2
times the activity of Pt (111), and the activity of Ir10.2Pd32.0-
Pt9.30Rh19.6Ru28.9 is 5 times higher than that of Pt (111), on
which the overpotential is 0.04 V (Fig. 5e). The adsorption
energy of key intermediate products on the surface of high
entropy alloys can be optimized by reasonable component
design. Adsorption energy can also improve the selectivity of
a specic product in some reactions. For example, in the
CO2RR, Cu has strong adsorption for CO and weak adsorption
for H, and thereby Cu is the only metal that can form multi-
carbon reduction products. Combining Cu with other metals
to form HEAs can modulate the adsorption energy of different
sites and improve the selectivity of multi-carbon reduction
products.88
7. Applications of HEAs in
electrocatalysis

The essence of a catalytic reaction is the process of adsorption
and desorption of different intermediates. According to the
volcano diagram, when the catalyst has a reasonable and
moderate adsorption energy (corresponding to the vertex of the
volcano diagram),89 its catalytic activity is high. The widely
adjustable adsorption energy range of HEAs formed by different
elements can theoretically meet the essential requirements of
electrocatalytic reactions, and the stability brought about by the
accompanying high mixing entropy is favourable for the prac-
tical application. In this section, combined with the reports in
recent years, we will analyze and summarize how to design
HEAs according to the characteristics of different reactions.
7.1. Hydrogen evolution reaction

The HER mechanism is basically the same under acidic and
alkaline conditions. The only difference is that the source of
protons is different: under acidic conditions, protons are
derived from H3O

+, while under alkaline conditions, the proton
comes from H2O.90 Taking alkaline conditions as an example,
the process of HER mainly includes the adsorption and disso-
ciation of water molecules, the generation and adsorption of H+,
12858 | Chem. Sci., 2023, 14, 12850–12868
and the generation and desorption of H2. According to the
Sabatier principle, the best catalytic activity can only be ach-
ieved when the intermediate adsorption reaches equilibrium.87

The HER electrocatalytic volcano map was plotted by calcula-
tion as shown in Fig. 6a.91 The noble metal Pt is the metal
element closest to the vertex of the volcanic map, which is
mainly due to its d9 electronic structure with moderate inter-
mediate adsorption energy. However, Pt is expensive and has
low storage capacity, which is not conducive to industrial
production.92 In order to reduce the use of Pt metal, it is feasible
to load Pt on high-entropy catalysts by electrodeposition to
optimize the catalytic activity (Fig. 6b).93 The synergistic effect
between Pt and other metals optimizes the electron distribution
of the catalyst and improves the utilization of the precious
metal Pt. From Fig. 6a, for a single metal element, the positions
of Pd and Pt on the volcano plot are close, indicating that the
metal Pd also has high catalytic activity for the HER. Wang et al.
prepared FeCoNiCuPd for the HER by magnetron sputtering
and performed DFT calculations to explore the reaction mech-
anism.15 According to the PDOS of each component in FeCo-
NiCuPd, Pd and Cu buried deep in Ef can be used as electronic
memory (Fig. 6c). In addition, the Pd site is close to the Ef of the
4d orbital from the inside to the surface, which is benecial to
the adsorption of H* (Fig. 6d). Fig. 6e further conrms that Pd
as an electronic memory can enhance the adsorption of H
intermediates.

Defect engineering is oen used to regulate the electronic
structure of the catalyst, weaken the hydrogen binding energy,
and improve the HER activity. Mao et al. prepared PdPtRhIrCu
HEA with rich lattice distortion and defects by a simple
hydrothermal synthesis method.94 The overpotential of
PdPtRhIrCu HEA at 10 mA cm−2 is only 15 mV, which is
attributed to the ultra-thin high-entropy structure with lattice
distortion and defects, which can provide ultra-high specic
surface area, maximum atomic utilization and active surface
metal atoms, thus promoting the adsorption and dissociation
of reaction intermediates.

The alloying between non-precious metals can adjust the d-
band center, thus affecting the intermediate adsorption
capacity. The volcano plot of M–H bond energy based on Tra-
satti shows that Fe, Co and Ni on the le side andW on the right
side have the best M–H bond energy.95,96 Yao et al. conrmed
that HEAs composed of Ni, Fe, Mo and Cu have the kinetics of
enhancing hydrolysis and promoting the adsorption/desorption
of active hydrogen intermediates (Fig. 6f and g). In addition,
they introduced a Cu skeleton into HEAs, which not only
promoted electron transfer, but also provided more channels to
expose more active sites (Fig. 6h).65 The phase structure of HEAs
also affects their catalytic performance. Wang et al. enhanced
the proportion of the BCC phase by increasing the proportion of
Cr, which led to the relative downshi of the Fermi level of
Cr1.5MnFeNi (Fig. 6i).45 This will lead to the relative movement
of the anti-bonding state and the weakening of the bonding,
thereby ne-tuning the adsorption energy of HER intermedi-
ates. In addition to metal doping, the introduction of hetero-
anions into HEAs can form corresponding compounds, such as
oxides, nitrides, phosphide and suldes, which is of great
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Volcano chart for the HER. Reproduced with permission.91 Copyright 2022, American Chemical Society. (b) Loading Pt by electro-
deposition. Reproduced with permission.93 Copyright 2022, Wiley-VCH. (c) The PDOS. (d) The site-dependent PDOS of Pd. (e) DFT results of
electron density difference between sites after H* adsorption. Reproduced with permission.15 Copyright 2022, Elsevier Ltd. (f) Reaction energy
diagram of water dissociation at different stages. (g) Surface configuration of the CuNiMoFe alloy. (h) SEM image of nanoporous CuAlNiMoFe.
Reproduced with permission.65 Copyright 2021, Wiley-VCH. (i) Normalized valence band spectra (VBS) of Cr1.5MnFeNi. Reproduced with
permission.45 Copyright 2023, Elsevier Ltd. (j) Composite diagram of P-HEA. (k) Strain maps of HEA and P-HEA. Reproduced with permission.97

Copyright 2023, Elsevier Ltd.
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signicance for adjusting the electronic structure and opti-
mizing the adsorption energy of intermediates. Chen et al.
doped atomic P into monolithic porous Ni30Co30Fe10Cr10Al18W2

HEA (Fig. 6j), which resulted in atomic lattice expansion and
internal strain in the HEA.97 In Fig. 6k, it is clearly observed that
a P-doped HEA has wider lattice stretching strain distribution
than the undoped HEA. DFT calculations showed that the
electrons in P form a strong p-bond with the d orbital of the
metal atom, which weakens the s-bond between the H atom
and metal atom. Different from common sense, in this experi-
ment, the lattice expansion leads to the decrease of H adsorp-
tion energy and the easy desorption of H. The regulation of the
internal lattice strain of HEAs by doping heteroatoms to
© 2023 The Author(s). Published by the Royal Society of Chemistry
optimize the electronic structure and intermediate adsorption
energy provides feasibility for the preparation of high-efficiency
HER catalysts. In conclusion, for the HER, the dissociation of
water molecules and the adsorption of intermediate hydrogen
are the key factors to be considered in the design of HEA
catalysts.
7.2. Oxygen evolution reaction

The OER mainly involves the adsorption and desorption
processes of HO*, O* and HOO* intermediates on the catalyst
surface.98 It is necessary to simultaneously improve the
conductivity of the catalyst and increase the active adsorption
sites to ensure that the electron and mass transport is not
Chem. Sci., 2023, 14, 12850–12868 | 12859
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limited. In acidic environments, Ir- and Ru-based materials are
excellent electrocatalysts for anodic oxygen evolution,99 while
common low-cost non-precious metal catalysts are not appli-
cable. Kwon et al. prepared ZnNiCoIrX (X = Fe or Mn) by using
Ni and Co as effective alloying elements and Zn as a sacricial
element.14 The combination of ZnNiCoMn adjusts the elec-
tronic structure of the Ir site and modies the cohesive energy
and adsorption energy. Due to the incorporation of Mn and the
electronegativity difference between the elements, the total
electron density increases. Fig. 7a and b show that the d-band
electrons of Ir were rearranged with the incorporation of Mn,
and the d-band structure of ZnNiCoIrMn became wider. The
smaller D3d indicates that the more the anti-bonding state, the
stronger the bonding force with the intermediate. ZnNiCoIrMn
with a more negative d-band had a weaker hydrogen binding
energy, which accelerated the desorption of H (Fig. 7c). Fig. 7d
shows that the generation of HOO* was the rate-determining
step of the OER, and the incorporation of Mn reduced the
free energy of this step. The price of Ru is one-sixth that of Ir,
and Ru has higher OER activity than Ir, but the stability of Ru-
based catalysts under acidic conditions is a challenge. At
Fig. 7 (a) Computational modelling of ZnNiCoIr and ZnNiCoIrMn. (b) D-b
center and hydrogen binding energy. (d) The energy diagram. Reprodu
energy diagram. (f) The d-orbital partial density of states. (g) The propo
Elsevier Ltd.

12860 | Chem. Sci., 2023, 14, 12850–12868
present, the methods to improve the stability of Ru-based
catalysts mainly include: (1) introducing interstitial carbon
into Ru–O to extend the bond length,100 (2) improving the
formation energy of oxygen vacancies by heteroatom doping,101

and (3) inhibiting lattice oxygen participation in the reaction.102

The above methods are based on the adsorbent evolution
mechanism (AEM). However, in recent years, the lattice oxygen
oxidation mechanism (LOM) has received extensive attention.
LOM involves the redox process of oxygen, directly generating
the O–O chemical bond. Thereby, the LOM process can avoid
the rate-determining step of O–O formation required for the
AEM during the OER. Yu et al. selected transition metal
elements (Ni2+, Cr3+, Fe3+, Mo6+) with similar atomic radii and
different valence states to prepare RuNiMoCrFeOx/CNT with
oxygen vacancies by a solvent-free microwave method.100 High
entropy lattice oxygen participates in the reaction, and LOM
dominates the OER process. RuNiMoCrFeOx/CNT exhibited
a low overpotential of 219 mV and 100 h stability in acidic
electrolyte. The excellent performance comes from the high-
entropy effect inhibiting element corrosion and excessive
oxidation of lattice oxygen.
and projected DOS of Ir. (c) The linear relationship between the d-band
ced with permission.14 Copyright 2023, Wiley-VCH. (e) Standard free
sed OER mechanism. Reproduced with permission.55 Copyright 2022,

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04962k


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
For non-precious metal catalysts, transitionmetals Ni, Fe and
Co are electrocatalytically active substances, in which the activity
of the metal center is highly correlated with the metal–oxygen
bond. The increase of the metal oxidation state means that the
electronegativity of the metal increases and the lling of the 3d
orbital decreases, so that the 3d orbital overlaps with the 2p
orbital of oxygen, the Fermi level decreases, and the OER over-
potential reduces. Li et al. found that the addition of transition
metals such as Cr, Mn, and V is benecial to improve OER
activity.103 More importantly, the addition of Cr can promote
higher oxidation state of active elements such as Co, Ni, and Fe,
thereby reducing the OER overpotential. Wang et al. prepared
nanoscale CoNiCuMnAl@C electrocatalysts by pyrolysis of
CoNiCuMnAl-MOF precursors.55 Studies have shown that the Ni/
Co dual active sites synergistically accelerate the rate-
determining step (O* / OOH*) (Fig. 7e), which helps to
enhance the adsorption of key oxygen intermediates. The d-band
center of Cu/Mn occupies the deeper position of the Fermi level
and has the characteristic of being electron-rich, which helps to
accelerate the electron transfer as electronic memory (Fig. 7f).
The introduction of Al is benecial to improve the conductivity
of metal (oxygen) hydroxides and increase the active specic
surface area. In addition, the thin carbon shell derived from the
MOF template method is conducive to improving conductivity
and promoting mass transfer. For the CoNiCuMnAl@C catalyst,
the OER mechanism is shown in Fig. 7g.

Defects are of great help to optimize the adsorption and
desorption of OER intermediates. Ren et al. prepared CrMnFe-
CoNi HEA with twin defects by means of a single metal doping
quaternary system.104 The introduction of metal elements
distorts the lattice and produces dislocations, especially twins,
leading to strong distortion and modulation of surface elec-
tronic states. DFT calculations showed that the presence of twin
defects and lattice distortion reduces the energy barrier of the
OER rate-determining step. The strain effect can induce lattice
disorder, resulting in local reconstruction or mutation of
atomic and electronic congurations on the catalyst surface,
thus affecting the adsorption of oxygen intermediates.105 The
strain of the solid solution is mainly due to the uneven cooling
rate during the preparation process. For example, the lattice will
shrink during the low temperature process, and the atoms will
deviate from the ideal position, which leads to the macroscopic
and microscopic strain of the alloy. Zhang et al. prepared
Al0.6CrFe2Ni2 HEAs with strong lattice distortion.106 The strain
increases the charge transfer rate of OH adsorption in the OER.
Based on the above research, non-precious metal elements such
as Ni, Fe, Co, Cr, Mn, Cu, V and Al have OER catalytic activity,
and the high entropy effect ensures that each metal exerts its
own advantage to synergistically improve OER kinetics. In
addition, strain engineering plays a key role in adjusting the
electronic and geometric congurations of metal sites, thus
promoting the OER.
7.3. Oxygen reduction reaction

The ORR process contains multiple steps and a variety of
reaction intermediates, which is an important part of fuel cells
© 2023 The Author(s). Published by the Royal Society of Chemistry
and metal–air batteries.107,108 The ORR involves a variety of
intermediates, mainly including the initial reduction and
decomposition of O*

2, as well as the removal of adsorbed O*,
HO* and H2O* (Fig. 8a).109 In the reaction process, the binding
force between the catalyst and the reactant/intermediate is also
the key to the catalytic activity. At present, the commercial
catalyst is Pt/C, in which the content of platinum is usually 60–
70%. Reducing the content of platinum will reduce the required
electrocatalytic activity. Hence, researchers hope to improve the
catalytic performance under the premise of reducing costs.
Bimetallic PtM (PtCo, PtPd, PtNi, PtCu, etc.) composed of Pt
alloy and transition metal can optimize the d-band center and
adjust the electronic structure through the ‘ligand effect’ and
‘strain effect’.16 Unlike binary alloys, HEAs with complex
composition due to the random distribution of atoms with
different radii can regulate the electronic structure in a wider
range, and can greatly reduce the use of precious metals and
reduce costs. Chen et al. conrmed the synergistic effect and
strain effect between Pt and other metals, and optimized the
interaction between the catalyst and O*/OOH*.68 For this
reason, the half-wave potential of Pt34Fe5Ni20Cu32Mo9Ru under
alkaline conditions was 0.86 V (Fig. 8b).

At present, the catalysts with Fe and Co as the active centers
in non-noble metal ORR catalysts have the potential to replace
noble metals. In addition, the inherent surface complexity of
HEAs can provide nearly continuous adsorption energy and
increase the proportion of active sites. Metal composition will
affect the catalytic activity. He et al. prepared three high-entropy
materials, CrMnFeCoNi, CuMnFeCoNi and MnFeCoNi, to verify
the factors affecting the properties of HEAs.104 The molecular
conguration of the four basic steps of ORR on CrMnFeCoNi is
shown in Fig. 8c. As shown in Fig. 8d, OH* to H2O was the rate-
determining step. Obviously, CrMnFeCoNi had the smallest
rate-determining step energy barrier, while CuMnFeCoNi had
the largest energy barrier. This means that the introduction of
Cu causes the original ORR performance to deteriorate, while
the introduction of Cr improves the original catalytic perfor-
mance. In addition, lattice distortion affects the catalytic
performance of HEAs. Fig. 8e shows that the d-band center of
CrMnFeCoNi and CuMnFeCoNi with distortion moved down,
and the binding energy with O2 was reduced to promote the
release of O2. In order to improve the thermal stability, single-
phase high-entropy oxides can be prepared by using similar
ionic radii and electronic structure of transition metal
elements.110
7.4. CO2 reduction reaction

The electrocatalytic reduction of carbon dioxide to carbon-
based fuels and chemicals can obtain a nearly closed-loop
carbon cycle, which is necessary for mitigating climate
change.112 As shown in Fig. 8f and g, a variety of products can be
produced during the CO2RR, such as C1 products (CO, CH4,
CH3OH, and HCOOH), C2 products (C2H4, C2H5OH, and CH3-
COOH) and C2+ products (C3H7OH).113 The reaction path
involves more proton and electron coupling processes, and the
selectivity of the product is difficult to adjust. Hence, the
Chem. Sci., 2023, 14, 12850–12868 | 12861
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Fig. 8 (a) Schematic illustration of the possible ORR pathways. Reproduced with permission.109 Copyright 2019, Wiley-VCH. (b) The polarization
curve of Pt34Fe5Ni20Cu32Mo9Ru. Reproduced with permission.68 Copyright 2022, Wiley-VCH. (c) Atomic configuration of the four fundamental
steps of the ORR. (d) Gibbs free energy change diagrams at 0 V and 1.23 V. (e) D-band spectra. Reproduced with permission.104 Copyright 2023,
Elsevier Ltd. (f and g) The possible reaction roadmap of CO2. Reproduced with permission.111 Copyright 2023, Royal Society of Chemistry. (g) The
catalytic reaction diagram of AuAgPtPdCu. (h) Structure diagram of AuAgPtPdCu. (i) Free-energy diagram of the CO2RR on the AuAgPtPdCu
surface. Reproduced with permission.19 Copyright 2020, American Chemical Society.
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development of efficient electrocatalysts, optimization of the
reaction kinetics of the rate-determining step, and improve-
ment of the selectivity of multi-carbon products are the focus
and difficulty of CO2RR research. Cu is the only metal that can
catalyze the selective reduction of CO2 to high value-added
12862 | Chem. Sci., 2023, 14, 12850–12868
multi-carbon products.50 Biswas et al. prepared AuAgPtPdCu
HEA nanoparticles for the CO2RR (Fig. 8h).19 The Faraday effi-
ciency of gas products (CO, CH4, C2H4 and H2) is close to 100%
at −0.3 V (vs. RHE). The randomly distributed metal elements
promote the formation of a large number of active centers on
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the surface of HEAs, which is conducive to optimizing the
adsorption and desorption of intermediates. Compared with
the original Cu (111), AuAgPtPdCu HEAs optimize the binding
energy of *OCH3 and *O (Fig. 8i). The weaker *OCH3 binding
and the stronger *O binding promote the conversion of *OCH3

to *O and stabilize the *O intermediate, thus showing better
performance. The possibility of two-dimensional (2D) high-
entropy materials exposing more active sites has great poten-
tial in catalytic applications. Cavin et al. prepared layered high-
entropy transition metal disuldes using Mo, W, V, Nb and Ta
metals.114 DFT calculations showed that the 2D high-entropy
metal sulde had a multi-site synergistic catalytic effect. In
addition, the V at the edge of the nanosheets optimized the CO
desorption process. At present, the metal elements commonly
used in electrocatalytic CO2 reduction mainly include: (1) Au, Ag
(the product is generally CO); (2) Pb, Sn, In and Bi (the products
are generally formate); (3) Cu (the products are usually hydro-
carbons); and (4) Pt, Ni (the products are usually
hydrogen).115,116 Polymetallic HEAs can provide multiple active
sites, thereby enhancing electrocatalytic activity. In general, Cu
is selected to form a multi-component alloy system with other
metals, because Cu has a strong binding ability with CO. When
CO is desorbed from other metal sites, it will bind to Cu sites,
resulting in multi-carbon reduction products.117
7.5. Other reactions

The alcohol oxidation reaction (AOR) mainly includes the
methanol oxidation reaction (MOR), ethanol oxidation reaction
(EOR) and glycerol oxidation reaction (GOR).118 The various
reaction intermediates involved in the AOR require a multi-
functional set of active sites. The interface of HEAs provides
complex atomic congurations and different adsorption sites,
which are conducive to the AOR. Chen et al. prepared
PtRhBiSnSb nanosheets with hexagonal close-packed (hcp)
crystal structure for the AOR by the wet chemical method.119 The
PtRhBiSnSb nanosheets have ultra-high mass activity of 19.529,
15.558 and 7.535 AmgPt+Rh

−1 at the peak potentials of the MOR,
EOR and GOR, respectively, mainly due to the synergistic effect
between the ve metals and the unique structural advantage of
hcp. DFT calculations showed that the introduction of Rh
optimizes the electronic structure, improves the electron
transfer and increases the electroactivity of the optimal d-band
center. The synergistic contribution of Bi, Sn and Sb makes Pt
and Rh reach a robust valence state.

A direct formic acid fuel cell (DFAFC) is an efficient and
environmentally friendly energy device. The reaction of
anodic formic acid oxidation (FAO) is mainly divided into
a direct pathway of direct oxidation of HCOOH to CO2 and an
indirect pathway of further oxidation of the CO intermediate
state to CO2 at high overpotential. Compared with Pt-based
catalysts that are susceptible to CO poisoning, Pd-based
catalysts generally do not involve a CO intermediate and are
more abundant in reserves. Pd-based high-entropy alloying
can not only enhance the utilization of Pd atoms, but also
improve the stability and corrosion resistance by a high
entropy and slow diffusion effect. Zuo et al. prepared
© 2023 The Author(s). Published by the Royal Society of Chemistry
a PdCuMoNiCo nano-hollow spherical HEA on carbon hybrids
as a bifunctional catalyst for FAO and the ORR.120 In it, Pd is
the catalytic active center, and other elements act as cocata-
lysts to optimize the lattice parameters of Pd and regulate the
adsorption energy of intermediates. The hydrogen fuel cell
has the characteristics of high energy efficiency and no
pollution, and is potential hydrogen power generation
equipment. In this system, the H2 oxidation reaction (HOR)
occurs at the anode. Pt is currently the best catalyst for the
HOR, but it is easily poisoned by CO. Pt-based HEAs have
tunable electronic structure and entropy-stable properties.
The mass activity of PtRuNiCoFeMo HEA subnanowires
(SNW) can reach 6.75 A mgPt+Rh

−1, which is 4.1 times and 19.8
times that of commercial PtRu/C and Pt/C, respectively.67 In
addition, the resistance of PtRuNiCoFeMo HEA to CO
poisoning was signicantly enhanced. DFT calculations
showed that the strong interaction between the metals in the
HEA is benecial to enhance HOR, where Pt and Ru are the
real active centers. Fe and Mo sites can produce a pin-on
effect, while Co and Ni maintain a highly stable valence.

The electrocatalytic nitrogen reduction reaction (NRR) is
a new process to realize the green synthesis of ammonia. To
date, the electrocatalytic NRR faces enormous challenges in
both thermodynamics and kinetics. In addition, the HER as
a competitive reaction reduces the selectivity of the NRR and the
rate of ammonia production. N2 has good bonding strength on
metals such as Fe, Mo and Ru.121 RuFeCoNiCu HEA NPs
exhibited an NH3 yield of 11.4 mg h−1 cm−2 and Faraday effi-
ciency of 38.5% at an overpotential of 0.05 V.71 Theoretical
calculations showed that Fe is the best site for N2 adsorption
and activation, and Co–Cu and Ni–Ru are coupled to exhibit
excellent surface hydrogenation ability. Although there are few
studies on HEAs for the above reactions currently, the high
entropy of HEAs can not only regulate the electronic structure
and optimize the d-band center, but also enhance the structural
stability, thus exhibiting broad prospects.

8. Regulation strategies for HEAs
8.1. Element regulation

According to the reaction system, metal elements with unique
properties are selected to optimize the selectivity and activity
of the catalyst. Miracle et al. summarized the frequency of use
of individual metals in HEAs as shown in Fig. 9a, where the
vertical line is proportional to the number of uses.48 Fe, Co, Ni,
Mn, Cr, Cu, Al and Ti are the most commonly used elements.
As mentioned above, Pt and Pd are the best HER elements;1,12

Ir and Ru are the best OER elements;122,123 and Cu is the only
metal that can catalyze the selective reduction of CO2 to high
value-added multi-carbon products.124 More importantly,
HEAs are a good choice for bifunctional and multifunctional
catalysis. For example, Ni, Co, Fe and Pt are oen used to
prepare highly active bifunctional HEAs for the HER and
OER.15,125,126 The coordination between multiple metals is
benecial to optimize the electron density and adjust the
adsorption strength, usually exhibiting higher performance
than single-component metals.
Chem. Sci., 2023, 14, 12850–12868 | 12863
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8.2. Defect regulation

When multiple structural units (including atoms and mole-
cules) are incorrectly arranged, defects will be generated, which
can regulate the adsorption and electronic structure of the
catalyst (Fig. 9b).127 Defects are thermodynamically unstable
due to high free energy, and are more likely to adsorb reactants,
thus becoming catalytic active sites.64 There are many kinds of
surface defects such as vacancies, dislocations and grain
boundaries in HEAs, which is mainly due to the complexity of
the structure and composition elements.128 Defect engineering
is an important and effective strategy to improve catalytic
activity. Yang et al. used magnetron sputtering technology to
create defects in HEA lms, which was conducive to the
formation of more active sites.24,129 In addition, high-energy
particles in plasma technology (plasma etching, doping and
vacancy) attack the HEA surface (Fig. 9c), which not only
destroys chemical bonds, but also produces new chemical
bonds, thereby etching and modifying the HEA surface.130,131

The dealloying technology can realize reasonable control of the
surface nanostructure. Kruzic et al. used this method to obtain
a high-entropy metallic glass (HEMG) with a nano-sponge
structure.52 DFT calculations showed that the lattice distortion
and chemical complexity of nanocrystals stabilized the
adsorption and desorption of H*, which was benecial to
improve HER activity (Fig. 9d).
8.3. Strain engineering

Strain changes the original state of the atomic bond by
stretching or compressing the distance of the chemical bond
and changing the lattice symmetry.132 Multi-component HEAs
are more likely to produce lattice strain due to different lattice
parameters. Wu et al. studied the strain effect of Fe, Co, Ni, Pd
and Pt by DFT simulations.133 Under low refractive index (110)
and (100) surfaces (Fig. 9e), Ni and Co follow the conventional
prediction of strain effect, while Fe, Pd and Pt do not. This
indicates that phase transition may be achieved by precise
Fig. 9 (a) The frequency of elements used in the 408 multi-componen
2017, Elsevier Ltd. (b) Common defects in HEAs. Reproduced with permi
diagram. Reproduced with permission.130 Copyright 2018, Wiley-VCH.
permission.52 Copyright 2021, Wiley-VCH. (e) Comparing the heat map of
center. Reproduced with permission.133 Copyright 2020, Wiley-VCH.

12864 | Chem. Sci., 2023, 14, 12850–12868
strain modulation, which is an important reference for the
study of electrocatalytic ne modulation of HEAs in the future.
The tensile strain will make the d-band center move up, while
the compressive strain makes the d-band center move down.134

The upward shi of the center of the d band will enhance the
adsorption energy of the intermediate.54 Wang et al. heated
PtFeCoNiCu HEAs at 400 °C and 700 °C to produce different
degrees of strain.135 The HEA heated at 400 °C showed stronger
compressive strain, which made the d-band center move down.
9. Summary and prospects

HEAs have shown more and more obvious potential in elec-
trocatalytic research due to their excellent combined properties.
In the future, HEAs may become the center of the eld of
structural and functional materials. This review introduces the
concept of HEAs and summarizes the main synthesis methods
and how to design and prepare HEA catalysts for electro-
chemical reactions such as the HER, HOR, OER, ORR, CO2RR,
NRR and AOR. The multi-element alloy combining the charac-
teristics of site-occupancy disorder and lattice order can opti-
mize the surface electronic structures of HEAs, thus exhibiting
better catalytic performance than the corresponding low-
element system.86 In addition, the strength of adsorption
energy can be affected by adjusting the kind and the proportion
of metal elements.136 Electrocatalytic HER, HOR, OER, ORR,
CO2RR, NRR and AOR involve multi-step reactions, and the
uniform distribution of multiple active sites on the surface of
the catalyst can break the limitation of interdependence, which
is benecial to adjust the binding energy and improve the
catalytic activity.137,138

Although HEAs are considered to be promising electro-
catalysts, studies are still limited to the exploration of synthetic
methods and the screening of element combinations. There are
still many challenges in the research of the catalytic mechanism
and practical applications. For example, it is hard to achieve
precise shape control of HEAs, and the precise occupancy
t alloys (MPEAs) evaluated. Reproduced with permission.48 Copyright
ssion.127 Copyright 2019, Elsevier Ltd. (c) Plasma technology schematic
(d) Local chemical environment of H* adsorption. Reproduced with
the effect of (110) and (100) strains on the depth change of the d-band

© 2023 The Author(s). Published by the Royal Society of Chemistry
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control of local atoms in HEAs is not enough. In addition,
although the morphology, crystal structure and element distri-
bution in HEAs can be well characterized, there is still no
denite evidence for the specic relationship between the
structure and electrocatalytic performance. Finally, due to the
complexity of the surface and internal structure of HEAs and
multi-step reactions involved in electrocatalysis, the under-
standing of the catalytic structure–activity relationship of HEAs
is still unclear.

To cope with the above difficulties and challenges and better
understand the mechanisms of HEAs in electrocatalysis, the
following research directions are proposed. First of all, the
combination of theory and experiment is very important to
understand the catalytic mechanisms of HEAs. It is the focus of
future research to develop new calculation soware or models
and new calculation methods to determine the dynamic
evolution process of active sites in HEAs and the inuencing
mechanism of other effects on performance. Secondly, precise
control of the composition and size of HEAs can afford abun-
dant active sites, favouring electrocatalytic reactions. The
structural characterization of the microscopic inhomogeneity
and surface atomic resolution of HEAs should be strengthened,
including chemical valence and local stress distribution. Phase
engineering may enable HEAs with the same composition to
exhibit different crystal structures under different conditions.
Finally, HEAs need further expansion, such as the design of
composite materials with a core–shell structure or interface
structure. These materials may have potential applications in
catalysis or other elds.
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27 H. Pérez Blanes, P. Ghiasi, J. Sandkühler, Y. Yesilcicek,
S. Pentzien, A. Conradi, C. Prinz, D. Al-Sabbagh,
A. F. Thünemann, O. Ozcan and J. Witt, J. Mater. Res.
Technol., 2023, 24, 9434–9440.

28 S. A. Lee, J. Bu, J. Lee and H. W. Jang, Small Sci., 2023, 3,
2200109.
Chem. Sci., 2023, 14, 12850–12868 | 12865

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04962k


Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
29 X. Han, G. Wu, S. Zhao, J. Guo, M. Yan, X. Hong and
D. Wang, Matter, 2023, 6, 1717–1751.

30 J. W. Yeh, S. K. Chen, S. J. Lin, J. Y. Gan, T. S. Chin,
T. T. Shun, C. H. Tsau and S. Y. Chang, Adv. Eng. Mater.,
2004, 6, 299–303.

31 B. Cantor, I. T. H. Chang, P. Knight and A. J. B. Vincent,
Mater. Sci. Eng., A, 2004, 375, 213–218.

32 Y. Yao, Z. Huang, L. A. Hughes, J. Gao, T. Li, D. Morris,
S. E. Zeltmann, B. H. Savitzky, C. Ophus, Y. Z. Finfrock,
Q. Dong, M. Jiao, Y. Mao, M. Chi, P. Zhang, J. Li,
A. M. Minor, R. Shahbazian-Yassar and L. Hu, Matter,
2021, 4, 2340–2353.

33 Y. F. Ye, Q. Wang, J. Lu, C. T. Liu and Y. Yang,Mater. Today,
2016, 19, 349–362.

34 Y.-G. Tong, N. Tian, H.-F. Huang, Z.-B. Zhang, X.-B. Liang,
X.-X. Ji, J.-Z. Fang and Y.-L. Hu, Rare Met., 2023, 42, 2020–
2027.

35 X. Wei, L. Zhang, C. Zhang and G. Li,Mater. Lett., 2023, 339,
134107.

36 B. Akhil, A. Bajpai and K. Biswas, Philos. Mag. Lett., 2022,
102, 287–298.

37 S. H. Hong, H. J. Park, G. C. Kang, Y. S. Kim, G. Song and
K. B. Kim, Scr. Mater., 2022, 209, 114391.

38 J. Zhang, C. Zhao, Y. Wu, C. Chen, Z. Chen and B. Shen, Acta
Metall. Sin., 2022, 58, 215–224.

39 J.-K. Xiao, H. Tan, Y.-Q. Wu, J. Chen and C. Zhang, Surf.
Coat. Technol., 2020, 385, 125430.

40 Y. Lu, X. Zhang, H. Wang, C. Kan, F. Zhang, P. Dai and
H. Wang, Mater. Charact., 2022, 189, 111959.

41 Y. Yao, Z. Huang, P. Xie, S. D. Lacey, R. J. Jacob, H. Xie,
F. Chen, A. Nie, T. Pu, M. Rehwoldt, D. Yu,
M. R. Zachariah, C. Wang, R. Shahbazian-Yassar, J. Li and
L. Hu, Science, 2018, 359, 1489–1494.

42 Y. Yao, Z. Liu, P. Xie, Z. Huang, T. Li, D. Morris, Z. Finfrock,
J. Zhou, M. Jiao, J. Gao, Y. Mao, J. Miao, P. Zhang,
R. Shahbazian-Yassar, C. Wang, G. Wang and L. Hu, Sci.
Adv., 2020, 6, eaaz0510.

43 Y. Tian, W. Zhou, M. Wu, H. Luo, Q. Tan, G. Zhu, A. Dong,
D. Shu and B. Sun, J. Alloys Compd., 2022, 915, 165324.

44 J. Huang, P. Wang, P. Li, H. Yin and D. Wang, J. Mater. Sci.
Technol., 2021, 93, 110–118.

45 Y. Wang, N. Gong, G. Niu, J. Ge, X. Tan, M. Zhang, H. Liu,
H. Wu, T. L. Meng, H. Xie, K. Hippalgaonkar, Z. Liu and
Y. Huang, J. Alloys Compd., 2023, 960, 171039.

46 K. Zhao, X. Li and D. Su, Acta Phys.-Chim. Sin., 2021, 37,
2009077.

47 J.-W. Yeh, S.-Y. Chang, Y.-D. Hong, S.-K. Chen and S.-J. Lin,
Mater. Chem. Phys., 2007, 103, 41–46.

48 D. B. Miracle and O. N. Senkov, Acta Mater., 2017, 122, 448–
511.

49 P. Xie, Y. Yao, Z. Huang, Z. Liu, J. Zhang, T. Li, G. Wang,
R. Shahbazian-Yassar, L. Hu and C. Wang, Nat. Commun.,
2019, 10, 4011.

50 K. Li and W. Chen, Mater. Today Energy, 2021, 20, 100638.
51 M. W. Glasscott and J. E. Dick, ACS Nano, 2019, 13, 4572–

4581.
12866 | Chem. Sci., 2023, 14, 12850–12868
52 Z. Jia, K. Nomoto, Q. Wang, C. Kong, L. Sun, L.-C. Zhang,
S.-X. Liang, J. Lu and J. J. Kruzic, Adv. Funct. Mater., 2021,
31, 2101586.

53 Z. Ding, J. Bian, S. Shuang, X. Liu, Y. Hu, C. Sun and
Y. Yang, Adv. Sustainable Syst., 2020, 4, 1900105.

54 Y. Zhang, D. Wang and S. Wang, Small, 2022, 18, 2104339.
55 S. Wang, W. Huo, F. Fang, Z. Xie, J. K. Shang and J. Jiang,

Chem. Eng. J., 2022, 429, 132410.
56 J. Hao, J. Li, Y. Zhu, S. Sun, S. Lu, M. Du and H. Zhu, Chem.

Commun., 2023, 59, 772–775.
57 M. Wei, Y. Sun, J. Zhang, F. Ai, S. Xi and J. Wang, Energy

Environ. Sci., 2023, 16, 4009–4019.
58 Y.-Y. Tan, M.-Y. Su, Z.-C. Xie, Z.-J. Chen, Y. Gong,

L.-R. Zheng, Z. Shi, G. Mo, Y. Li, L.-W. Li, H.-Y. Wang and
L.-H. Dai, Intermetallics, 2021, 129, 107050.

59 T. Wu, Y. Chen, S. Shi, M. Wu, W. Gui, Y. Tan, J. Li and
Y. Wu, Materials, 2021, 14, 5450.

60 Z. Jia, T. Yang, L. Sun, Y. Zhao, W. Li, J. Luan, F. Lyu,
L.-C. Zhang, J. J. Kruzic, J.-J. Kai, J. C. Huang, J. Lu and
C. T. Liu, Adv. Mater., 2020, 32, 2000385.

61 B. Schuh, F. Mendez-Martin, B. Völker, E. P. George,
H. Clemens, R. Pippan and A. Hohenwarter, Acta Mater.,
2015, 96, 258–268.

62 Y. L. Zhao, T. Yang, Y. R. Li, L. Fan, B. Han, Z. B. Jiao,
D. Chen, C. T. Liu and J. J. Kai, Acta Mater., 2020, 188,
517–527.

63 W. Guo, W. Dmowski, J.-Y. Noh, P. Rack, P. K. Liaw and
T. Egami, Metall. Mater. Trans. A, 2013, 44, 1994–1997.

64 W. Li, D. Wang, Y. Zhang, L. Tao, T. Wang, Y. Zou, Y. Wang,
R. Chen and S. Wang, Adv. Mater., 2020, 32, 1907879.

65 R.-Q. Yao, Y.-T. Zhou, H. Shi, W.-B. Wan, Q.-H. Zhang,
L. Gu, Y.-F. Zhu, Z. Wen, X.-Y. Lang and Q. Jiang, Adv.
Funct. Mater., 2021, 31, 2009613.

66 M. Cui, C. Yang, B. Li, Q. Dong, M. Wu, S. Hwang, H. Xie,
X. Wang, G. Wang and L. Hu, Adv. Energy Mater., 2021,
11, 2002887.

67 C. Zhan, Y. Xu, L. Bu, H. Zhu, Y. Feng, T. Yang, Y. Zhang,
Z. Yang, B. Huang, Q. Shao and X. Huang, Nat. Commun.,
2021, 12, 6261.

68 Z. Chen, J. Wen, C. Wang and X. Kang, Small, 2022, 18,
2204255.

69 T. Yu, Y. Zhang, Y. Hu, K. Hu, X. Lin, G. Xie, X. Liu,
K. M. Reddy, Y. Ito and H.-J. Qiu, ACS Mater. Lett., 2022,
4, 181–189.

70 H. Li, M. Sun, Y. Pan, J. Xiong, H. Du, Y. Yu, S. Feng, Z. Li,
J. Lai, B. Huang and L. Wang, Appl. Catal., B, 2022, 312,
121431.

71 D. Zhang, H. Zhao, X. Wu, Y. Deng, Z. Wang, Y. Han, H. Li,
Y. Shi, X. Chen, S. Li, J. Lai, B. Huang and L. Wang, Adv.
Funct. Mater., 2021, 31, 2006939.

72 D. Zhang, Y. Shi, H. Zhao, W. Qi, X. Chen, T. Zhan, S. Li,
B. Yang, M. Sun, J. Lai, B. Huang and L. Wang, J. Mater.
Chem. A, 2021, 9, 889–893.

73 Y. Xin, S. Li, Y. Qian, W. Zhu, H. Yuan, P. Jiang, R. Guo and
L. Wang, ACS Catal., 2020, 10, 11280–11306.

74 X. Wang, Q. Dong, H. Qiao, Z. Huang, M. T. Saray, G. Zhong,
Z. Lin, M. Cui, A. Brozena, M. Hong, Q. Xia, J. Gao, G. Chen,
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04962k


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
R. Shahbazian-Yassar, D. Wang and L. Hu, Adv. Mater.,
2020, 32, 2002853.

75 W. Shi, H. Liu, Z. Li, C. Li, J. Zhou, Y. Yuan, F. Jiang, K. Fu
and Y. Yao, SusMat, 2022, 2, 186–196.

76 C. Nataraj, E. J. L. Borda, A. van de Walle and A. Samanta,
Acta Mater., 2021, 220, 117269.

77 X. Yang, S. Liping, L. Qiang, H. Lihua and Z. Hui, J. Mater.
Chem. A, 2022, 10, 17633–17641.

78 Q. Li, C. Jiang and Y. Du,Mater. Technol., 2023, 38, 2200660.
79 R. Jain, S. K. Dewangan, V. Kumar and S. Samal, Mater. Sci.

Eng., A, 2020, 797, 140059.
80 D. Wang, Z. Chen, Y. Wu, Y.-C. Huang, L. Tao, J. Chen,

C.-L. Dong, C. V. Singh and S. Wang, Smartmat, 2023, 4,
e1117.

81 I. N. Yakovkin and N. V. Petrova, Comput. Mater. Sci., 2023,
228, 112356.

82 M. R. Zamani, M. Roostaei, H. Mirzadeh, M. Malekan and
M. Song, Curr. Opin. Solid State Mater. Sci., 2023, 27,
101105.

83 X. Liu, J. Zhang and Z. Pei, Prog. Mater. Sci., 2023, 131,
101018.

84 S. Hou, M. Sun, M. Bai, D. Lin, Y. Li andW. Liu, Acta Mater.,
2022, 228, 117742.

85 X. Liu, Y. Zhu, C. Wang, K. Han, L. Zhao, S. Liang, M. Huang
and Z. Li, J. Alloys Compd., 2023, 966, 171547.

86 T. A. A. Batchelor, J. K. Pedersen, S. H. Winther,
I. E. Castelli, K. W. Jacobsen and J. Rossmeisl, Joule, 2019,
3, 834–845.

87 A. J. Medford, A. Vojvodic, J. S. Hummelshøj, J. Voss,
F. Abild-Pedersen, F. Studt, T. Bligaard, A. Nilsson and
J. K. Nørskov, J. Catal., 2015, 328, 36–42.

88 D. Zhang, Y. Wang, Y. Peng, Y. Luo, T. Liu, W. He, F. Chen
and M. Ding, Adv Powder Technol., 2023, 2, 100129.

89 Y. Mao, J. Chen, H. Wang and P. Hu, Chin. J. Catal., 2015,
36, 1596–1605.

90 T. Tang, Z. Wang and J. Guan, Chin. J. Catal., 2022, 43, 636–
678.

91 X. Fu, J. Zhang, S. Zhan, F. Xia, C. Wang, D. Ma, Q. Yue,
J. Wu and Y. Kang, ACS Catal., 2022, 12, 11955–11959.

92 M. Wei, Y. Sun, F. Ai, S. Xi, J. Zhang and J. Wang, Appl.
Catal., B, 2023, 334, 122814.

93 D. Kim, S. Surendran, Y. Jeong, Y. Lim, S. Im, S. Park,
J. Y. Kim, S. Kim, T.-H. Kim, B. Koo, K. Jin and U. Sim,
Adv. Mater. Technol., 2022, 2200882.

94 Q. Mao, X. Mu, K. Deng, H. Yu, Z. Wang, Y. Xu, X. Li,
L. Wang and H. Wang, Adv. Funct. Mater., 2023, 2304963.

95 S. Trasatti, J. Electroanal. Chem. Interfacial Electrochem.,
1972, 39, 163–184.

96 S.-Q. Chang, C.-C. Cheng, P.-Y. Cheng, C.-L. Huang and
S.-Y. Lu, Chem. Eng. J., 2022, 446, 137452.

97 Q. Chen, X. Han, Z. Xu, Q. Chen, Q. Wu, T. Zheng, P. Wang,
Z. Wang, J. Wang, H. Li, Z. Xia and J. Hao, Nano Energy,
2023, 110, 108380.

98 T. Tang, S. Li, J. Sun, Z. Wang and J. Guan, Nano Res., 2022,
15, 8714–8750.

99 X. Bai, L. Wang, B. Nan, T. Tang, X. Niu and J. Guan, Nano
Res., 2022, 15, 6019–6025.
© 2023 The Author(s). Published by the Royal Society of Chemistry
100 Y. Yu, H. Li, J. Liu, W. Xu, D. Zhang, J. Xiong, B. Li,
A. O. Omelchuk, J. Lai and L. Wang, J. Mater. Chem. A,
2022, 10, 21260–21265.

101 J. Yan, J. Zhu, D. Chen, S. Liu, X. Zhang, S. Yu, Z. Zeng,
L. Jiang and F. Du, J. Mater. Chem. A, 2022, 10, 9419–9426.

102 Y. Wen, P. Chen, L. Wang, S. Li, Z. Wang, J. Abed, X. Mao,
Y. Min, C. T. Dinh, P. D. Luna, R. Huang, L. Zhang,
L. Wang, L. Wang, R. J. Nielsen, H. Li, T. Zhuang, C. Ke,
O. Voznyy, Y. Hu, Y. Li, W. A. Goddard Iii, B. Zhang,
H. Peng and E. H. Sargent, J. Am. Chem. Soc., 2021, 143,
6482–6490.

103 A. Abdelhaz, B. Wang, A. R. Harutyunyan and J. Li, Adv.
Energy Mater., 2022, 12, 2200742.

104 R. He, L. Yang, Y. Zhang, X. Wang, S. Lee, T. Zhang, L. Li,
Z. Liang, J. Chen, J. Li, A. Ostovari Moghaddam, J. Llorca,
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