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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
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Accepted 19th October 2023 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

DOI: 10.1039/d3sc04962k challenges that HEAs will face in the future, and put forward some personal proposals. This work
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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.' 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.” 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.>* 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.>® 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

Institute of Physical Chemistry, College of Chemistry, Jilin University, Changchun
130021, PR China. E-mail: wzl@jlu.edu.cn; guanjq@jlu.edu.cn

12850 | Chem. Sci, 2023, 14, 12850-12868

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

the electron and proton transport is not limited.” A fuel cell is
a power generation device that converts chemical energy in
fuels and oxidizers into electrical energy through redox reac-
tions.? It has the characteristics of high energy conversion effi-
ciency and being clean and non-polluting.” 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.”* As an
effective way to convert CO, into high value-added chemicals,
the electrocatalytic carbon dioxide reduction reaction (CO,RR)
is one of the important means to slow down the greenhouse
effect and achieve the goal of carbon peaking and carbon
neutralization.™ At present, copper-based materials are still the
only heterogeneous electrocatalysts that can selectively electro-
catalyze the reduction of CO, 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
field of electrocatalysis. Among them, high-entropy alloys
(HEAs) are composed of five or more equiatomic or near-
equiatomic components, forming a simple solid solution
phase.”” 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.” 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," OER," ORR'® 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.?® Copyright 2019, Springer Nature. Reproduced with
permission.?* Copyright 2021, Wiley-VCH. Reproduced with permission.?? Copyright 2019, American Chemical Society. Reproduced with
permission.?* Copyright 2021, Royal Society of Chemistry. Reproduced with permission.?* Copyright 2022, Elsevier Ltd. Reproduced with
permission.?®> Copyright 2022, American Chemical Society. Reproduced with permission.?® Copyright 2023, Elsevier Ltd. Reproduced with

permission.?” Copyright 2023, Elsevier Ltd.

CO,RR." 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.”® 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 after
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 CO,RR," over which the main products are CO,
CH,, C,H, and H,, 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,”®*® 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. Definition

The definition of HEAs can be divided into two types, one based
on composition and the other based on entropy. In 2004, Yeh
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et al. and Cantor et al. proposed the concepts of HEAs and
equiatomic multi-component alloys, respectively.*>** High
entropy alloys are composed of five or more main elements, and
the atomic fraction of each main element is 5-35%. In addition,
the definition of HEAs based on entropy is related to the
configuration entropy of the alloy, and the entropy value is
decisive in the stability of the alloy structure (Fig. 1a).*> With the
deepening of the concept, the confusion degree of atomic
entropy has become the dominant factor in defining 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 defined as
HEAs. Traditional alloy development is mostly located at the
corner of the phase diagram,* and the larger space in the
middle part is often 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),* BCC-type (body-centered cubic structure),® HCP-type
(hexagonal close-packed structure),** amorphous type and
intermetallic compound type.*”*® Different atoms randomly
occupy the lattice position to form a simple solid solution
(Fig. 1c).** At present, FCC-type HEAs are the most widely
studied, such as FeCoNiCrMn,**** PtPdRhRuCe,** RuRhCoNiIr*
and TiZrHfNbTa.*® 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
Fe, sCoNiCuZn, HEA for the OER, which exhibited an over-
potential of 340 mV at 10 mA cm™>.** BCC structure (such as

(
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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.* 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 first 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, five 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).*

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.*”
The displacement of each lattice site depends on the atoms
occupying the site and the type of atoms in the local
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(a) Enabling more alloy choices based on the entropic contribution (—TASix). Reproduced with permission.32 Copyright 2021, Elsevier Ltd.

(b) Different spaces of traditional alloy and high entropy alloy. Reproduced with permission.*® Copyright 2016, Elsevier Ltd. (c) HEAs structure
model. Reproduced with permission.3? Copyright 2021, Elsevier Ltd. (d) High entropy effect.
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environment.*® 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 specificity 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. first 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 10° K s~ * under the protection
of inert gas, forming uniform nanoparticles.*' This method can
effectively realize the high entropy of 15 elements and the
controllable synthesis of single-phase alloy nanoparticles.** Xie
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et al. prepared CoMnFeNiCu HEA nanoparticles on oxygen-
containing carriers by rapid heating and cooling.*® 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).>> 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 fixed 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.*

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.* In
2019, Glasscott et al. used this method to prepare high-entropy
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(a) Schematic diagram of moving bed pyrolysis. (b) Synthesis of HEA-NPs by FMBP and FBP strategies. Reproduced with permission.?

Copyright 2020, Springer Nature. (c) Nanodroplet-mediated electrodeposition method. Reproduced with permission.?® Copyright 2019,
Springer Nature. (d) The preparation process of nano-sponge HEMG. Reproduced with permission.>? Copyright 2021, Wiley-VCH.
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metallic glass (HEMG) with up to eight equimolar components,
namely CoFeLaNiPtHEMG-NPs.*® Specifically, 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).>*> 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
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amorphous high-entropy oxide ultrathin core-shell nano-
structures by the dealloying method.>*

4. Characterization methods

Physical characterization is the key to exploring the physical
and chemical properties of HEAs in electrocatalysis.”® 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.>* 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 fine structure
(XAFS).

4.1. In situ Raman

Unlike traditional Raman, which can only detect the final
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).*® Hao et al. revealed the adsorption of the
reaction intermediates on the surface of FeCoNiMoRu HEA in
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(a) Various characterization techniques are summarized. Reproduced with permission.>* Copyright 2022, Wiley-VCH. In situ Raman
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the range of 0.1-1.5 V (vs. RHE) by in situ Raman.*® When the
applied potential increases from 0.2 V to 1.5 V, the peak
intensities of N-H and C=O0 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=0, and Fe-OH and Mo-OH are generated. After
the C-N bond in the CON, intermediate is broken, two N atoms
form N,, and the remaining CO is attacked by OH- to form
a CO, 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 Pt,sMoePd,g-
Rh,,Ni, 5 NCs by the in situ Raman technique, and Pt and Rh are
the direct active sites of H* adsorption/desorption (Fig. 3d).”

4.2. XAFS

XAFS is mainly divided into XANES (X-ray absorption near edge
structure) and EXAFS (extended X-ray absorption fine 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 fine 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. confirmed
the severe oxidation of Mn in CrMnFeCoNi HEA by analyzing
XANES spectra.”® 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. verified
the lattice distortion of AICoCrFeNiWw HEA by XAFS analysis.>
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 characterization methods 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).°° As early as 2015, Schuh et al. used 3D-
APT to link the mechanical changes and microstructure of
HEAs.** 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.®> Atomic HR-STEM (high-
resolution STEM) can be used to characterize the single-phase
structure of HEAs (Fig. 3g).*> High energy synchrotron X-ray
and neutron diffraction can verify the existence of lattice
distortion.®”®  Aberration-corrected transmission electron

© 2023 The Author(s). Published by the Royal Society of Chemistry
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microscopy (ACTEM) and high-angle annular dark field 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.** 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.*
HEAs have higher catalytic activity perhaps due to their rich
active sites and high configuration 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 M,S, nanoparticles with one, two, three and four
kinds of metal elements is inversely proportional to the number
of metal elements (Fig. 4a).%®

More importantly, the complex atomic mixing configuration
makes HEAs possess multifunctional sites. In a monometallic
catalyst, the single active site can only perform a specific 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).*” 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 Pt;,Fes-
Ni,oCuzMogRu HEA with convex cubic nanocrystals (Fig. 4¢).*
In 1 M KOH, the overpotentials of Pt;;FesNi,oCus;MogRu HEA
for the HER and OER are 20 mV and 259 mV at 10 mA cm 2,
respectively. In 0.1 M KClO,, the half-wave potential of Pt,-
Fe;Ni,,Cuz;MogRu 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
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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).* np-12 exhibited high
activity and durability for the HER, OER and ORR (Fig. 4d). The
complex atomic configuration leads to the existence of multi-
functional active sites in HEAs, which can be used for a variety
of catalytic reactions.”

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. CO,RR and NRR). Zhang et al.
prepared RuFeCoNiCu HEA NPs for the NRR (Fig. 4e).”* At a low
overpotential of 0.05 V, the Faraday efficiency of the HEA NPs
was 38.5%, and there was no significant attenuation after 100 h
of continuous operation. DFT calculations showed that Fe in
the HEA is the best site for N, adsorption and activation. Co-Cu
and Ni-Ru couplings have excellent surface hydrogenation
ability, making it easier for *H to activate N, to form NH;.
Biswas et al. prepared a CuPdAgPtAu HEA by low temperature
ball milling for the CO,RR.™ 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, CH, and C,H, 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 CO,RR 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.” Lei et al. prepared PdFeCoNiCu NPs for alkaline
HER, which exhibited a low overpotential of 18 mV at 10 mA
cm 27 DFT calculations showed that the synergistic effect
between various metals in the HEA optimized the electronic
structure. Specifically, 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 H,0, 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.” 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 beneficial
to promote the dissociation of H, and the alloying between
metals is beneficial 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." In 0.5 M H,SO,, the
710 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 film, 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-O, batteries.”
The stability results showed that the hollow HEA remained
intact after 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.” As shown in
Fig. 41, HEA@Pt exhibited better stability than commercial Pt/C
and Pt, and maintained the performance and structural stability
after 100 h of continuous testing.

6. Theoretical study

HEAs have the complexity of composition and surface. It is
difficult to find HEAs with suitable composition and structure
by traditional repeated trial and error experimental methods.
Computational methods (such as DFT, Monte Carlo, molecular
dynamics, and artificial neural networks) have been widely used

View Article Online
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in monoatomic alloys,”*”® ordered intermetallic alloys,* and
surface and subsurface alloys.** 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.*** 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.** Hou et al. proposed a hybrid framework of HEA
phase prediction combining ML and empirical knowledge,
which has high accuracy.®

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 (6) =
6.6% and ratio of mixing entropy (Smix) to mixing enthalpy
(Hmix) (Q) = 1.1 are simultaneously satisfied. Batchelor et al
calculated 500 face-centered cubics containing 8 atoms to
confirm that each structure of IrPdPtRhRu HEA falls in the
region of 6 =< 6.6% and Q = 1.1, indicating that it can maintain
a single-phase solid solution state (Fig. 5a).*

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.”” They used five-membered
Ruy »5Rhg 55C00 ,Nig,Iry, (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
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(a) The chart of the Q and ¢ of each 8-atom HEA unit cell. (b) A schematic diagram of *OH and *O adsorption on the IrPdPtRhRu surface.

Predicted (c) *OH and (d) *O adsorption energies plotted against DFT-calculated energies. (e) Distribution of adsorption energies. Reproduced

with permission.®® Copyright 2019, Elsevier Ltd.
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showed that the uniformly mixed alloy structure was not
destroyed, indicating that it has dynamic stability. After that,
they used the MD method to find that the self-diffusion coeffi-
cient is two orders of magnitude lower than that of Ru, ,5Niy s,
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 often have a volcanic
relationship.*” 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).*® 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. 5¢ and d), respectively. In addition, they found
that the equimolar ratio of Ir,oPd,oPt,oRhyoRu,, HEA has 2
times the activity of Pt (111), and the activity of Ir;o,Pds;.0-
Pty 30Rh 9 6RUyg 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 specific product in some reactions. For example, in the
CO,RR, 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.®®

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),® 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 H;0", while under alkaline conditions, the proton
comes from H,0.%° 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

View Article Online

Review

and the generation and desorption of H,. According to the
Sabatier principle, the best catalytic activity can only be ach-
ieved when the intermediate adsorption reaches equilibrium.*
The HER electrocatalytic volcano map was plotted by calcula-
tion as shown in Fig. 6a.°* The noble metal Pt is the metal
element closest to the vertex of the volcanic map, which is
mainly due to its dy electronic structure with moderate inter-
mediate adsorption energy. However, Pt is expensive and has
low storage capacity, which is not conducive to industrial
production.®” 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).”* 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.” According to the PDOS of each component in FeCo-
NiCuPd, Pd and Cu buried deep in Ef can be used as electronic
memory (Fig. 6¢). In addition, the Pd site is close to the E¢ of the
4d orbital from the inside to the surface, which is beneficial to
the adsorption of H* (Fig. 6d). Fig. 6e further confirms that Pd
as an electronic memory can enhance the adsorption of H
intermediates.

Defect engineering is often 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.”* The overpotential of
PAPtRhIrCu HEA at 10 mA cm > is only 15 mV, which is
attributed to the ultra-thin high-entropy structure with lattice
distortion and defects, which can provide ultra-high specific
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 left side and W on the right
side have the best M-H bond energy.”>*® Yao et al. confirmed
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).®> 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 downshift of the Fermi level of
Cr; sMnFeNi (Fig. 6i).*> This will lead to the relative movement
of the anti-bonding state and the weakening of the bonding,
thereby fine-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 sulfides, which is of great

© 2023 The Author(s). Published by the Royal Society of Chemistry
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significance for adjusting the electronic structure and opti-
mizing the adsorption energy of intermediates. Chen et al.
doped atomic P into monolithic porous Niz;,CozoFe;oCrioAl;5W,
HEA (Fig. 6j), which resulted in atomic lattice expansion and
internal strain in the HEA.*” 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 m-bond with the d orbital of the
metal atom, which weakens the o-bond between the H atom
and metal atom. Different from common sense, i