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The rapid advancement of electrochemical processes in industrial applications has increased the demand
for high-performance electrode materials. High-entropy alloys (HEAs), a class of multicomponent alloys
with unique properties, have emerged as potential electrode materials owing to their enhanced catalytic
activity, superior stability, and tunable electronic structures. This review explores contemporary
developments in HEA-based electrode materials for industrial applications and identifies their advantages
and challenges as compared to conventional commercial electrode materials in industrial aspects. The
importance of tuning the composition, crystal structure, different phase formations, thermodynamic and
kinetic parameters, and surface morphology of HEAs and their derivatives to achieve the predicted
electrochemical performance is emphasized in this review. Synthetic procedures for producing potential
HEA electrode materials are outlined, and theoretical discussions provide a roadmap for recognizing the
ideal electrode materials for specific electrochemical processes in an industrial setting. A comprehensive
discussion and analysis of various electrochemical processes (HER, OER, ORR, CO,RR, MOR, AOR, and
NRR) and electrochemical applications (batteries, supercapacitors, etc.) is included to appraise the
potential ability of HEAs as an electrode material in the near future. Overall, the design and development
of HEAs offer a promising pathway for advancing industrial electrode materials with improved
performance, selectivity, and stability, potentially paving the way for the next generation of
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Introduction

The development of industrial electrode materials to meet the
requirements of modern civilization, which is dependent on the
industry, is a pressing issue, and research in this field has been
rapidly escalating in recent years." With the continuous devel-
opment of industrial methods, electrochemical technology was
inevitably applied to various industrial processes more than
a century ago.>®* More recently, industrial revolutions such as
the development of the hydrogen energy sector, battery
industry, and fuel cell technology have relied heavily on elec-
trochemical processes. The extensive application of electro-
chemical processes is considered to be the most convenient way
to achieve industrial achievements and benefits for the human
society.* The advancement of electrochemical processes and
their associated electrode materials is essential for realizing
state-of-the-art benefits, particularly in industrial applications
where the selection of electrode materials significantly impacts
performance outcomes.”® The design and development of
electrocatalysts (electrodes for technical applications) are
founded on innovative concepts such as controlled surface
roughness, topographic profiles of atoms, catalytically defined
active sites, modified electronic structures, atomic rearrange-
ments, and phase transitions during electrochemical reaction
processes.**®

The advancement of novel electrode materials for industrial
applications is a dynamic field of research; consequently,
scientists are continuously striving to create electrode materials
with higher efficiency, selectivity, stability, and cost effective-
ness to meet the demands of industrial processes.’ Electro-
chemical research is immensely significant for transforming
electrochemical technology into practical applications and
driving transformative advancements across various industries.
Electrocatalysts and electrode materials serve as significant
components of industrial applications, encompassing energy
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storage, energy conversion, chemical synthesis, sensors, corro-
sion protection, electroplating, water treatment and numerous
other areas.” The selection of electrode materials for
a particular application is guided by a combination of factors,
including the required conductivity, desired electrochemical
properties, and economic considerations. Consequently, as the
demand for electrochemical technology surges owing to the
rapid industrialization of electrochemical processes, the
demand for prospective electrode materials is also anticipated
to rise (Fig. 1a).”>* The selection of appropriate electrode
materials is a crucial aspect of electrochemical processes,
guided by the mechanistic pathways of electrochemical
and following the principles of modern
electrocatalysis.’**® Precious metals, especially Pt, Ru, Ir, and
Au, are frequently employed in electrochemical processes
because of their favorable electronic structure, abundance of
active sites, high conductivity, selective catalytic activity, and
exceptional durability under the respective electrochemical
conditions.”® However, these properties may vary depending on
the specific application within the respective electrochemical
process. Despite their advantages, noble metals also exhibit
certain limitations in both industrial and lab-scale
applications.* Their relative scarcity and expense hinder
their widespread adoption in large-scale applications. More-
over, they may poison certain contaminants that appear during
the electrochemical process. Researchers are actively exploring
alternative catalyst materials and designing strategies to reduce
the reliance on noble metals while maintaining or improving
catalytic performance.***

Over the past few decades, researchers have endeavored to
reduce the price-to-performance ratio of electrocatalysts to
enhance their commercial viability and applicability in various
industrial processes. This goal can be achieved through two
primary approaches: (a) minimizing the utilization of noble
metals in the catalyst formulation and (b) developing noble-
metal-free electrocatalysts. Noble-metal electrocatalysts often
exhibit operational instability under harsh working conditions,
resulting in susceptibility to dissolution, agglomeration, and
poisoning effects.'®'*** To date, only a limited number of elec-
trocatalysts have been proposed that meet the stringent
requirements for industrial applications. Many traditional
electrode materials struggle with stability and cost, demanding
the exploration of alternatives. Alloy-based materials offer
a promising solution, providing a cost-effective and often more
stable alternative to expensive noble metal-based electrodes for
various electrochemical processes like the OER, HER, and ORR.
Recent research efforts have focused on exploring cost-effective
alloy-based electrode materials to address the diverse design
requirements of various electrochemical processes, considering
the limited selection of available metals.>* Conventional alloys
typically consist of one or two elements, and they often fail in
obtaining the specific properties required for an effective elec-
trocatalyst.> With advancements in alloy preparation tech-
niques, a variety of alloy materials have emerged, including low-,
medium-, and high-entropy alloys (HEAs) (Fig. 1b).>**° To date,
thousands of research papers have been published annually
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(@) Number of publications on high-entropy alloys (HEAs) according to the data collected from Scifinder Scholar, (b) mixing entropy of

equimolar alloys as a function of the number of the components, reproduced with permission.?” Copyright 2021, Wiley-VCH. (c) Research articles
on HEA (inset)-based electrocatalysts. Reproduced with permission.?® Copyright 2016, Elsevier Ltd. (d) HEA electrode materials for electro-

chemical application.

highlighting the promising potential of HEAs in various fields,
including electrochemical industrial applications (Fig. 1c).>*®

A HEA consists of at least five or more elements with equal or
unequal proportions with atomic percentages in the range of 5-
35% of each element (Fig. 1d).**** Owing to their atomic
randomness and superior chemical and physical properties in
comparison with those of conventional alloys, HEAs are more
appealing for industrial applications. They exhibit several
important properties such as the high-entropy effect (HEE),
lattice distortion, slow diffusion, and the cocktail effect (CE),
which provide considerable versatility and uniqueness compared
to other developed materials (Fig. 2a and b).>”**** The selection of
elements and their relative proportions in HEAs are crucial
factors for determining their properties and performance. Owing
to their wide range of possible compositions, HEAs can be
tailored with specific properties, such as phase formation,
stability, and processing conditions.*****3* HEAs offer several
advantages compared to conventional alloys, including enhanced
operational efficiency, productivity, and sustainability.***” The
study of high-entropy alloys (HEAs) in materials science and
engineering is exciting due to their unique characteristics and
potential applications, driven by the fundamental principle of
maximizing configurational entropy within the alloy system to
yield desirable properties, including enhanced mechanical
properties like strength, hardness, and wear resistance crucial for
industrial electrode material design.***® The versatility of HEAs is
one of the key advantages for multiple electrode designs. HEAs
can be tailored to exhibit specific properties suitable for a wide

8666 | Chem. Sci, 2024, 15, 8664-8722

range of applications by carefully selecting the constituent
elements. This tunability allows for the development of HEAs
with tailored electronic and structural features, enabling their
application in various electrochemical processes through selec-
tive choice of periodic elements, structural features, and synthetic
routes. Harnessing their unique properties, HEAs show promise
for revolutionizing industrial processes by unlocking exceptional
combinations of efficiency, selectivity, stability, and cost-
effectiveness in electrochemical applications.

This review delves into the terminology, governing parame-
ters, properties, derivatives, synthesis procedures, structural
behavior, and applications of HEA-based materials in diverse
electrochemical processes. The discussion extends to theoret-
ical considerations for designing electrode materials tailored to
specific applications, providing a comprehensive overview of
the potential applications, opportunities, and limitations of
HEAs as promising industrial electrode materials.

It further elaborates on the current advancements and
potential challenges associated with HEA-based electrode
materials from an industrial perspective. The field of HEAs has
witnessed continuous expansion, with researchers exploring
novel alloy systems, developing advanced processing tech-
niques, and investigating a broad spectrum of properties and
applications. The evolving nature of HEAs demonstrates
immense promise for further breakthroughs and discoveries in
the years to come. The exploration of HEAs remains an active
area of research, with scientists continuously pursuing the
development of new alloy systems with enhanced properties.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

[ e

1

i

! (a)

1 . New Catalytic Properties

P g

L% AN

1 [ U

: A& Disordered Arrangement

1 ~

1.8

{2

: § Ordered Arrangement

1 Q9

|

[

LS

1 ™~

S

R <

1 -

.

.

-

S

: v

! Metal based electrocatalsyt classification

1

1

1

1

1

1

S ————
Fig. 2

View Article Online

Chemical Science

#338 Different atomic .):0:2:
9 sie:  Lattice 53%5°%0
QQ 2600

. - 2 .: Distortion
200000
Low %}
Diffusion. |
1
Rate 1)
D
e ¢ Wlo L
¢ ¢ VLl ¢
U VoL ¢
""""""""" o 0 GeLL ¢
el Eflect: 9009 :':'2'1\' "‘
cktai ect.' ® o 2EETo
Unexpected Synergies e Cel ¢

(a) Structural and electronic modification to improve the catalytic performance of HEAs. Reproduced with permission.*® Copyright 2021,

Wiley-VCH. (b) HEAs with core effects. Reproduced with permission.® Copyright 2016, Elsevier Ltd. (c) Topographies of different alloys and their

phase structure.

Terminology and chronology of the
development of high-entropy alloys
(HEASs)

Conventional alloys are generally referred to as binary, tri- or
multi-component alloys depending on the number of metals
they comprise; a HEA is a new class of alloy characterized by
high constitutive entropy and, which more importantly, does
not conform to conventional alloy properties or nomenclature.
Compared to other metallic electrode materials (monoatomic
catalysts, alloys, intermetallic compounds, spinels, and perov-
skites), HEAs demonstrate superior catalytic efficiency due to
the disordered arrangement of atoms, which gives them new
catalytic properties (Fig. 2a). The term HEA has originated from
the large magnitude of mixing entropy (Smix) that is measured
during alloying or mixing in a multicomponent system with
equiatomic or near-equiatomic proportion (Fig. 2b). In 2004,
two individual scientists (J.-W. Yeh and B. Cantor) coined the
term HEA for the alloy obtained by randomly mixing elements
with high configurational entropy.””***** In general, there are
two definitions of high entropy, one based on configurational
entropy and the other on compositional change. It was subse-
quently proposed that alloys that form solid solutions without
intermetallic phases should be considered true high-entropy
alloys, since the formation of ordered phases decreases the
entropy of the system. However, from a thermodynamic point of
view, the two are closely related, since the configurational
entropy of the HEA system varies with composition. From
a compositional point of view, a HEA is defined as a system
containing at least five major elements, each of which is present

© 2024 The Author(s). Published by the Royal Society of Chemistry

in the alloy from 5 to 35 atomic (at.) percent (%) of the
alloy.*"**3°* However, HEAs need not be defined in such a rigid
manner as several HEA systems have been developed with one
or more elements having concentrations of <5 at%; moreover,
even the single solid solution phase concept is not compulsory
herein. This elementary definition can be expressed as follows:

Moajor = 5, 5 at% = C; = 35 at%, and nginer = 0 G =< 5,

where npajor and Npinor denote the number of primary and
secondary elements, respectively, and C; and C; denote the
atomic percentages of the primary and secondary elements,
respectively. An alternative definition of a HEA focuses on the
configurational entropy with a ground value of 1.5R (previously,
it was considered to be 1.6R for an equimolar alloy before
refinement) in a random state irrespective of whether they are
single or multiphase at room temperature (298 K).** Theoreti-
cally, HEAs are considered as high-entropy class for materials
with AS = 1.5R, and alloys with 1.0R < AS < 1.5Rand AS < 1.5R
are classified as medium- and low-entropy classes, respectively
(Fig. 1b).**** The entropy of the system increases with an
increase in the level of disorderness. According to the statistical
principle of Boltzmann thermodynamics, the entropy of
a system can be expressed as:

S=Kgln W (1)

where Kj is the Boltzmann constant (1.38 x 107>% J K ') related
to the molar gas constant R (R = 8.314 J K" mol~ ") and Wis the
thermodynamic probability, which represents the total number
of microscopic states contained in the macroscopic state.*”**

Chem. Sci., 2024, 15, 8664-8722 | 8667
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The total mixing entropy includes configurational entropy
(ASSRY) vibrational entropy (ASYE,), magnetic dipole entropy
(ASTRE), and electronic randomness entropy (AS’fAﬁ-’i) and the

relationship is represented as
ASmix = ASTR + ASH + ASTHE + ASHE @

The mixing entropy is completely dependent on the config-
urational entropy. The configurational entropy of equimolar
alloys increases with the increase in the number of elements in
the HEA. In the context of the relationship between entropy and
complexion, Boltzmann theory formulates the configurational
entropy for liquid and solid solutions of equimolar alloys using
the following equation:*”*

ASconf = —R Z x,-lnxl-

i=1
= —R(1/nlnn 4 1/nlnn + ... + 1/nlnn) (3)
= —RInl/n
= Rlnn

where R is the ideal gas constant and x; represents the molar
fraction of the ith component. For a given number of compo-
nents (n), the configurational entropy reaches the largest value
when the atomic fraction of all components is the same (i.e.,
equimolar) (Table 1).2731:373 Interestingly, the Gibbs-Helmholtz
equation provides the relation between enthalpy of mixing
(AHiy), Gibbs free energy (AGmix), and entropy of mixing
(ASmix)- Therefore, as the value of TASy,ix increases to more than
that of AH,,;x, the entropy stabilization of the crystal structure is
established; therefore, the stability of the compound increases
with higher configurational entropy because of the more nega-
tive AGnix- HEAs cannot be strictly distinguished by their pha-
ses (intermetallic/multiple/single phase).*>*

In particular, HEAs with a single phase can be distinguished
as compositionally complex solid solutions (CCSSs), which are
not fully covered by the aforementioned definition of a HEA. All
HEAs are CCSSs, but not all CCSSs are HEAs, since HEAs are
a special subset of CCSSs, with the main difference being the
emphasis on having multiple main elements in approximately
equal molar or higher concentrations. In contrast, complex
concentrated alloys, multi-principal element alloys (MPEASs),
compositionally complex alloys (CCAs), and multi-element
alloys are all subsets of CCSSs and differ in elemental integ-
rity, elemental homogeneity, phase structure, lattice structure,
and solid solution behavior.**** The use of these terms in the
context of electrocatalysts is often based on the assumption that
the properties of both materials coexist. As a result, a HEA can
be used as an established electrode material and its electro-
chemical performance can be considered for use as an indus-
trial electrode material. The molar concentration (equimolar/

View Article Online

Review

quasi-equimolar) and phase structure (single or multi-phase)
are two important parameters that determine the type of HEA,
and based on these parameters, HEAs can be divided into first
and second generation HEAs.>”*****  Conversely, non-
equimolar complex phase (matrix containing solid solution)
alloys have attracted potential research attention due to their
structural, compositional, and electronic diversity, which may
affect their electrochemical performance compared to conven-
tional alloys.

First-generation HEAs consist of at least five components
with equal atomic ratios, and the phase structure is a single-
phase solid solution. Second-generation HEAs consist of at
least four main components with unequal atomic ratios and
have a two- or multiphase structure.*>** HEAs are a developing
research area, and efforts are being focused on developing non-
equimolar multiphase solid solution alloys from equimolar
single-phase solid solution alloys in order to improve catalytic
performance. Non-equimolar multiphase solid solution alloys
are referred to as second generation HEAs and are being
analyzed to design and develop more selective materials for
electrochemical applications (Fig. 2¢).**

Studies have identified that transition metals generally form
single face-centered cubic (FCC) arrangements in a typical solid
solution.*>**** The number of phases in a HEA is always less
than the maximum equilibrium number based on the Gibbs
phase rule, offering a new perspective on the strategies used for
their synthesis. Yeh et al. determined that incorporating more
elements generally increases the hardness of an alloy and
investigated the corrosion inhibition behavior of HEAs, identi-
fying that small passive metals and a lower mixing enthalpy
contribute to corrosion resistance.**?731:3%43

The scientific understanding of HEAs has been broadly
extended, employed, and accepted to various high-entropy
materials (HEMs). In brief, HEA systems broadly encompass
high-entropy solid solution alloys, high-entropy amorphous
alloys, and narrowly defined HEA ceramics. High-entropy
ceramics (HECs) are a specific class of ceramics that exhibit
the principles of HEAs but in a ceramic context, where ceramics
are solid solutions comprising five or more cation and anion
sublattices with high configurational entropy.*** A variety of
HEMs have been synthesized, including metal-organic frame-
works (MOFs), carbonaceous materials, MXenes, oxides, chal-
cogenides, nitrides, phosphides, borides, and fluorides.
However, high-entropy derivatives do not completely satisfy the
parameters of a HEA system and should be defined as
HEMs.*>* The HEAs can be both amorphous and crystalline in
nature, similar to conventional alloys. Therefore, the common
crystal structures of HEAs and their derivatives can include
FCC, body-centered cubic (BCC), hexagonal close-packed (HCP),

Table 1 Ideal configurational entropies in terms of R for equiatomic alloys with constituent elements®
N 1 2 3 4 5 6 7 8 9 10 11 12 13
ASmix 0 0.69R 1.1R 1.39R 1.61R 1.79R 1.95R 2.08R 2.2R 2.3R 2.4R 2.49R 2.57R

8668 | Chem. Sci, 2024, 15, 8664-8722
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Fig. 3 Periodic positions of constituent elements in HEA crystal structures.

and amorphous structures; therefore, the structural types are which exhibited optimum workability at high temperature and
also varied by altering the synthesis process and, most notably, can be used in high temperature electrochemical applications
based on the periodic position of the elements such as high-temperature solid oxide electrolyzer -cells
(Fig. 3a).27?%3%1651 Recently, certain mixed-phase crystal struc- (SOECs).>> However, no study reporting the application of
tures have been reported with BCC and FCC lattices in the EHEA-and high-entropy superalloy-based electrode materials in
single phase.>*> Elemental selection strategically influences the the electrochemical process has been published.
crystal structure, affecting multiple electrochemical processes
diversely, with recent attention drawn to high-entropy alloy
nanoparticles (HEA NPs) due to their superior activities and Thermodynamic featu res and kinetic
stability, offering opportunities for innovations in various properties and pa rameters of HEAs
aspects alongside HEAs and their derivatives, whereby HEA NPs
with tunable electronic features, optimized morphology, The multi-element nature of HEAs and their derivatives results
surface-active sites, selective crystal structure, phase integrity, in significant effects compared to conventional bi- and tri-
and comparable synthesis techniques significantly impact metallic alloys, leading to superior kinetic and thermody-
catalytic objectives.* namic properties in HEAs compared to other metallic materials.
Depending on the periodic position of the elements, HEAs The thermodynamic and kinetic parameters are directly or
can be distinguished as noble-metal-based HEAs (NHEAs), non-  indirectly interrelated and must be analyzed to understand the
noble-metal-based HEAs (NMHEAs), and refractory HEAs overall electrochemical performance of HEAs. Four core effects
(RHEAs).*>** In contrast, RHEAs are composed of refractory such as the (a) HEE, (b) lattice distortion effect (LDE), (c) slug-
metals (Mo, Ti, V, Nb, Hf, Ta, W, and Cr) exhibiting significant  gish diffusion effect (SDE), and (d) CE are exhibited as a result of
application prospects owing to their superior mechanical the thermodynamic and kinetic properties of HEA-based
properties and their potential in replacing Ni-based superalloys  materials (Fig. 2b and d).>”**** The introduction of equi-
as the next generation of high-temperature electrode mate- molar, near-equimolar, or non-equimolar components
rials.” Phase structure modification of HEAs has evolved as an  increases the coordination entropy (eqn (3) and (4)) and stabi-
effective approach to increase the strength of the RHEA lizes the single-phase structure at elevated temperatures. In
systems.*>***>** Eutectic HEAs (EHEAs) typically have FCC and  HEAs, atoms of different sizes randomly occupy lattice sites,
BCC crystal lattice structures and exhibit two different proper-  which causes a large lattice distortion. This distortion slows the
ties, such as ductility and strength. Sumanta et al. reported an  diffusion of atoms, causing a kinetic effect called slow diffusion.
equiatomic CoCuFeNiTi EHEA with BCC and FCC structures, Slow diffusion can lead to nanoprecipitation and amorphous
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phase formation during HEA growth. Finally, the CE is caused
by the presence of multiple elements with different properties.
Interestingly, thermodynamic parameters such as the HEE can
affect the HEA matrix and cause other core effects which can be
distinguished based on kinetic parameters.

High-entropy effect

The stability of multi-metallic materials can be represented with
the help of the Gibbs free energy equation: AGy,ix = AHpix —
TASmix, Where G, H, T, and S represent the Gibbs free energy,
enthalpy, temperature, and entropy, respectively. The entropy of
metals is higher in the melted state than in the solid state, and
the difference is approximately equal to the gas constant R
according to Richard's law.”®*” Therefore, the formation of high-
entropy solid solution alloys is favored when the mixing entropy
of equimolar-ratio alloys sufficiently surpasses the mixing
enthalpy, leading to increased coordination and random
distribution of alloy atoms in lattice positions, thereby mini-
mizing atomic ordering and segregation.>*"*

As configurational entropy increases in HEAs, Gibbs free
energy decreases, enhancing system stability and promoting
compatibility, favoring solid solution formation over interme-
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stability.”>*** Moreover, the increase in configurational
entropy significantly reduces the mixing kinetic energy barrier
of constituent elements in HEAs, enabling adjustment and
optimization of electronic and crystal structures for the devel-
opment of  HEA-based materials as potential
electrocatalysts.®** For instance, random surface mixing in
CoMoFeNiCu-HEA nanostructures, with uniform distribution
of Co and Mo sites, facilitates the dehydrogenation of NH;
molecules and desorption of N, from the HEA surface in cata-
Iytic decomposition reactions of NH; (Fig. 4a).**

Lattice distortion effect

This effect arises from the creation of a high-entropy solid
solution involving multiple principal elements, leading to
lattice distortion due to the random and disordered orientation
of these elements within the same lattice matrix during HEA
system growth. In brief, in a solid solution lattice structure of
a multicomponent alloy, each lattice point is surrounded by
others with different atomic sizes, shapes, electronic features,
and coordination environments; this typically results in a lattice
mismatch, leading to the distortion of the lattice struc-
ture.>”**>%4% The LDE creates strain and stress over the crystal

tallic compounds, thereby improving thermodynamic lattice leading to an increase in the overall free energy and
o o o ||| == 1
: (a) NH, N, +H, NH, N, +H, NH, AN +H, :
< *NH 1
: » "NH N / \) NH 'N/ N N :
: SHEIEG e TR WSS !
1 1
: HEA-Co,Moys HEA-Co,.Mo,. HEA-Co,Mo :
1
: Energy Energy Energy ]
: FA New= N NewssN N\ :
1 fA I\ 1
1 AR\ {\ 1
: ’." I‘.‘ _Nz_*Hz N, +H, ;" “‘ N, +H, :
{ \ { 1
i o N, NHy i :
| |
1 NH, i !
1 (x=0,1,2) :
1
1 1
! i
1
' (b : : —
— Pu I 1
i (b) Latic (©) [=Fmpe !
1 distortion ~—— CoCrfeMn, Ni :
i i
1 3 1
1 =) 1
1 2 1
1 uw :
i l £ 1
1 Higher density X :
: of active = 1
: electrons :
1 1
1 1
1 1
1 1
1 1
1 1
L J
Fig. 4 (a) Schematic illustration of the rate-limiting factors in NHz decomposition. Reproduced with permission.®* Copyright 2019, Springer

Nature. (b) Schematic diagram of the variation of lattice potential energy and mean difference during the migration of a Ni atom in different
matrices. Reproduced with permission.®> Copyright 2013, Elsevier Ltd. (c) Schematic exhibition of the advantages of Fe-enriched FeNis inter-
metallic nitrogen-doped carbon for bifunctional oxygen electrocatalysts. Reproduced with permission.®® Copyright 2021, Elsevier Ltd.

8670 | Chem. Sci, 2024, 15, 8664-8722

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

influence over the electrical and thermal conductivities of the
system. Furthermore, the apparent lattice mismatch leading to
lattice distortion implies that HEAs exist in a thermodynami-
cally nonequilibrium state, which can reduce the energy barrier
for adsorption, activation, and conversion of molecules in
electrocatalytic reactions.®*"*® Moreover, strain and stress engi-
neering serve as established methods for enhancing electro-
chemical performance by reducing activation energy
requirements for active intermediates.®”*® Consequently, HEA-
based materials can be tailored to explore strain and stress
engineering, yielding improved electrode materials for specific
electrochemical processes.?”?****% The lattice distortion in an
Fe-enriched alloy promoted a higher density of active electrons
around the Fermi level, resulting in faster electronic mobility at
the electrode-electrolyte interface (Fig. 4¢).*

Sluggish diffusion effect

The growth of HEAs and their derivatives is impacted by the
SDE, resulting in slower phase transformation rates compared
to that of conventional alloys, stemming from distinct neigh-
boring arrangements and bonding characteristics of constit-
uent atoms, wherein the diffusion phenomenon relies on the
energy of lattice sites for jumping atoms.***** The diffusion
rate varies with the periodic position of the elements, affecting
the jumping ability of the atoms. Notably, a higher diffusion
rate results in a higher jumping possibility and vice versa.>”>**
The distinctive sluggish diffusion kinetics of high-entropy
alloys (HEAs), primarily attributed to the HEE, account for their
superior electrochemical properties compared to conventional
alloys, as evidenced by experimental studies demonstrating
lower diffusion coefficients and higher activation energies in
HEAs relative to those of constituent metals.®*”° The sluggish
diffusion in HEAs is explained by the fact that larger lattice
potential energy fluctuations produce more significant atomic
traps and blocks, leading to higher activation energies.”* The
slow diffusion in HEAs can increase the energy barrier for
variations in atomic diffusion, which facilitate their application
as electrocatalysts by preserving the relative stability of single-
phase structures.

Cocktail effect

The properties of HEA materials include those of all the
constituent elements rather than those of only an individual
element.” This comprehensive performance due to the syner-
gistic effect results in unexpected properties that can optimize
the catalytic performance of HEAs by reducing reaction energy
barriers and enhancing reaction kinetics. This fascinating
property is termed as the CE and was introduced by Rangana-
than et al. in 2003."” The composite effect is observed owing to
atomic-to micro-scale multiphase conversion of the constituent
elements. Notably, the CE involves strong interactions within
the elements due to the formation of single/multiphase solid
solutions with thermodynamically acceptable low Gibbs free
energy. The interactions of the elements in a HEA modify the
electronic and structural properties, resulting in an improved
catalytic performance.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The different elemental compositions redistribute the d-
band structure of HEAs and modified density of states (DOS)
altering the electronic structure and enhanced active surface
sites, which was reflected in their alcohol oxidation effi-
ciency.””* Moreover, chemical interaction and charge-transfer
kinetics of HEA systems are governed by the developed CE,
which can be described by using a potential energy diagram
(Fig. 4b).** Interestingly, a transition metal plays a vital role in
creating synergistic interaction, thereby improving the electro-
chemical performance. Therefore, the CE in HEAs demon-
strates significant impact on the electrochemical processes,
particularly when incorporating selective transition metals with
different d-orbital electronic configurations.” However, phys-
ical consequences of this outcome remain unclear and require
further experimental and theoretical investigation of the elec-
tronic and structural features to design a potential electrode
material.

Thermodynamic features such as mixing enthalpy, configu-
rational entropy, phase diagram representation, and solid
solution stability are crucial parameters to characterize high-
entropy alloys (HEAs), providing insights into their stability,
phase formation, and properties, facilitating tailored designs
for specific applications. Similarly, understanding the kinetic
properties of HEAs, encompassing phase transformations,
diffusion, and microstructural evolution, is essential for opti-
mizing processing conditions, predicting material behavior,
and designing HEAs with the desired microstructures and
properties. These combined thermodynamic and kinetic effects
serve as a foundation for utilizing HEAs as industrial electrode
materials, although additional factors must also be considered
in their design.

Rational design of HEAs with industrial
application prospects

To rationally design an efficient electrocatalyst, comprehensive
theoretical and experimental knowledge is required.>*>* In this
respect, several research studies have attempted to investigate
the effect of other parameters to define more reliable thermo-
dynamic criteria for phase selection of multicomponent HEAs.
Most of the studies are based on statistical analyses of a large
database of synthesized HEAs with their reported phase or
phases and have focused on factors distinguishing the condi-
tions required for solid solution phase formation from that in
intermetallic compounds. Therefore, several studies have
attempted to understand the influence of other parameters on
defining more reliable thermodynamic criteria for phase
selection in HEAs rather than in intermetallic materials. These
studies indicate the necessity for other effective deign param-
eters to achieve a stable single phase and efficient industrial
electrode materials.

Design parameters and principle

The selection of the appropriate elements in HEAs and their
compositional involvement can help tune catalytic perfor-
mance. In the case of fully stable solid solution HEAs, tuning
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certain parameters can influence the design of the HEA and its
application in certain electrochemical processes.

Enthalpy and entropy of mixing (AH,,ix/ASmix)- The Gibbs-
Helmbholtz equation of free energy defines the stability of a HEA
based on experimental values at a constant temperature. The
model proposed by Miedema can be used to determine the
AH,ix of a multicomponent alloy system, as shown below:”>7¢

AH = Y 4AH.CiC;, (4)

i=1i#j

where n denotes the number of components, C; and C; are the
concentrations of components 7 and j, respectively, and AH (2
= 4H,,,;x), a regular solution interaction parameter, is the mixing
enthalpy of the two components. Gibbs free energy describes
the conditions under which a solid solution or amorphous
phase is formed during HEA growth. Solid solutions are formed
when the mixing enthalpy is highly or moderately positively
loaded with negative Gibbs free energy values. Conversely, the
amorphous phase forms when the mixing enthalpy is fully
loaded with negative Gibbs free energy values (Fig. 5a and b).”
The specified range of AH,;, for solid solution phase formation
indicates that as the absolute value of mixing enthalpy
decreases, a regular solution approaches the ideal case.”””®
Therefore, the smaller the AH,,, the more favorable the
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formation of a single-phase solid solution. Conversely, as the
binding energies of the constituents increase, AH,;x becomes
negative, and as AH,,;x becomes positive, the miscibility gap
becomes smaller, indicating that the constituents in solution
are randomly distributed.

Atomic size (0). The difference in atomic size between the
constituent elements can influence the formation of single-
phase solid solutions, affecting crystal structure homogeneity,
which can have an impact on thermal and electrical conduc-
tivity. Elements with similar atomic sizes have higher proba-
bility of occupying neighboring lattice sites, whereas lattice
mismatches occur when the atomic sizes of the elements vary
significantly.””” Therefore, the atomic size difference can be
used to explain the phase stability of multicomponent systems
using the following equation:”>"®

=ya(-) =Y o
i=1 i=1

where n denotes the number of components, C; and r; denote
the concentration and atomic radius of the ith component,
respectively, and r is the average atomic size of the n compo-
nents in the alloy. Guo et al. proposed that a lower atomic size
difference results in the formation of a solid solution (6 < 8.5),
whereas an amorphous phase is formed at a comparatively
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higher atomic size difference (6 = 9) (Fig. 5c).”*®° However,
a few reports have predicted a solid solution phase with
a ¢ value of 6.6, where the small ¢ value favors the formation of
a disordered solid solution (DSS) (Fig. 6b).*® The choice of the
elements plays a key role in designing an electrocatalyst with
required crystal features.*® The catalytic performance can be
tuned by using lattice structure modulation, type of crystal
structure, and lattice distortion, resulting in an alteration of the
phase structure, strain generation, and active crystal plane
formation.

Electronegativity (x). Electronegativity of the constituent
elements has an impact on the phase of the designed HEAs and
their derivatives. The electronegativity difference between
a mixture of elements is determined by using the following
equation:””*

Ay = U; Clxi —x) x= 2:1: Cix;» (6)

where n denotes the number of components, C; and x; are the
concentration and Pauling electronegativity of the ith compo-
nent, respectively, and y is the average electronegativity of the n
components in the alloy. However, Allen proposed a new defi-
nition of electronegativity and the measured electronegativity
difference (Ay) is represented as follows:

© 2024 The Author(s). Published by the Royal Society of Chemistry

Axallen = Z Gi(l - Xi/xa)27 (7)
i1

where ¥; is the electronegativity of the ith element and x, is the
average electronegativity of the elements in the alloy.** Inter-
estingly, the radius versus electronegativity mismatch plot
provides information about multicomponent systems. Thus,
the difference in radius versus electronegativity suggests that
when the radius mismatch is between 1% and 6% and Axajien iS
between 3 and 6, no intermetallic compounds (including the r
phase) will be formed and only solid solutions will be formed
(Fig. 6¢).*> Particularly in the region where both the electro-
negativity and the radius difference are high, the majority of the
elements combine to form intermetallic compounds.**”” These
findings suggest that the radius and simple parameters such as
electronegativity difference are highly indicative but not always
decisive for the design of HEA-based electrode materials
(Fig. 5d).”®

Valence electron concentration. The total number of
valence electrons is determined by using the valence electron
concentration (VEC) of a multicomponent system and it is
expressed as:

n

i=1

Chem. Sci., 2024, 15, 8664-8722 | 8673


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

where n denotes the number of components and C; and VEC; are
the concentration and VEC of the ith component, respectively.
Unlike x and the radius difference, the VEC parameter does not
control the stability of phase formation. According to the Hume-
Rothery rule, the VEC of an alloy affects the crystal structure of
the solid solution phase in the presence and/or absence of
atomic size effects (Fig. 6a).”>® Systematic experimental and
theoretical studies have shown that VEC = 8 and VEC < 6.87
favor the formation of FCC and BCC lattice structures, respec-
tively. The valence electron concentration (VEC) can provide
valuable insights into tailoring the d-electron concentration of
HEAs, which may affect their electrocatalytic activity.®**® By
varying the density of states (DOS) and local oxidation states
within HEAs, VEC data can serve as a guide for predicting and
designing electrode materials based on HEAs. However, it is
important to recognize the limitations of VEC as a perfect
predictive tool, as complex interactions and oxidation states of
individual elements may deviate from their estimated values.*”

Omega () parameter. The prediction and stability of the
HEA solid solution phase is mathematically determined by
using the Q parameter. Mathematically, the Q parameter is
represented as the ratio of entropic contribution to Gibbs free
energy at high temperature to enthalpy input, as shown below:**

_ TaAS

Q= -n="
|AH|

n
Tn=Y_ CTm )
i=1

where n denotes the number of components, C; and Ty,; are the
concentration and melting point of the ith component,
respectively, and T,, is the weighted average melting point for
a mixture of n components. The phase stability and formation
possibility of an HEA can be determined from the dimension-
less 2 parameter that measures the energy gain on mixing of the
constituent elements. In this case, as  increases, the proba-
bility of single-phase random solid solution formation in the
HEA increases, and vice versa (Fig. 6b).”*%

Excess entropy (SE). The numerical value of HEAs can be
maximized by maintaining an equal molar fraction of the
elements. Therefore, configurational entropy of HEAs can be
increased by increasing the total number of elements in an
equiatomic composition. However, in a non-ideal or real solu-
tion, the real entropy is determined by using the Boltzmann
equation and the total entropy of mixing (St) can be represented
by using St = S¢ + Sg, where Sg and S, are the excess and actual
configurational entropies, respectively. Notably, all types of
entropies are functions of the concentration (C;), atomic radius
(), and packing fraction (£) of the elements.*® Mathematical
derivation of the above-mentioned equation provides an
inequality condition with two different dimensionless thermo-
dynamic parameters, which are represented as follows:*

|SE| Hy
1 _
5. ST 7S,

(10)

This inequality condition includes a criterion for single-
phase solid solution formation. Higher excess entropy and
mixed enthalpy are observed in multicomponent systems con-
taining amorphous phases, and their formation is almost
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favorable for obtaining the optimum enthalpy (Fig. 6d).””* This
result suggests that a lower ratio of these two terms favors the
formation of single phase solid solutions where entropy is
dominant, and a higher ratio favors the formation of multi-
phase solid solutions and intermetallic compounds.” Higher
excess entropy and mixed enthalpy were observed in the
multicomponent HEA systems containing amorphous phases,
and their formation favors a combination of enthalpy and
entropy.

& parameter. To design HEAs with multiple phase structures
according to catalyst requirements, a dimensionless parameter
is defined based on excess and constitutive entropies, assuming
T = Ty, and max {H;} ~ AH;, and it is formulated as:

Sc _ AI_Imix
o= — 1

15| , (11)

HEAs are grouped differently according to their corre-
sponding @ values. The different HEAs are separated by a crit-
ical value of @, = 20. Clearly, HEAs exhibit a single-phase solid
solution when ¢ > ¢. and a multiphase, even amorphous,
structure when @ < @, (Fig. 7a).*® This behavior suggests that @
is a promising descriptor for ranking HEAs based on their
tendency to form single-phase solid solutions (Fig. 7b).*

Geometric parameter 4. / is a geometric parameter that
provides information about the configuration of the lattice and
radius of atoms. This new parameter is defined as follows:”**

_ ASmix (12)

The formation of the DSS for HEAs can be understood by
considering the 4 parameter and comparing it with the other
available parameters. Interestingly, the possibility of DSS is
favored by an increased AShix and decreased ¢ value; conse-
quently, this geometric parameter is useful for identifying the
condition of single- (4 > 0.96), two- (0.24 < A < 0.96), and
multiphase (4 < 0.24) HEAs.””*® A recent report suggested that
the 6 parameter can effectively predict the formation of different
types of phases when compared to previously discussed
parameters such as AH,,y, VEC, ®, 6, and Ax parameters
(Fig. 7¢).*®

Effect of kinetic factors on phase formation. The process of
phase formation in high-entropy alloys (HEAs) is mainly gov-
erned by thermodynamic parameters, and kinetic factors also
play a crucial role, especially in the formation of intermetallic
phases from an initial single solid solution phase.’* Thus, while
thermodynamic equilibrium determines phase stability, kinetic
processes such as cooling, solidification, annealing, or calci-
nation also affect phase stability and formation, which can have
a significant impact on the growth, stability, and product
percentage of high-entropy alloys. Intermetallic phase forma-
tion was observed to decrease in CoCrFeNiTi,, HEAs with
higher cooling rates and faster kinetics, leading to the forma-
tion of a solid-state kinetically stable single-phase product.®*
The perturbation model proposed by Luan et al. demonstrates

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that, as the number of elements increases, the potential for the
formation of intermetallic compounds increases, destabilizing
single-phase solid solutions and promoting the formation of
multiphase structures.”® This is because, while an increase in
the number of elements provides an entropic advantage for
single-phase solid solution formation, it also introduces an
unfavorable contribution of enthalpy to the total Gibbs free
energy associated with mixing. This highlights the crucial role
of high temperature in the phase stability of HEAs. High
temperature reduces the Gibbs free energy, increasing the
stability of the single-phase solid solution (Fig. 7d). As a result,
based on thermodynamic factors alone, most single-phase
HEAs that are stable at high temperatures become unstable at
room temperature, resulting in a heterogeneous structure.””
However, the dynamic effects of kinetic factors during
synthesis, such as rapid or slow cooling of multi-component
systems, can have a significant impact on the resulting phase
formation. The parameters described are essential for the
design and development of the required HEA-based electro-
catalysts; Hume-Rothery proposed the following as factors
determining the stability of the alloy phase:
(a) an atomic radius ratio of less than 15%;
(b) similar crystal structures of the constituent elements;

© 2024 The Author(s). Published by the Royal Society of Chemistry

d) Illustrated generalized thermodynamic phase diagram for equilibrium

(c) comparable valency for complete dissolution;

(d) low electronegativity difference to avoid the formation of
intermetallic compounds.

The formation of metal solid solutions is primarily governed
by two crucial factors: radius mismatch and electronegativity
alternation. These rules play a pivotal role in determining the
characteristics of a HEA and its derivatives. However, when
these factors alone are insufficient to explain HEA properties,
other considerations come into play. These additional rules are
consulted to fine-tune and optimize HEAs through adjustments
in synthesis processes and precursor elements. The strategic
design of HEAs for industrial electrode materials is paramount,
necessitating meticulous experimental exploration and the
judicious selection of elements. Hence, HEA design principles
are centered on maximizing configurational entropy, intro-
ducing complex atomic arrangements, exploiting atomic size
mismatch, and careful selection of the constituent elements to
achieve the desired properties and ensure stability.

Derivatives of HEAs

Research and application of HEA-based materials are on the
rise, with a focus on enhancing catalytic performance in elec-
trochemical processes by optimizing electronic environments
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and solid solution microstructures. HEA derivatives, including
HECs, as well as composite or hybrid structures utilizing stable
templates such as carbonaceous compounds, MOFs, MXenes,
and 2D materials, are being actively explored. HECs encompass
a wide range of materials, including high-entropy oxides
(HEOs), nitrides (HENS), carbides (HECbs), borides (HEBs),
hydrides, silicides (HESis), sulfides (HESs), fluorides (HEFs),
phosphides (HEPs), phosphates (HEPO,s), oxynitrides
(HEONS), carbonitrides (HECNs), and boro-carbonitrides
(HEBCNS).* Interestingly, unlike HEAs, all HEMs exhibit long-
range structural order but remain compositionally disordered.
Hence, the advent of HECs presents a plethora of opportunities
for property tuning and overcoming material application
bottlenecks. On one hand, in stark contrast to the straightfor-
ward FCC, BCC, and HCP structures of metals, ceramics boast
a broader array of crystal structures, facilitating the design of
HEC-based electrocatalysts tailored for commercial
applications.****

High-entropy metal-organic frameworks. Compared to
conventional MOFs, high-entropy MOFs (HE-MOFs) feature
ions of varying sizes, potentially leading to lattice disorder and
unique properties. A mechanochemical approach driven by
entropy was employed to synthesize HE-MOF architecture,
utilizing a zeolitic imidazolate framework (ZIF) and transition
metals (Zn**, Co**, Cd**, Ni**, and Cu®"). The resulting HEA
supported on a ZIF framework (HE-ZIF) demonstrated superior
catalytic conversion of CO, to carbonate compared to single-
metal ZIF materials, likely due to the synergistic effect of five
metal ions acting as Lewis acids during epoxide activation.”” A
HE-MOF hybrid demonstrated that the solution phase method

&€
g
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ofo
“°0000@
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is more efficient that the solvothermal technique as it achieves
improved mass transfer because of magnetic stirring and
homogenous thermal distribution (Fig. 8a).°® The homogenous
distribution of the metal over the MOF, creating a synergistic
effect within the architecture helps to improve the catalytic
performance.®® The improved catalytic efficiency of MOF-based
nanoalloy assemblies (MOF-HEAs), such as (CoNi, FeCo, and
CuCoNi), can be attributed to the porous carbon support and
high specific surface area.**'*> Moreover, the HE-MOF template
can be used to synthesize nanosized HEA/C by pyrolysis, which
is considered as an important electrode material in harsh
electrolyte media. Huang et al. used a one-step solvothermal
method to first synthesize a HE-MOF nanorod precursor, which
was then annealed to obtain MnFeCoNiCu/CHEA nanoparticles
(NPs) with a particle size less than 5 nm.'® The pyrolysis
temperature influences the homogenous distribution of the
NPs, which indirectly affects the effective active site of the
designed electrocatalyst. The MOF-HEA offers a versatile plat-
form for design, achieved by modifying both the organic back-
bone and the choice of metals utilized.

High-entropy hydrotalcites. High-entropy hydrotalcites
(HEHSs) are compounds in which the interlayer anions are
noncovalently bonded to the positively charged host layer.****%
Ternary or quaternary layered double hydroxides (LDHs) were
successfully synthesized by co-precipitation methods as
heterogeneous catalysts and were termed high-entropy LDHs
(HE-LDHs) or HEHs.' HE-LDHs have demonstrated better
catalytic efficiency than the low-entropy LDH owing to the
decreased activation energy and developed lattice distortion
phenomena in the presence

of a multimetallic

AH, (eViunit cell)

(TigZryNbyTag,AIC
(TiyNbysTays)AIC

(TiysVasZrusNbysTays)AIC

2 3 4
Number of transition metals

(a) Synthesis procedure for the preparation of HE-MOF-RT under ambient conditions. Reproduced with permission.®® Copyright 2019,

Royal Society of Chemistry. (b) Synthesis and structural characterization of high-entropy layered double hydroxides. Reproduced with
permission.*®® Copyright 2021, Elsevier Ltd. (c) Schematic illustration of the electrolytic synthesis of HEAs. Reproduced with permission.**2
Copyright 2022, Elsevier Ltd. (d) Diagram of lattice distortions and formation enthalpy calculated using density functional theory (DFT) for five
MAX phases with Ti, V, Zr, Nb, and Ta species. Reproduced with permission.**¢ Copyright 2021, Wiley-VCH.
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arrangement.'®'*""* The choice of metal ions and their sizes
simultaneously affect the structure and electronic environment
of the HEH system. In this context, Wang et al. synthesized
defect-rich ultrathin nanosheet HE-LDH/HEH via argon plasma
exfoliation (Fig. 8b)."** The radius of the metal-ion precursor
minimizes lattice mismatch, leading to a solid solution phase
that ultimately increases the constitutive entropy of HEHs.
Polymetallic sites on the surface provide a nearly continuous
distribution of adsorption energy, demonstrating significant
potential for further tuning of the position of the volcano
plot.""* As expected, the ultrathin defective HE-LDH enhanced
the activity of the oxygen evolution reaction (OER) in alkaline
media, showing lower overpotential and faster reaction rates
than those of pure HE-LDH/HEH. A systematic analysis of the
composition and structure of the prepared quinary layered (oxy)
hydroxide (CoFeNiCrV-LH) nanosheets reveals that they have an
optimized defect-rich low-crystalline structure.”*” These opti-
mized accessible active sites and the defect-rich low-crystalline
structure were observed to originate from an entropy-driven
lattice structure with high configuration entropy. The opti-
mized accessible active sites effectively promoted charge
transfer, mass transport, and the formation of reactive inter-
mediates, and electrochemical data suggest improved perfor-
mance of the OER catalyst (Fig. 8c). Importantly, the synthetic
strategy and choice of metal ions must be carefully considered
when designing promising electrode materials for specific
electrochemical processes.

High-entropy MXenes. The high-entropy MXene (HE-MXene)
is introduced from high-entropy MAX phases, also termed
M,1AX, (n = 1, 2, 3), where M represents early transition-metal
elements, A is an element that is primarily from groups 13-16,
and X stands for C and/or N.***"*** The mono or bimetallic MAX
phase is transformed into the multimetallic MAX phase as the
potential precursor element of the HE-MXene. Theoretical
investigation suggested that increasing the number of
transition-metal components in the MAX phase significantly
decreased enthalpy formation per unit cell (Fig. 8d)."*® In fact,
the design and synthesis of the high-entropy MAX phase
precursor is a crucial step for successfully preparing thermo-
dynamically and kinetically stable HE-MXenes. The size, elec-
tronic structure, and chemical environment of the metal ions
collectively influence the overall electronic structure of the HE-
MXene system. The concept of entropy stabilization offers
a promising strategy to enhance the stability of 2D MXenes
under harsh conditions. Notably, HE-MXenes exhibit
pronounced lattice distortions, resulting in high mechanical
strains within the atomic layer. These high mechanical strains
can effectively promote nucleation and uniform growth in
battery material designs. Du et al. demonstrated that the incor-
poration of size-compatible transition-metal elements (Ti, V, Zr,
Nb, and Ta) can stabilize MXenes ((Tiy/5V1/5Zr1/5Nby5Ta;/5),CTy)
at the atomic level, completely exposing active sites for
improved electrochemical energy conversion and storage
performance."” The dispersed transition metals significantly
enhanced configurational entropy, lowering Gibbs free energy
and forming a lattice-distorted single-phase HE-MXene

system.'*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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High-entropy oxides. The synthesis of single-phase HEOs is
more challenging than that of HEAs because of the diversity of
their crystal structures and local site symmetry. HEOs form
stable crystal lattices owing to the arrangement of oxygen
atoms; however, they have lower entropy than HEA systems
because of the ordered arrangement of oxygen ions as
confirmed by single-phase NiMgCuCOZnO with a crystalline
rock-salt structure.™® Recalling the basic concept of thermody-
namics, one would expect the entropy of the entire system to be
maximized, since the cations of the metal oxide structure are
expected to contribute equally to the lattice. The difference in
cationic radii of the individual components should be small
enough to form a single-phase HEO. Furthermore, at least one
of the cationic crystal structures of the entire system should
have inherent electronegativity. Furthermore, the solubility of
the components is also considered a selection rule for
producing effective HEOs. The geometric and electrical balance
factors are important for determining the composition of HEO
systems, whereas the coordination number (CN) value and
electronegativity have limited impact on the stability and
formation possibility of HEOs."*'> Depending on the
arrangements of the lattice points, HEOs can acquire various
crystal structures such as rock salt, perovskite, spinel, fluorite,
and pyrochlore structures. The structural variation, tailored
properties, and entropic stabilization of HEOs have attracted
significant attention as potential electrode materials in energy
storage and conversion applications.'*"**® Moreover, structural
and electronic modification within a specific HEO system can
be achieved by synthetic procedures that certainly promote
electrochemical performance in different aspects.””™*** For
instance, Tang et al. synthesized a series of high-entropy
perovskite cobaltites, namely (LaySry4C0pFeq,MngNig -
Mg, .,03), wherein the introduction of structural entropy led to
the creation of additional oxygen vacancies within the frame-
work, consequently augmenting the OER performance (Fig. 9a
and b)."** HEOs have been used in multiple electrochemical
applications, such as supercapacitors,”® batteries,*1?131:13¢
and water splitting.'>*'*>'%* Recently, rare-earth materials have
been used to synthesize HEOs."**

High-entropy nitrides. High-entropy metal nitrides with
exceptional chemical stability in a harsh electrolyte medium
and superior physical properties such as hardness, thermal
stability, and electrical conductivity, have garnered significant
industrial interest.’*”*3® In 2004, Chen et al. fabricated nitrides
of Fe-Co-Ni-Cr-Cu-Al-Mn and Fe-Co-Ni-Cr-Cu-Al, 5 by reac-
tive sputtering and studied their hardness for application as
coating materials."® The hardness of HENs can be monitored by
using the high N content that directly influences the VEC.**®
Owing to the two important abilities of corrosion and oxidation
resistance, they are considered as potential electrode materials
under harsh conditions. Both these properties are due to the
presence of a stable oxide layer and creation of a nitrogen-rich
layer  during the electrochemical process.
mechanochemical-assisted soft urea strategy was successfully
employed to synthesize HEN comprising Cr, Nb, Mo, and Zr
with a crystalline structure exhibiting potential electrical double

140,141 A
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(a) Schematic demonstration of the structure of high-entropy perovskite oxide nanoparticles with uniformly dispersed elements. (b)

Configurational entropy of perovskites. Reproduced with permission.*?¢ Copyright 2022, Wiley-VCH. (c) Unit crystal structure of anti-perovskite
nitride. Reproduced with permission.*** Copyright 2023, Elsevier Ltd. (d) Synthesis of high-entropy perovskite fluorides. Reproduced with

permission.*** Copyright 2020, American Chemical Society.

layer capacitance for supercapacitor applications."*> The supe-
rior corrosion and oxidation resistance properties of carbon-
supported FeCoNiCuMnN HEAs were further enhanced by the
stability gained through the formation of a unique integrated
nanowire/nanosheet structure.*® Crystal structure modulation
is an effective approach for improving the performance of HEN-
based electrode materials for energy storage and conversion
processes. For instance, Zhu et al. designed high-entropy anti-
perovskite metal nitrides as highly efficient electrocatalysts for
the OER (Fig. 9c)."** Notably, high-entropy anti-perovskite
nitride materials, in which multiple elements occupy equiva-
lent lattice sites, are considered to have the potential for effec-
tive applications in electrocatalysis."**

High-entropy fluorides. Due to the highly electronegative F
atom and the formation of weak M—F bonds, AB;F-type perov-
skite fluorides exhibit high ionic character, making them
potential electrode materials for energy conversion.*® HEF
materials with perovskite structures exhibit enhanced conduc-
tivity, leading to improved catalytic performance due to the
reduced charge-transfer resistance, minimized mass transfer
limitations, and favorable electrode-electrolyte electron trans-
fer processes. The formation of ABF;-type high-entropy perov-
skite fluorides is governed by the hexa-coordinated ionic radius
of the B-site cations. To minimize lattice mismatch barriers,
transition-metal ions occupying B sites should possess compa-
rable radii. Wang et al. selected seven metal ions (Mg, Mn, Fe,

8678 | Chem. Sci., 2024, 15, 8664-8722

Co, Ni, Cu, and Zn) to synthesize perovskite-type HEFs and
achieved promising OER catalytic performance.'** However, the
synthesis strategy has a pronounced influence on the formation
of single-phase high configurational entropy of the HEF systems
(Fig. 9d).*** The inherent structural defects and distorted
lattices in HEFs are pivotal for enhancing OER activity. The
intricate interactions among diverse elements within a single-
phase solid solution contribute to the distinctive catalytic
activity of HEFs. In comparison to single-metal catalysts, HEFs
offer a synergistic platform featuring highly dispersed active
sites, abundant fluorine sites, and efficient diffusion
channels.

High-entropy sulfides. The stability and elemental tunability
of single transition metal-based sulfide catalysts for the OER
can vary significantly depending on the specific metal, synthesis
method, and operating conditions. However, high entropy
sulfides (HESs) can benefit from the stability of solid solutions
with high mixing entropy.”*** Cui et al. introduced a pulsed
thermal decomposition method to synthesize high-entropy
cubic (Fm3m) (CrMnFeCoNi)sSg (Fig. 10a).This high-entropy
sulfide exhibited promising OER activity and stability owing
to the high configurational entropy resulting from the presence
of multiple components (Fig. 10b)."” A wurtzite-type HES
(Zng.25C00.22Cug 281N 16Gag 11S) was developed by McCormick
et al. via a simultaneous multi-cation exchange synthetic
route.”*® HESs with their large number of randomly distributed
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Fig. 10 (a) Schematic demonstrating the structure and activity of high-entropy metal sulfide ((CrMnFeCoNi)S,) nanoparticles. (b) Calculated

catalytic activity volcano plot. Reproduced with permission.**” Copyright 2021, Wiley-VCH. (c) DFT calculation in the edge mode; crystal
structure of the monoclinic structure, (d) structural polymorphs of CoPSz and CoVMnNiZnPSs along the top views, and (e) hydrogen evolution
reaction free-energy diagram of the corresponding edge sites. Reproduced with permission.**s Copyright 2022, American Chemical Society. (f)
Elements in the synthesized high-entropy carbide (HEC) system. Reproduced with permission.**¢ Copyright 2013, American Chemical Society.

elements, possess unique catalytic, electrochemical, and
mechanical properties. The choice of the metal significantly
influences the electrocatalytic performance since they serve as
active centers in the electrochemical process. The OER perfor-
mance of quaternary HESs was improved by the selective choice
of Mn and Al metals, which can be attributed to the strong
interaction among the multiple metals and sulfur that regulates
the electronic structure of the overall HES.**® The phase struc-
ture of the HES can be optimized by using the metal-to-sulfur
ratio, and a decrease in the metal-to-sulfur ratio increases the
possibility of single-phase HES formation, as confirmed by the
mechanochemical synthesis of (FeMnNiCoCr)S,, (FeMnNi-
CoCr)S,, (FeMnNiTiCr)S,, and (FeMnNiCoCu)S,. Interestingly,
all these materials are used as active anode electrodes for Li-ion
batteries (LIBs) by following intercalation and deintercalation
mechanisms.**® Typically, most of the synthesized HESs can be
potential candidates for OER electrodes because of the favor-
able formation prospect of (oxy)hydroxide
intermediates.'*7 14152

High-entropy phosphides. The larger radius of the phos-
phorus atom in metal phosphates results in unique electronic
states and surface structures as compared to those of common
metal oxides. The uncoordinated surface atoms in high-entropy
phases (HEPs) likely contribute to their enhanced catalytic
activity through modification of their electronic structure. This
hypothesis is supported by energy-dispersive X-ray spectrometry
(EDX) analysis of single-phase Co, Cr, Fe, Mn, Ni-based HEP
nanosheets, which revealed a uniform elemental distribution
synergistic effect during water

and contribute to a

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrocatalysis.”*® Wang et al. pioneered the preparation of

high-entropy phosphate/carbon hybrid nanosheets using high-
entropy MOF nanosheets as a precursor to synthesize (Wag-
Ni,;C0,4Mo0;,Ru,)PO,/C with uniform distribution of the
elements throughout the structure.’® To achieve optimal
performance, high-temperature annealing and exfoliation were
employed to synthesize Co, s(VMnNiZn), 4PS; nanosheets with
a monoclinic structure and high surface area (Fig. 10c and d).
Experimental and theoretical studies suggested that the opti-
mized S sites on the edge and P sites on the basal plane provide
more active sites for hydrogen adsorption, whereas the intro-
duced Mn sites enhance the hydrogen evolution reaction (HER)
by augmenting the H adsorption Volmer step (Fig. 10e).**®
Therefore, appropriate structural and electronic arrangement
can successfully enhance the performance of an HEP-based
electrode material.

High-entropy carbides. Transition-metal carbides have
attracted attention as new active materials in various fields such
as heterogeneous catalysis in energy conversion and electrode
materials for energy storage processes owing to their superior
electrical and thermal conductivity, earth-abundant character-
istics, noble-metal-like surface reactivity, and good chemical
stability under harsh operation conditions. High-entropy metal
carbides (HECbs) with more than five metal ions exhibit higher
negative free energy values in the electrochemical process.
However, their preparation is difficult because multiple metal
cations are not miscible in a single carbide solid solution. Braic
et al. introduced HECbs in 2010 in the form of a thin
(TIiAICINbY)C film via the reactive magnetron sputtering
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method.*”® Several methods are used for synthesizing HECbs,
including ball milling, arc melting, spark plasma sintering
(SPS), mechanical alloying, chemical vapor deposition (CVD),
and hydrothermal synthesis.”””** The choice of the synthesis
method depends on the desired properties in the HECb and
synthesis approach. However, the designing of high-entropy
metal carbides is challenging because multiple metal cations
with different ionic radii and coulombic forces are usually
immiscible in a single solid solution. However, selectively
designing transition-metal-based HECbs could be an effective
strategy for energy storage and energy conversion processes
(Fig. 10f).*** Despite the limited research on HECb-based elec-
trode materials, their potential remains vast owing to several
promising factors. The electronic interaction between carbon
and the base metal alters the density of states (DOS) near the
Fermi level, modifying the electronic properties of the HECb.
Additionally, carbon introduction induces tensile strain,
increasing the metal-metal distance and altering the d-band
structure regulating the electrocatalytic performance. More-
over, surface carbon atoms may reduce available metal sites for
adsorption and the reaction, potentially affecting electrode
activity.

Other high-entropy anionic systems. HESis, HEPO,s, HEBs,
HEONSs, HECNs, and high-entropy boron carbonates have been
extensively studied as HEA-based materials over the past
decade. Several HEA-based derivatives and HECs exhibit
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superior thermal stability, oxidation resistance, electrical
conductivity, and hardness, making them suitable for coating
materials, circuit  electrode film materials, and
photocatalysts.'”'”* Notably, the anionic arrays within high-
entropy systems play a crucial role in electrochemical applica-
tions, whereas their counterparts in low-entropy, medium-
entropy, binary, and even ternary alloys do not. This observa-
tion suggests that the anionic arrangement within the high-
entropy structure significantly influences electrochemical
properties. The derivative of a HEA refers to any alloy derived
from the original HEA composition by adding, removing, or
substituting elements. Successful modification of high-entropy
alloys (HEAs) can lead to high-entropy materials (HEMs) with
enhanced industrial performance as electrocatalysts. Therefore,
the HEM concept is employed to define this unique class of
material, and the precise contribution of anionic arrays
controlling the electrochemical performance of HEMs remains
an area of active research.

Structural variation

The crystal structure of HEAs plays a crucial role in determining
their electrocatalytic performance.***’® This is because HEAs
can exhibit diverse structures, ranging from single-phase solid
solutions to amorphous phases (Fig. 11a and b)."”” The phase
structure of HEAs can be classified into three main categories
based on the number of phases that constitute the overall
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microstructure: single-, mixed-, and amorphous-phase
HEAs."”>7® Hume-Rothery rules suggest that 6, 2, VEC, and
electrons per atom (e/a) ratio play crucial roles in determining
the type of phase, its stability, and physical properties.?*'7>7%17®
Analysis of phase formation using the parameters € and 6 for
various reported multicomponent alloys suggests a new crite-
rion for solid solution phase formation in HEAs (Fig. 11c).>*'*
The 6 versus AHpx plot suggests the possibility for the forma-
tion of FCC, BCC, or FCC + BCC structures by assuming solid
solution conditions with an appropriate AH,,;x value.”® Fig. 11d
shows the phase structure from the VEC values to
understand:®80-18

(a) FCC structure for VEC = 8,

(b) BCC structure for VEC < 6.87, and

(c) mixed FCC + BCC structure for 6.87 < VEC < 8.

The presence of Group 13 elements such as Al with larger
atomic sizes than those of the principal elements generates less
atomic packing and selective transformation of the FCC to the
BCC structure. Above all, Al strongly reduces the local energy of
the transition-metal atoms by p-d hybridization, which deter-
mines the overall structure of the HEA.'**'%* Therefore, the
addition of certain metals leads to a specific structure deter-
mined by the periodic placement of the metal, altering the
original structure (BCC, FCC, and HCP).'*>'* In HEAs such as
Al,CrFeCoNi, the local energies suggest that Cr and Fe stabilize
the BCC structure, whereas Co and Ni act as FCC stabilizers.

Interestingly, the structural features have no direct impact
on the electrochemical performance of the HEAs as electro-
catalysts or electrode materials. However, they exhibit an indi-
rect influence on the strategic design of HEAs as they guide the
selection of compatible metals from a structural perspective.
Interestingly, BCC single-phase structures have attracted
extensive attention in several fields, including hydrogen
storage, owing to their unique structural characteristics because
of their diverse composition, designable phase structure, and
superior performance.'®**** The three primary crystal structures
(BCC, FCC, and HCP) of HEAs can significantly impact their
performance as electrode materials in electrochemical
processes. BCC HEAs typically exhibit high strength and hard-
ness but are also relatively brittle. They are more prone to
forming passive films on their surfaces, enhancing their
corrosion resistance. In addition, BCC HEAs are more suscep-
tible to hydrogen embrittlement, compromising their tough-
ness and ductility. FCC HEAs are generally more ductile and
tough than BCC HEAs but less likely to form passive
films.'®*'¥7'% They are more resistant to hydrogen embrittle-
ment and may exhibit favorable electrochemical performance
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in applications such as batteries, fuel cells, and electrochemical
sensors. Consequently, FCC HEAs are preferred for energy
storage applications owing to their high ductility and tough-
ness. These are crucial parameters as batteries undergo signif-
icant volume changes during charging and discharging cycles.
FCC HEAs have also demonstrated favorable Li-ion diffusion
kinetics.'”>*” HCP HEAs, which are less common than BCC and
FCC HEAs, often exhibit properties that combine those of BCC
and FCC HEAs. They can be strong and ductile while also
resistant to hydrogen embrittlement (Table 2). However, HCP
HEAs are susceptible to corrosion, which can be beneficial for
electrochemical sensors. HCP HEAs are less likely to form
passive films, a property that is advantageous when developing
electrode materials for fuel cells. The good electrical conduc-
tivity and corrosion resistance properties of HCP- and FCC-
based materials make them promising candidates for electro-
chemical sensors. Moreover, the large interstitial space in the
BCC structure enhances ion diffusion performance, making it
a potential electrode material for energy storage applications
where charge is stored via ion diffusion.***”®

The presence of different crystal structures, such as FCC,
BCC, and HCP, changes the electronic structure and creates
distinct active sites, affecting the adsorption of reactant mole-
cules and reaction kinetics. Therefore, while the electro-
chemical performance of a HEA is influenced by its crystal
structure, the composition of the HEA, the specific environ-
ment, and the intended electrochemical application also play
an important role in determining the behavior of each struc-
ture. Researchers often modify the composition and crystal
structure of HEAs to take advantage of the unique properties of
each crystal structure to optimize the electrochemical perfor-
mance for a particular application. Certain crystals can provide
exposed active sites of catalytically active metals or active crystal
planes in certain electrochemical processes, and thus crystal
structures can enhance the performance of HEA systems. For
example, Cu atoms are stabilized by other metals in the FCC-
facet crystalline structure of the AuAgPtPdCu HEA, which has
been used as a potential electrode material for the CO, reduc-
tion reaction (CO,RR).*® Another report suggested that a HEA
with a Ni,oFe,oMo,0C035Cr;5 FCC crystal structure has a greater
number of coordination sites than that of the dual-phase
structure (FCC+u) and exhibited better HER catalytic perfor-
mance in both acidic and alkaline media."*"* Single-phase
HEAs are more catalytically active than mixed or multiphase
materials owing to their more exposed active sites. Therefore,
the crystalline nature of HEAs has an influence on the electro-
chemical activity; consequently, strategic designing of HEAs is

Table 2 Summary of the general electrochemical performance of body-centered cubic, face-centered cubic, and hexagonal closest packed

high-entropy alloys (HEAS)

Crystal structure Strength Toughness Ductility Ion diffusion Corrosion resistance
FCC Medium High High Medium Medium

BCC High Low Low High High

HCP Medium Medium Medium Low Low

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Phase structure and electrochemical performance
HEA Phase Synthesis method Electrochemical process Reference
PtFeCoNiCuAg FCC Sputter MOR 186
IrOsReRhRu HCP Pyrolysis MOR 187
AlCoCrFeNi FCC + HCP Dealloying Corrosion resistance 188
AuAgPtPdCu FCC Mechanical milling CO,RR 189
NiFeMoCoCr FCC/FCCHp Arc melting HER 190
FeCoPtPdIr FCC Moving bed pyrolysis HER 191
IrPdPtRhRu FCC Polyol method HER 192
MnFeCoNiCu FCC Solvothermal pyrolysis OER 103
AINiCoFeX (X = Mo, Nb, Cr) FCC Top-down synthesis OER 194
CoFeLaNiPt Amorphous Electrosynthesis WS 195
PtAuPdRhRu FCC Wet chemistry WS 196
AINiCoIrMo FCC Dealloying WS 197
AICuNiPtMn FCC Dealloying ORR 198
PtPdFeCoNi FCC Carbothermal shock ORR 199
Hollow RulrFeCoNi FCC Droplet-to particle Li-O, battery cathode electrode 200
Table 4 Crystal structure and high-entropy ceramics
HECs Structure Crystallography Reference
High-entropy oxide (HEO) Rock salt Cubic (Fm3m) 201

Fluorite A,B,0; cubic (Fm3m) 202

Perovskite ABO; orthorhombic (Pbnm) 203

Perovskite ABO; cubic (Pm3m) 204

Perovskite ABO; hexagonal (P6;/mmc) 205

Spinel AB,0, cubic (Fd3m) 132 and 206

Pyrochlore A,B,0; cubic (Fd3m) 207
High-entropy nitrides (HENSs) NaCl-type Cubic (Fd3m) 208
High-entropy carbides (HECbs) Rock-salt (NaCl-type) Cubic (Fd3m) 209
High-entropy borides (HEBs) AlB, Hexagonal (P6/mmm) 169
High-entropy silicides (HESis) CrSi, prototype Hexagonal (P6,22) 211
High-entropy fluorides (HEFs) Perovskite ABF; cubic (Pm3m) 145 and 212
High-entropy phosphates (HEPO,) Monazite-type Monoclinic (P21/n) 213

achievable by understanding their applicability and possibili-
ties (Table 3)."**>°° HECs can exhibit a variety of crystal struc-
tures, depending on the composition of the material and the
processing conditions (Table 4).>**>** These varied crystal
structures depend on metal ions and the counter anion 3d
spatial arrangement of HECs (Fig. 11b).””” The crystal structure
of HECs can significantly impact their electrochemical behavior
and applications.

The properties of HECs, such as surface area, electronic
structure, and reactivity, greatly affect their electrocatalytic
performance.”**” Furthermore, HECs with narrow band gaps

tend to have higher electrocatalytic activity than those with wide
band gaps. This is attributed to the easier electron transfer from
HECs to reactants, which promotes electrochemical reactions.
Furthermore, the reactivity of HECs plays an important role in
their electrocatalytic performance (Table 5). It is important to
note that factors such as composition, particle size, and
microstructure also influence the electrocatalytic activity of
HECs."72°° Although research on HEC electrocatalysts is still in
its early stages, current findings show great promise. HECs have
a wide variety of potential applications, including energy
production, fuel cells, and water electrolysis.

Table 5 Crystal structure and properties related to the electrochemical activity

Electronic Electrocatalytic
Crystal structure structure Surface area Reactivity performance
Rock-salt Narrow High High High
Perovskite Wide Low Medium Medium
Fluorite Wide High Low Low
Spinel Medium Medium Medium Medium
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Computational and machine learning approaches

The compositional diversity in HEAs and high-entropy
compounds has provided considerable opportunities to
design potential electrocatalysts for electrochemical processes.
However, designing the optimal composition for an electrode
material through trial-and-error experimental approaches is
a challenging task.”** HEA catalysts contain complex active sites
because of their large compositional space and diverse atomic
arrangement, necessitating a precise understanding of the
active sites and optimal composition results. Owing to the vast
number of compositional possibilities and combinations in
HEAs, obtaining an optimal HEA system as an electrode mate-
rial is challenging. With the rapid development of various
experimental findings, methods to simultaneously obtain
theoretical understanding through computational studies have
emerged as benchmarking techniques to avoid trial-and-error
approaches and achieve optimal HEAs with significant accu-
racy within a limited time frame. Moreover, considerable room
for improvement exists in the structure-property-activity—
performance relationship in HEA-based materials, which can be
aided by understanding the reaction mechanisms and kinetics
in terms of synthesis and activity. Material simulation has
emerged as an intriguing method for the quantitative and

View Article Online

Chemical Science

qualitative evaluation of material properties at various scales,
including specific insights into electrochemical application
parameters.”*® Several computational methods are available,
including DFT, molecular dynamics (MD), discrete dislocation
dynamics, the phase field method, the finite element method,
and the thermodynamic method.*>*'**"” HEA phase stability
and phase diagrams can be obtained using DFT or MD, or they
can be obtained from the Gibbs free energy calculations based
on the first-principles calculations using phase diagram calcu-
lation methods. Interestingly, the calculation of phase diagrams
(CALPHAD) method is an alternative technique for predicting
equilibrium phases and a direct strategy for designing
HEAs.””*'® However, the applicability of the CALPHAD method
is limited by the accuracy of the database, and given the
chemical complexity of HEMs, the DFT-based methods are
inherently better suited for energy calculations. DFT analysis
proves valuable in the design of quaternary high-entropy OOH
catalysts, revealing those with the lowest adsorption free energy
for the oxygen evolution reaction (OER) process (Fig. 12a).>*°
Computational studies have probed into free energy calcula-
tions of the reaction and provided an optimized structural
overview of the steps that determine the reaction rate. In
another study, the surface adsorption energies of Irgjo,-
Pdy 320Pto.003RNg 106RU 289 ON Oxygen reduction reaction (ORR)
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Fig. 12

(a) Free energy diagram. Reproduced with permission.?*® Copyright 2021, Wiley-VCH. (b) OH* adsorption energies. Reproduced with

permission.?2® Copyright 2019, Elsevier Ltd. (c) Contour plot for adsorption energy. Reproduced with permission.??¢ Copyright 2022, American
Chemical Society. (d) Schematic illustration of the combinatorial and high-throughput synthesis of HEAs and (e) compositional designs and their
corresponding oxygen reduction reaction (ORR) performances presented in a neural network diagram. Reproduced with permission.**®

Copyright 2020, PNAS.
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intermediates were evaluated by DFT calculations to optimize
the adsorption and desorption capacities for OH* and O*
intermediates.**® Therefore, optimizing the composition of HEA
catalysts can be an efficient means of achieving optimal
adsorption energies close to the peak of the Sabatier volcano
curve for HER, OER, and ORR processes.**" This approach is
also applicable for designing HEA systems for various electro-
chemical processes, including the CO,RR, the ammonia
oxidation reaction (AOR), the nitrogen reduction reaction
(NRR), and energy storage.?'* 21222

In contrast, MD simulations are better suited for studying
materials with multiple elements because they can handle
larger systems with shorter computation times. However,
a major limitation of MD simulations is that they disregard
interatomic potentials, making it challenging to elucidate the
complex chemistry of multicomponent ceramics. These
methods have inherent limitations, which become even more
complex when considering HEAs and their electrochemical
performance. Challenges include high operational costs, inad-
equate experimental conditions, and hypothetical structures
that lack thermodynamic stability. In recent years, the combi-
nation of big data and artificial intelligence (AI) has advanced
owing to the progress of material genomics projects and rapid
development of AI technologies.****'® ML is a crucial subfield of
Al that utilizes various algorithms to build models, uncover
potential relationships from historical data, and design new
HEA-based materials for specific applications, such as electro-
catalysts.”*® The ML approach involves rapid screening of a vast
number of target property combinations required for catalytic
applications. This can be accomplished through high-
throughput (HT) experiments that combine computational
and experimental methodologies.

The use of combinatorial synthesis is anticipated to expedite
the discovery of new catalysts, enabling screening of a vast array
of compositions in samples with tailored compositional gradi-
ents for HEAs, which are subsequently screened by machine
learning to fabricate HEA-based electrodes. The optimization of
existing catalysts and discovery of new catalysts are facilitated
by valuable insights gained from the synthesis of new catalysts
and theoretical calculations related to HEA-based electro-
catalysts. An effective descriptor can expedite the development
of ML models and elucidate the fundamental physical princi-
ples underlying the catalytic process. The ML approach can be
employed to design HEA-based electrode materials for a wide
range of industrial applications, including batteries, fuel cells,
and sensors. This can contribute to the accelerated develop-
ment of new and improved electrode materials with tailored
properties.

A ML approach to develop HEA-based industrial electrode
materials can be divided into the following steps: (a) data
collection and preparation, (b) feature engineering, (c) model
selection and training, and (d) model validation and deploy-
ment.>”® ML is a powerful tool for accelerating catalyst discovery
as it can be used to construct highly accurate models, predict
the catalytic performance of uncharacterized catalysts, and
elucidate  structure-property-performance  relationships,
particularly for HEA catalysts with vast compositional spaces.

8684 | Chem. Sci, 2024, 15, 8664-8722
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The key to successful ML models lies in the utilization of suit-
able general descriptors that can accurately and comprehen-
sively represent the structural information of the catalysts. An
effective descriptor can expedite the development of ML models
and uncover the fundamental physical nature of the catalytic
process. HT techniques are essential for scientists to efficiently
generate large databases and subsequently extract valuable
information.

For HEAs with vast compositional spaces, HT techniques can
be effectively employed to discover and develop HEAs. HT
techniques can achieve more automated, parallel, and efficient
HEA research.?* Singh et al. employed ML and DFT to predict
the adsorption free energy of key reaction intermediates on
HEAs, thereby quantitatively unifying the ligand (element
identity) and coordination (surface structures) effects for HEA
catalysts. A neural network (NN) model was utilized to evaluate
the OH* adsorption energy over the IrPdPtRhRu HEA catalyst.”*
These results suggest that electrochemical ability and struc-
ture-activity relationships of HEAs can be evaluated using ML
via NN models. With the understanding of catalytically active
sites, stability and activity are two crucial parameters for HEA-
based electrocatalysts. ML tools have successfully identified
the most promising composition with the highest catalytic
stability and activity among Cu, Co, Ni, Zn, and Sn-based HEA
alloys. The designed electrode materials have exhibited prom-
ising activity, selectivity, and stability toward CO, hydrogena-
tion to methanol. The DFT-calculated adsorption energies of
the Cu (111) surface displayed good agreement with the ML-
based results. Using screening criteria and considering the
pure Cu (111) surface as a reference catalyst, contour plots were
used to identify 35 active and selective catalysts for methanol
formation, among which 34 were HEA catalysts and one was
a medium-entropy alloy (Fig. 12¢).”*® Pedersen et al. proposed
a method for discovering selective and active catalysts for the
reduction of CO, and CO on HEAs.”” The CO and H adsorption
energies of all sites on the Cu (111) surfaces of disordered
CoCuGaNiZn and AgAuCuPdPt HEAs were predicted by
combining DFT with Gaussian process regression. This enabled
the optimization of the HEA composition, increasing the like-
lihood that weak hydrogen-adsorbing sites can suppress the
formation of molecular hydrogen.

The combination of a ML approach and experimental
testing of PtFeCu NPs for the ORR was demonstrated by Chun
et al.**® In the optimization of the PtFeCu alloy ratio, low PtFe
and high Cu amounts exhibited the best catalytic performance
among the ternary samples. Thus, ab initio computations with
an ML approach can provide a solution for the design of
nanocatalysts, thereby bridging the gap between the experi-
ment and simulation. A HT combinatorial synthesis method
yielded polymetallic HEAs with tailor-made surface chemistry
that demonstrated significant potential for catalytic applica-
tions such as PtPdFeCoNi and PtPdRhNi HEAs as HER elec-
trode materials (Fig. 12d and e)."*19922#

Recently, HT characterization datasets were used as an input
for the refinement of the model. The refined model could
correctly predict activity maxima of the Ag-Ir-Pd-Pt-Ru model
system.””® The method has exhibited unprecedented power for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Activity map and high-throughput screening. Reproduced with permission.2*® Copyright 2022, Wiley-VCH.

the identification of optimal complex solid solution materials
for electrocatalytic reactions. To identify complex solid solution
compositions with high electrocatalytic ORR activity, they
combined simulation, ML, data-driven combinatorial synthesis,
and HT characterization. Banko et al. applied a combinatorial
strategy to acquire large experimental data sets of 5D compo-
sitional spaces and the RuRhPdIrPt HEA system.*° Both
advanced simulations (ML) and extensive experimental data
analysis are used to estimate the electrocatalytic OER activity
and solid solution stability trends in the 5D compositional
space of the HEA system (Fig. 13a).2*° Therefore, HT and ML
models are two complementary approaches for designing the
most promising HEA system for electrochemical studies. Before
designing an industrial electrode material, it is essential to
utilize theoretical and computational tools. These tools not only
minimize time and chemical wastage but also aid in selecting
the optimal route and composition for achieving the highest
catalytic efficiency in HEA alloy-based electrode design.**®

Industrial application and synthesis
strategies of HEAs

Industrial electrode materials are utilized across a broad spec-
trum of applications, including electrochemical cells, batteries,
supercapacitors, fuel cells, and corrosion protection. Notably,
the specific requirements for electrode materials can vary
depending on the application and the desired performance
characteristics of the electrochemical device. Therefore, mate-
rial selection often involves a meticulous balance of these
criteria to meet the particular requirements of each application.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Selection, key properties, and designing strategy of HEAs as
industrial electrode materials

The suitability of HEAs as industrial electrode materials relies on
the specific application and desired performance criteria. Factors
such as electrical conductivity, thermal stability, substrate
adsorption capability, tuned active sites, anticorrosion perfor-
mance, efficient mass transport ability, high surface area,
structural complexity, and catalytic stability are considered
determining factors for an ideal industrial electrode material.
The ability to adjust the composition and carefully select the
constituent elements of HEAs shows substantial promise in the
development of potential electrocatalysts for industrial use. A
rational design strategy is essential to improve catalytic perfor-
mances that can only be achieved by appropriate selection and
compositional integrity of the constituent elements. Before
designing HEA-based electrode materials for industrial applica-
tions, several factors must be considered as follows: (a) the
designed HEAs should favor a solid solution phase and avoid
amorphous and or multiple phases, (b) the required physical and
chemical properties that should be maintained after processing,
(c) proper compositional integrity and stability should be ach-
ieved, and (d) homogenous features should be preserved
throughout the material.** Furthermore, the choice of elements
is an important factor in the design of HEAs and its specific
application. Periodic properties such as atomic radius, melting
temperature, electronegativity, enthalpy of mixing, and electron
energy level have influence on the formation possibility and
chemical and physical properties of HEAs.

Table 6 shows the effect of specific periodic elements on the
microstructure and properties.

Chem. Sci., 2024, 15, 8664-8722 | 8685
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Table 6 Influence of elemental properties on HEAs and their derivatives

Element Physical property Chemical property Other

Fe — Change in magnetism No effect on the solid solution phase or microstructure
Al Increases porosity — Favors the FCC or BCC phase structure
Ti Increases hardness and strength Increases lattice distortion Favors the BBC lattice structure

Zr Reduces strength and plasticity — Intermetallic compound

A% Increases hardness and strength Reduces oxidation resistance Favors nanoparticle formation

Au — — Cr, Mo, Fe, Ni, and Cu

Cu — — Favors FCC solid solution

Ni — Paramagnetism Favors FCC solid solution

Co Improves wear resistance Ferromagnetism Favors FCC solid solution

Cr Reduces strength and hardness Favors BBC solid solution

Mo Increases strength, hardness, and plasticity ~ Greater lattice distortion Favors BBC solid solution

Mn — — Reduces oxidation possibility

The utilization of HEAs is increasing with the strategic
modification of the structure, electronic environment, and
compositional integrity. Several designing strategies have been
proposed to achieve potential activity, and they can be
successfully exploited in industrial processes. The well-explored
techniques are presented subsequently.

Size and morphology. The electrocatalytic performance of
a catalyst heavily relies on its structure, morphology, surface
area, and active sites. In this regard, different crystal structures
(FCC, BCC, or HCP) can alter the electronic structure and active
surface area, and distinct active sites affect the adsorption and
reaction kinetics of the electrode materials. The electrochemical
corrosion resistance ability of the AlCoCrFeNi HEA primarily
depends on its crystal structure, with the FCC structure
demonstrating improved corrosion resistance compared to the
BCC structure.”® Stabilization of a specific crystal plane of
a single element by other metals on the Cu (111) surface over the
Au-Ag-Pt-Pd-Cu HEA was shown to significantly enhance both
stability and activity, suggesting a potential stabilization and
active center for the CO,RR process.'® However, morphology
regulation is also an innovative approach to expose the active
sites and increase the surface area of HEA-based electrode
materials.

The tri-functional electrocatalytic performance of convex-
cube-shaped Pt;,FesNi,,Cus;MogRu nanocrystals is attributed
to the formation of specific surface facets, strain, and coordi-
nation environments over the surface atoms of HEA catalysts.>**
Usually, high-index facets are more active and exhibit higher
catalytic activity than low-index facets owing to the cleavage and
formation of chemical bonds. Along with morphology, particle
size of the HEA has played an important role in adsorption and
desorption processes at the electrode-electrolyte interface.
Homogenous distribution and tuned particle size of the HEA
can improve the electrode performance by improving the cata-
lytic selectivity by altering the reactant or intermediate
adsorption configuration. The orbital hybridization and overall
charge transfer between metals and reactants exhibit
a pronounced effect on the electronic structure of HEA NPs,
which enhanced the electrocatalytic performance of PtRuNi-
CoFeMo HEA nanowires, resulting in high mass and specific

8686 | Chem. Sci, 2024, 15, 8664-8722

activities for alkaline hydrogen oxidation reaction (HOR).>*?
Huang et al. synthesized defect-rich HEA nanowires that can
achieve the electron transfer effect within the lattice struc-
ture.”®® A 14-element nanoporous HEA (comprising Al, Ag, Au,
Co, Cu, Fe, Ir, Mo, Ni, Pd, Pt, Rh, Ru, and Ti) was synthesized
using the dealloying method, which was used as it can accom-
modate a far greater number of elements, resulting in a stable
electrode material for water electrolysis.*** Transmission elec-
tron microscopy (TEM) analysis of the alloys showed a hierar-
chical, nanoporous, and nanocrystalline FCC structure with
uniformly distributed elements; besides, Al leaching increased
the number of accessible active sites on the surface structure
(Fig. 14a).>** Recently, Guo et al. proposed a new technique to
improve faradaic efficiency by forming ultrathin noble-metal-
based PtPdIrRuAg HEA sub-nanometer ribbons via galvanic
exchange reactions between different metal precursors and Ag
nanowire templates (Fig. 14b).*** The 2D structure of the
PtPdIrRuAg HEA provides large specific surface area, abundant
active sites, and high density of unsaturated atoms, making it
a potential candidate for the ORR.

Compositional regulation. Compositional integrity and the
formation of CCSSs are primary requirements for attaining
better electrocatalytic performance of HEAs. The electrocatalytic
performance of HEA systems can be augmented by regulating
the composition of the constituent elements. Despite the
empirical nature of most HEA research, a rational approach for
selecting specific metals is crucial for further advancement in
this field. A comprehensive understanding of the interplay
between HEA composition and catalytic activity is essential to
address this limitation. This knowledge will enable informed
decisions regarding elemental composition and facilitate
rational component design of HEAs, ultimately leading to
optimized adsorption energies of key intermediates on the alloy
surface and enhanced catalyst activity, selectivity, and stability.

Miracle et al. summarized the frequency of use of each
element in an HEA and confirmed that transition metals are the
most frequently used and provide superior electrocatalytic
performance (Fig. 14c).*** In particular, energy conversion
processes require bifunctional catalysts and a HEA is
undoubtedly a good choice. The systematic removal of each

© 2024 The Author(s). Published by the Royal Society of Chemistry
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segment of an HEA. Reproduced with permission.?** Copyright 2022, American Chemical Society. (c) Screening to design HEAs using frequency.
Reproduced with permission.?*¢ Copyright 2017, Elsevier Ltd. (d) Crystalline arrangements and consequences. Reproduced with permission.2#
Copyright 2019, Elsevier Ltd. (e and f) Comparison of surface valence band photoemission spectra of HEAs. Reproduced with permission.244

Copyright 2021, Springer Nature.

element from a Cr-Mn-Fe-Co-Ni quinary alloy system was
shown to result in a significant lowering of ORR activity, thus
indicating the importance of the synergistic combination of all
five elements; this occurred probably because of the formation
of a single solid solution phase with altered properties, which
aids in overcoming the limitations that occur when using only
single elements. The formation of single-solution and homo-
geneous distributions promotes the development of more active
sites over the surface of HEAs, concurrently enhancing their
catalytic activity. However, careful selection and compositional
optimization are necessary to improve single-element lamina-
tion by increasing the number of active sites. The variation of
Mn content in the Cr-Mn-Fe-Co-N alloy was experimentally
confirmed to lead to superior intrinsic catalytic activity for the
ORR.*?” These findings underscore the significance of syner-
gistic interactions among the five or more components in the
HEA system and the resulting alterations in their electronic
properties, the limitations of individual
components.

Thus, multicomponent design strategies offer boundless
possibilities for developing advanced catalysts. The synergistic
interaction within the HEA system can be enhanced by aug-
menting the elemental diversity through compositional
adjustments in the designed HEA system. An improved AOR
performance was observed in senary RuRhPdOsIrPt alloy NPs
when compared to ternary PdPtRh, quaternary IrPdPtRh, and
quinary IrPdPtRhRu systems, suggesting that catalytic activity
increases gradually with the number of components, thereby

overcoming

© 2024 The Author(s). Published by the Royal Society of Chemistry

highlighting the importance of synergistically incorporating
multiple metal elements.”®® The catalytic performance can be
varied by selecting appropriate design methodologies and
optimizing the number of elements of the HEA system. Fujita
et al. observed that HER and OER performances varied with the
optimized compositional, structural, and electronic character-
istics. Specifically, their findings suggest that a 12-element HEA
is more superior to 14-element HEA systems in terms of the
HER rather than OER processes, which contradicts the other
findings related to the significant improvement of HEA systems
with the increase in the number of elements.>** In an optimized
Co0¢.25MO0y 45Feq 1Nip 1Cup; HEA nanostructure, the systematic
regulation of the Co/Mo ratio could modulate the chemical and
physical properties of the HEA, resulting in an improved cata-
Iytic performance for the NH; decomposition process.** A
rational configuration of the HEA electrocatalyst can adjust the
adsorption energy of intermediate species to enhance the
reaction rate.”® Low-electronegativity Mn and high-
electronegativity Cu were combined with base metals (Fe, Co,
and Ni) to form FeCoNiCuMn HEA NPs, which resulted in
strong local electron interactions owing to the difference in
electronegativity values. The theoretical interpretation is that
the inactive Cu moves to the electron-rich active sites, resulting
in lower adsorption energies of reactants, intermediates, and
products, which increase the HER and OER activities of the
HEA.**® Therefore, by combining experimental and theoretical
understanding with specific compositional outputs, optimized,
active, stable, and efficient HEAs can be obtained.
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Defect engineering. Defect engineering is a well-established
approach to improve the catalytic performance by exposing
more active sites and creation of unsaturated coordination
sites. Perfect lattice positioning of elements during the growth
of the HEA is impossible; therefore, defects are formed inside
the lattice structure. The periodic positions of the different
constituent elements result in variable chemical and physical
properties that can concurrently create defects inside the solid
solution system. This can occur in almost all HEA-based
systems and cannot be neglected. However, the choice of
elements and synthesis strategies may control the percentage of
defects inside the HEA. However, studies are already proving
that defect engineering can alter the electronic and chemical
environments of the HEA, thereby significantly enhancing the
electrochemical performance. Moreover, stoichiometric varia-
tions within the same HEA can result in defects in the CCSS;
this may result in varied electronic structures and adsorption
energies.

HEAs typically exhibit numerous surface defects, owing to
the complexity of their structures as they are composed of five or
more elements in equal or nearly equal concentrations. This
high elemental diversity can lead to a variety of structural
imperfections, such as vacancies, dislocations, and grain
boundaries (Fig. 14d).>** Surface defects can be used to improve
the catalytic activity of HEAs for the HER. For instance, Kruzic
et al. developed a new high-entropy metallic glass via dealloying
to create a nanoporous structure,>? as a result of the large
specific surface area with defects. The theoretical studies
confirm that surface defects play a key role in improving cata-
lytic activity and act as nucleation sites for the formation of
hydrogen bubbles, which is a crucial step and helps in reducing
the energy barrier for the HER. Surface defect modification in
HEAs is still at an early stage, but it has the potential to pave the
way for the development of novel and enhanced HER catalysts
based on HEAs. HEAs are susceptible to forming defects,
including vacancies, dislocations, and stacking faults, which
can enhance electrocatalytic activity by creating more exposed
sites. With a deeper understanding of defect engineering, more
efficient HEAs can be developed, showcasing enhanced prop-
erties and innovative functionalities.

Strain engineering. Strain engineering serves as a promising
approach to enhance the electrocatalytic performance of HEAs.
Strain, which is primarily caused by alterations in bond lengths,
can modify the CNs and electron densities of surface atoms,
thereby influencing surface energy and promoting the specific
adsorption of target molecules. The introduction of lattice
strain into HEAs can be achieved through various methods,
including epitaxial growth, lattice mismatch, and mechanical
deformation.

The occurrence of strain in HEAs has significant effects on
their electrocatalytic performance. First, strain can alter the
electronic structure of HEAs, making them more active for
specific electrocatalytic reactions. For instance, strain can
increase the DOS near the Fermi level, enhancing the activity of
HEAs in reactions involving electron transfer. Second, strain
can improve the stability of HEAs, making them more durable
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in electrocatalytic applications in harsh electrochemical
processes in industry. The improved stability originates from
the strain-induced alteration of atomic arrangements and the
stabilization of active sites on the surface and subsurface.
Third, strain can increase the number of active sites on the
surface of HEAs, further improving their electrocatalytic
performance. However, strain can induce the formation of
dislocations and other defects on the HEA surface, which can
serve as additional active sites for electrocatalytic reactions. The
d-band center is significant for HEA electrocatalysis as it
determines the strength of the interaction between the multi-
metallic catalyst surface and the reactant molecules. A stronger
interaction between the HEA-based electrode surface and elec-
trolyte leads to a lower energy barrier for the charge-transfer
process, resulting in improved electrode activity. Thus, strain
engineering is a promising strategy for improving the electro-
catalytic performance of HEAs. By carefully controlling the
strain in HEAs, new and improved electrocatalysts can be
developed for a variety of applications. The work of Rossmeisl
et al. provides a new understanding of how lattice distortion
affects the adsorption energies of OH* and O* on IrPdPtRhRu
and AgAuCuPdPt HEAs and is important for understanding the
effects of distortion and its consequences.***

Lattice distortion effectively alleviates the impact of local
strain on adsorption energies due to the relaxed atomic envi-
ronment surrounding the bonded atoms. This suggests that the
effect of local strain on HEA activities is minimal, and the
broadening of the adsorption energy distribution primarily
occurs because neighboring atoms disturb the electronic envi-
ronment of the binding sites. This finding holds significant
implications for the design of HEAs for catalytic applications.
TEM and scanning TEM (STEM) analyses implied that strain-
induced PtFeCoNiCu HEAs obtained via heat treatment at 700
°C (HEA-700) exhibited 0.94% more compressive strain than the
HEA obtained at 400 °C (HEA-400).>** The enhanced methanol
oxidation reaction (MOR) activity can be attributed to the
shorter Pt-Pt bond distances resulting from the compressive
strain of HEA-700. Furthermore, a comparison of the d-band
centers of the HEAs in the surface valence band emission
spectra demonstrated that the development of compressive
strain lowered the d-band center, leading to improved catalytic
performance at higher temperatures (Fig. 14e).>*

Strain in HEAs can also affect surface morphology, forming
strain-induced defects such as dislocations, vacancies, and
grain boundaries. These defects may act as active sites for
catalytic reactions, providing new reaction pathways or altering
the adsorption behavior of reactants. In addition, strain-
induced defects can also alter mass transport properties and
charge-transfer kinetics, affecting the overall electrocatalytic
activity as defects provide a heterogeneous surface for catalysis.
For example, Huang et al. fabricated single-phase FCC MnFe-
CoNiCu HEA NPs of less than 5 nm.*®® These NPs exhibited
a highly deformed lattice, resulting in various defects (e.g,
twins, dislocations, and stacking faults) and act as active sites
for the ORR.>* Strain engineering is a promising strategy for
improving the electrocatalytic performance of HEAs. Although
there are still some gaps in our understanding of the optimal
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methods for introducing and controlling strain in high-entropy
alloys (HEAs), this approach has great potential for advancing
the development of novel and improved HEA electrocatalysts.

Regulating the electronic structure. The electronic structure
of a catalyst plays a crucial role in determining catalytic
performance, particularly through factors such as d-band
centers, modification of the bandgap, and enhancement of
charge transfer at the electrode-electrolyte interface. Predic-
tions by Norskov et al. suggested the involvement of d-centers in
multi-metal catalysts based on transition metals, where
parameters like the d-band center and adsorption energy of
intermediates/reactants influence the activation energy of
catalytic reactions.**® The HEA does not deviate from this rule
and the position of the d-band center in the alloy can be easily
adjusted by changing the compositional elements and corre-
sponding concentration.

An upward shift of the d-band center leads to stronger
interactions within metals, while a downward shift represents
the opposite. Additionally, the electronic structure of HEAs is
influenced by the so-called ligand effect where the interactions
between the d-bands of the constituent metals can alter the d-
band centers of the active components.>**>*® This modulation
affects the binding energies of the key intermediates, ultimately
improving the activity and selectivity.”»**~*** For instance, the
projected DOS (PDOS) of nanoporous AINiColrMo HEAs reveals
a shift in the d-band center of Ir following alloy formation,
leading to stronger Ir-O covalent bonds which further
contribute to the enhanced OER activity. By strategically
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designing and optimizing the composition of HEA components,
the adsorption energy of the d-band center can be continuously
tuned, enabling the modulation of key intermediates and ulti-
mately achieving optimal catalytic performance (Fig. 15a).**’
The shift in the d-band center is a consequence of strain
formation and simultaneously affects the charge-transfer ability
and bandgap alteration within the compositionally complex
HEAs.>*?% A lowering of the bandgap was observed by Sarkar
et al. during the synthesis of fluorite-type rare-earth HEO. The
presence of Pr with oxidation states other than 4+ results in the
formation of oxygen vacancies in multicomponent equiatomic
rare-earth oxides, which was confirmed by Raman spectroscopy
and a reduction in bandgap due to electronic state involvement
(Fig. 15b and c).>** The charge redistribution on the surface of
HEAs is an inimitable and important property that can be used
to enhance their catalytic activity.”® The alteration in local
charge density generates active sites for the adsorption and
activation of reactant molecules.?**>*® Moreover, it influences
the d-band centers of the alloy, thereby modifying the adsorp-
tion modes of reactants and further impacting catalytic activity
and selectivity. HEAs, with their diverse compositional metals,
possess the potential to exhibit pronounced surface charge
redistribution, inducing an alternating pattern of electron
accumulation and depletion across the entire HEA surface.”**>%
This implies that the charge density of each surface metallic
atom differs from that of its neighboring atoms in HEAs,
creating a greater number of active centers for chemical trans-
formations.”®® Hence, careful selection of components with
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(a) Projected partial density of states of HEA d-states. Reproduced with permission.*®” Copyright 2019, Wiley VHC. (b) Raman spectra. (c)

Schematic of the band structure. Reproduced with permission.?* Copyright 2017, Royal Chemical Society.
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differing work functions for HEA synthesis allows for control
over the surface charge density of HEAs. This contributes to the
adsorption and activation of reactants, further enhancing the
catalytic performance of HEA-based catalysts for industrial
applications.

Synthesis strategies and characterization of HEAs

Developing industrially viable high-entropy alloys (HEAs) and
their derivatives poses a significant challenge due to their
potential for electrocatalytic applications. These alloys offer
tunable chemical and physical properties, including crystal
structure, atomic size, valence electron configuration, and
consequently, enthalpy and entropy of formation. This
tunability makes them highly attractive for designing electro-
catalysts with tailored properties for specific reactions.
Controlling the size, composition, shape, morphology, and
phase structure of HEA is a complex task owing to the inevitable
migration and aggregation phenomena that occur under
synthetic conditions. Therefore, a thorough understanding of
synthesis techniques is crucial for designing and developing
potential electrode materials. In general, the available and re-
ported synthesis methods are broadly categorized as conven-
tional, wet-chemical, and nonequilibrium synthesis methods
(Table 7), which are discussed in the subsequent sections.?**-2**

Mechanical alloying. Mechanical alloying (MA) employs
high-energy forces in a closed container with a hard medium,
pulverizing pure metal powders and inducing their solid-state
transformation into homogenous HEAs.>***> MA is a particu-
larly attractive method as it can be used to mix elements with
widely different chemical and physical properties that provide
a wide range of compositions and microstructures.”®* By
adjusting the milling conditions, such as the milling speed,

Casted ingot
(AgAuPdPtCu)

=

Nanopowder

(AgAuPtPdCu)
Modified Glassy
carbon electrode
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milling time, and ball-to-powder ratio, the grain size, phase
composition, and other properties of the alloy can be
controlled.”®**%* Biswas et al. developed a cost-effective, low-
temperature MA (cryomilling) technique for the preparation of
HEA NPs (Cug,Ago.2AUq 2Pt ,Pdy,).2**® A similar synthesis
approach was used to synthesize Ag, Au, Pt, Pd, and Cu-based
HEA NPs with different compositions and compositional vari-
ations. Interestingly, the designed NPs showed intense activity
against hydrazine electrolytic oxidation (Fig. 16a).>*® Dai et al.
successfully formed a HE-ZIF, confirming the superiority of the
ball milling method over the thermal method when forming
HEAs.*** Furthermore, the MA process is time and energy
intensive, and several parameters must be optimized to obtain
the desired properties, such as the milling time, milling speed,
and ball-to-powder ratio. Therefore, further research is neces-
sary to optimize the MA process and enhance the reproduc-
ibility of the resulting HEA powder, encompassing a wide range
of compositions and microstructures, with the potential for
largescale HEA production.

Spark discharge. Spark discharge (SD) is a plasma-based
process that involves generating a high-voltage spark between
two electrodes to generate high-temperature and high-pressure
plasma. This plasma can be used to melt and vaporize
elemental powders, which are then rapidly cooled to form HEA
NPs. SD has several advantages compared to other HEA
synthesis methods, including high purity, controllable micro-
structure, and high scalability. Wu et al. used the SD method to
prepare CoCrFeNiPt and CoFeNiCrysPd,s HEA NPs with
uniform elemental distribution.?®” First, HEA blocks were
prepared via vacuum arc melting using metal elements as raw
materials in a high-purity argon atmosphere; then, NPs were
prepared using this HEA ingot as an electrode. SD is

I wutimetalalioybett [ Nenoporous HEA

Fig. 16

(a) Synthesis procedure of HEAs by cryomilling. Reproduced with permission.2®® Copyright 2021, American Chemical Society. (b)

Ultrasonic-assisted wet chemistry method for HEA design. Reproduced with permission.2¢® Copyright 2019, Wiley VCH. (c) Dealloying method
for HEA design. Reproduced with permission.?** Copyright 2021, Royal Chemical Society. (d) One-pot synthesis procedure and STEM-EDS of the
HEA system. Reproduced with permission.?”* Copyright 2019, Wiley VCH.
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a promising technique for synthesizing HEAs with several
desirable properties and is expected to play a promising role in
the commercial production of HEAs.

Ultrasonic-assisted wet chemistry. Ultrasonic-assisted wet
chemistry (UAWC) involves the use of ultrasound waves to
generate cavitation bubbles in a solution containing metal
precursors. UAWC exhibits several advantages in the synthesis
of HEAs, including scalability, compositional and structural
versatility, and simplicity.'*® Parameters such as the power and
frequency of the ultrasound waves are tuned to control the size
and morphology of HEA NPs.>***”° Liu et al. utilized the acoustic
cavitation phenomenon to synthesize PtAuPdRhRu HEA NPs in
an ultrasonic irradiation process that operated at a significantly
high temperature and pressure (5000 °C and 2000 atm) to
accelerate the simultaneous reduction of metallic ions and form
an entropy-maximized state (Fig. 16b).>*® In comparison with
other wet-chemical synthesis strategies, the UAWC method is
advantageous when designing NPs.”* Hence, UAWC is a prom-
ising approach for the synthesis of HEAs with a variety of
desirable properties and is expected to play an important role in
commercial production of HEAs with potential electrode
performance.

Dealloying strategy. The dealloying method has been widely
utilized to fabricate a nanoporous HEA structure, providing an
effective way to increase the specific surface area.””® Dealloying
involves the selective removal of one or more elements from
a solid solution alloy, leaving behind a porous structure. The
precursor alloy is then dealloyed in a solution that selectively
dissolves one or more of the elements; then, the remaining
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elements self-assemble into a porous HEA structure. Liu et al
employed a facile one-step electrochemistry dealloying process
to etch the residual Mn to fabricate nanoporous NiC-
oFeMoMn.””* 1t is well documented that Mn can easily form
solid solutions with other transition metals, although the
standard redox potential of Mn is comparatively lower (Mn>"/
Mn) than that of the other transition metals, resulting in easy
corrosion in an acidic medium. An analogous synthesis route
was employed to synthesize a free-standing nanoporous HEA
containing 12 or 16 uniformly distributed metal elements (Mn,
Ni, Cu, Co, V, Fe, Mo, Cr, Pd, Pt, Au, Ru, Ir, Ag, Rh, and Os) via
one-step etching of Mn.?”” In general alkaline solution was used
to employ the dealloying strategy to design porous HEA solid
solutions although the standard redox potential of Mn is
comparatively lower (Mn>*/Mn) than that of the other transition
metals, resulting in easy corrosion in an acidic medium.>”>*”
The design of a homogenous nanoporous HEA containing up to
14 elements (Al, Ag, Au, Co, Cu, Fe, Ir, Mo, Ni, Pd, Pt, Rh, Ru and
Ti) was performed by Fujita et al. using the alkaline solution
based dealloying method and it demonstrated good water
electrolysis efficiency (Fig. 16¢).>** An analogous synthesis route
was employed to synthesize a free-standing nanoporous HEA
containing 12 or 16 uniformly distributed metal elements (Mn,
Ni, Cu, Co, V, Fe, Mo, Cr, Pd, Pt, Au, Ru, Ir, Ag, Rh, and Os) via
one-step etching of Mn.*”” The universality of this alloying/
dealloying strategy should be further investigated to include
other metallic elements and various combinations.

One-pot synthesis. The one-pot synthesis method is well
known for its easy and cost-effective approach, which includes
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the regulation of the growth process by adjusting various
synthesis parameters such as temperature, pressure, atmo-
sphere, solvent, reducing agent, coordinating agent, and reac-
tion time. Niu et al. synthesized nanosized CoCrCuNiAl HEAs
using the sol-gel auto combustion method, resulting in
a uniform distribution of the elements.””* This uniform distri-
bution led to enhanced thermal, mechanical, and electro-
chemical properties achieved from compositional integrity and
the synergistic effect of the HEA. In another report, Bondes-
gaard et al. used a low-temperature solvothermal method to
synthesize PtPdIrRhRu HEA NPs (Fig. 16d).”* The interaction
between metal and acetylacetonate controlled the precipitation
rate, thereby promoting the co-precipitation phenomenon for
the synthesis of single-phase NPs. Furthermore, controlling the
crystal structure of HEA NPs also provides new avenues for
promoting catalytic performance. The cost-effective co-
precipitation technique is an easy synthesis approach to fabri-
cate nanosized HEAs with uniform distribution. For instance,
Zou et al. synthesized defectrich 2D HEHs (FeCoNiZnAl,
FeCoNiZnAlCuCr, and FeCoNiZnAlCuCrMgIn) using the co-
precipitation method.””® Huang et al established a sol-
vothermal approach to prepare HEAs on carbon cloths that
exhibited numerous partial dislocations, stacking faults, and
atomic displacements, indicating a highly distorted atomic
lattice within the NPs. These defects in the HEAs contributed to
surface tension, which consequently impacted the electro-
catalytic performance (Fig. 13h)."*

Calcination-assisted method. HEA systems can be designed
by using a calcination method in combination with other
methods such as co-precipitation and hydro/solvothermal, and
other wet-chemical methods. Owing to annealing, migration of
the atoms and reconstruction of the nanostructure occur,
leading to a more ideal microstructure. The annealing atmo-
sphere, temperature, and time exhibit a significant influence on
the structure of the HEA system.?””*”® Chen et al. controlled the
crystal structure of single-phase HEA NPs by altering the
annealing temperature and inducing strain inside the lattice.*
However, a strain within the HEA is developed that significantly
improves catalytic performance.*** Additionally, the enhanced
compressive strain reduces the M-M bond, thereby shifting the
d-band centers of the active metal downwards and enhancing
its electrocatalytic activity.””®

Electrodeposition method. Electrochemical deposition
(ECD) offers several advantages such as low-temperature pro-
cessing, short synthesis duration, simplified equipment design,
and a high potential for technological scalability in the design
of HEAs. In principle, ECD reduces metal ions from an elec-
trolyte solution onto a substrate by applying an electric current
and a HEA is grown over the current collector. The electrolyte
composition and deposition parameters, such as current
density and temperature, are carefully controlled to produce
HEAs with the desired properties. A key challenge in the ECD of
HEAs is to achieve co-deposition of all the constituent elements
in the desired proportions. This is difficult because of the
different electrochemical reduction potentials of the involved
metals. However, a variety of strategies have been developed to
overcome this challenge, such as the use of complexing agents,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pulse electrodeposition, and alloying with a third element. Sure
et al. synthesized nanosized equiatomic single-phase FCC
CoCrFeNi HEA powder by performing electro-deoxidation in
molten CaCl,-NaCl at 923 K.>®* Their study demonstrated that
the molten-salt-based electro-deoxidation process enables the
synthesis of the CoCrFeNi HEA in the form of a nanocrystalline
powder. Pulsed electrodeposition was proposed for better
current distribution and mass transfer, resulting in a more
suitable microstructure and chemical composition as compared
to those of direct electrodeposition. The ECD technique was
employed by Dey et al. to synthesize a Zn-based HEA (FeCoNi-
CuZn) in an aqueous medium utilizing sulfate salt where the
duty cycle (T, and Tog) and pH play a crucial role in controlling
the microstructure and composition of thin films.”** However,
owing to the application of pulses during electrodeposition, the
surface roughness of the substrate was observed to have negli-
gible effects on the microstructure and composition
(Fig. 17a).>** Moreover, during the electrodeposition of multiple
elements, the T,, time must be higher than T, for the simul-
taneous deposition of multiple elements as an alloy. Li et al.
demonstrated an electrochemical approach to construct various
nanoscale HEAs by rapidly changing the thermodynamic
conditions and manipulating growth kinetics. The study found
that a self-supporting dendritic multilevel Fe,,,C0¢ 1gNip 15
Cro.14Cug s HEA electrode composed of a single FCC phase
exhibits superior electrocatalytic performance, which is attrib-
uted to the synergistic effect of multiple active sites and the
unique foam-like hierarchical structure.*®* Although this elec-
trochemical deposition method has the advantages of low cost,
easy availability of raw materials, and minimal equipment
requirements, it may face challenges related to unstable volt-
ages and currents, which can cause problems in nanomaterial
preparation.

Sputtering deposition and electrospinning methods. Sputter
deposition is a physical vapor deposition technique in which
high-energy plasma is irradiated onto a target material that
contains all the alloying elements. Notably, sputter deposition
is a relatively time-consuming process and achieving a uniform
composition of the deposited film is not easy, especially for
HEAs containing several alloying elements. Wang et al. devel-
oped amorphous or nanocrystalline solid solution CrNbTiMoZr
HEA films via DC magnetron sputtering.*** More recently, Alam
et al. introduced radio-frequency magnetron sputtering to
synthesize the TIMoVWCr HEA. The proposed system is fast and
reproducible, and provides a high degree of freedom to
synthesize a wide range of HEAs.?® Furthermore, the technique
can be used to design thin-film HEAs and control the size and
composition of the designed HEA system.

Electrospinning is an advanced, inexpensive, and extended
technique of sputtering deposition and can be used to produce
nanofibers from a variety of materials, including polymers,
metals, and ceramics. To synthesize HEAs using electro-
spinning, a metal precursor solution is typically used that
contains all the desired alloying elements in the anticipated
proportions. The precursor solution is then electrospun to
produce HEA nanofibers. However, note that the electro-
spinning process is sensitive to multiple factors, such as the
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type of solvent, precursor solution concentration, and applied
voltage. Consequently, producing HEA nanofibers with
a consistent composition and microstructure is difficult. By
combining the electrospinning technique and graphitization
process, Hao et al. synthesized FeCoNiMnRu HEA NPs with
potential water electrolysis efficiency due to the modified elec-
tronic structure.”® The difference in electronegativity values
between the mixed elements in the HEA induces significant
charge redistribution, creating highly active Co and Ru sites
with optimized energy barriers for simultaneous stabilization of
OH* and H* intermediates, thereby significantly improving
water dissociation efficiency under alkaline conditions.”®® A
similar approach was involved in the synthesis of FeCoNiMoRu
HEA NPs supported on carbon nanofibers (CNFs). The in situ
electrochemical Raman results demonstrated that the Fe, Co,
Ni, and Ru metal sites are involved in synergistically catalyzing
urea electro-oxidation.”®*® Dual-phase B-doped FeCoNiCuPd
HEA (DP-B-HEA) NPs with superior NRR ability were in situ
grown on electrospun CNFs via the thermodynamically driven
solid-phase diffusion approach by combining the electro-
spinning technology with the high-temperature carbonization
approach (Fig. 17b).>* In situ characterization confirmed that
CNFs were used as hosts to control the phase stability of DP-B-
HEA NPs via the unique dual phase and electronic structure

FMBP
. 2
o .0.5 ad

Monomers o

"o»

(a) 5
N

GO, Carbon black; g
ALy, Zeolite

Magnetic Stirrer

Laser

Metal Salts on Graphene

Melting Pool Plasma Shockwave ‘
Laser Absorption ~ Salts Melting ~ Plasma Formation Plasma Expansion Nucleation of HEAs Plume Collapse

View Article Online

Review

modification of B atoms. Electrospinning, a versatile technique
for fabricating nanomaterials with tunable morphologies and
properties, exhibits significant potential for the largescale
production of HEAs. While HEA production by electrospinning
is still in its early stages of development, it offers several
advantages compared to conventional synthesis methods.
Carbothermal shock method. The carbothermal shock (CTS)
method involves the reduction of metal oxides with carbon in
a confined space at high temperature for the formation of HEAs.
Yao et al. first proposed a simple two-step CTS method, in which
the metal precursor was flash heated and cooled (temperature:
~2000 K, shock time: ~55 ms, ramp rate: 105 Ks ') on an
oxygenated carbon support to produce PtPdRhRuCe NPs that
can catalyze ammonia oxidation (Fig. 17c¢).”®® The precise
control of impact parameters such as temperature, duration,
and heating rate can effectively modulate the particle size,
dispersion, and final HEA structure. At high temperatures, the
catalytic activity of liquid metals drives rapid particle fission
and fusion events, leading to homogeneous mixtures of
multiple elements, facilitating kinetic control of thermody-
namic mixing states and enabling the formation of crystalline
solid-nanogranular solutions (Fig. 17d). Despite variable
reduction potentials, multiple crystal structures, different
atomic radii (1.24 to 1.44 A), and altered melting temperatures
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(a) Schematic diagram of the fast-moving bed pyrolysis experimental setup for synthesis of HEA nanoparticles and compression using

fixed bed pyrolysis. Reproduced with permission.*** Copyright 2020, Spinger Nature. (b) Synthesis of HEA nanoparticles using the laser scanning
ablation method. Reproduced with permission.?** Copyright 2023, Cell Press. (c) Schematic illustration of the formation of HEA nanoparticles on
reduced graphene oxide via microwave heating. Reproduced with permission.?®*> Copyright 2021, American Chemical Society.
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(500 to 2000 K), Yao et al. successfully fabricated HEA NPs with
eight dissimilar elements (Pt, Pd, Ni, Co, Fe, Au, Cu, and Sn)
using the CTS method. Therefore, the CTS method provides an
avenue for synthesizing a library of multicomponent HEA NPs
with uniform elemental dispersion.

Fast moving bed pyrolysis. Fast moving bed pyrolysis (FMBP)
involves the rapid heating of metal precursors to produce NPs,
which are then annealed to form a nanostructured HEA. The
FMBP process is similar to the CTS method, and the formation
mechanism of a HEA is determined by the low free energy of the
nucleation process at high reaction temperatures and rapid
heating/cooling rates. The FMBP process is performed in three
stages, which are the conversion of precursors to monomers,
conversion of monomers to cores, and conversion of cores to
nanocrystals. The reaction temperature and nucleation rate
change the nuclear radius and free energy during the nucleation
process and control the size and composition of HEA NPs. Lu
et al. demonstrated an FMBP strategy to immobilize HEA NPs
on granular supports with a narrow size distribution of 2 nm up
to denary (MnCoNiCuRhPdSnIrPtAu) HEA NPs at 923 K
(Fig. 18a).*" Interestingly, the FMBP method creates small and
highly crystalline multicomponent HEAs with uniform distri-
bution on different supports.*®® However, note that the FMBP
method requires specialized equipment to operate under high
temperature and rapid heating conditions.

Laser scanning ablation technology. Laser scanning ablation
(LSA) uses a focused laser to ablate target materials and form
HEA NPs. By kinetically controlled laser synthesis, Wang et al.
synthesized colloidal HEA NPs to achieve the target equimolar
stoichiometry for CoCrFeMnNi HEA NPs from the liquid phase
without using stabilizing ligands.”® Zou et al. synthesized the
PtIrCuNiCr HEA using the LSA strategy with potential OER
activity (Fig. 18b).?** This laser-based synthesis method is highly
adaptable and can rapidly produce HEAs with different alloy
compositions, target materials, and immobilized substrates,
making it an excellent candidate for nanomaterial screening.
Recently, Zou et al. developed a new type of LSA method using
pulsed nanosecond lasers to obtain a series of HEA NPs at
ambient temperature and pressure.”* This ultrafast process
ensures that even thermodynamically incompatible metallic
elements are fused together, overcoming the limitations
imposed by conventional synthesis methods. A series of HEA
NPs were prepared and supported on various substrates,
including carbon substrates, non-carbon substrates such as Cu
foam, and in certain cases HEA NPs even without a substrate,
resulting in colloidal HEA NPs. This strategy was extended to
the synthesis of several derivatives of HEAs such as amorphous
HEO, HES, HEB, HEP, and HEN, confirming their versatility.

Microwave heating. Microwave heating has recently
garnered attention as a potential alternative to traditional
smelting methods for synthesizing HEAs. Hu et al. employed
the microwave heating technique to synthesize PtPdFeCoNi
HEA NPs over a carbon base with uniform particle size and
homogeneous elemental distribution.>® In principle, the
reduced graphene oxide nanosheets can sufficiently balance the
functional group defects to efficiently absorb microwave radia-
tion and simultaneously retain the superior thermal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conductivity to rapidly transfer the induced localized heat.
Moreover, a roll-to-roll method along with microwave heating
provides a huge space to design various carbon-based materials
as a background template. Moreover, the particle size is varied
by varying the template (Fig. 18c).>** Nair et al. discovered that
the microstructure of Al,CoCrFeNi HEA coatings transforms
from FCC into BCC as a direct consequence of the Al content.”*
This transformation is attributed to the influence of Al on the
lattice constant and stacking fault energy of the alloy.
Microwave-assisted techniques offer several advantages
compared to traditional melting and solid-state synthesis
methods, making them a promising strategy for developing
HEA coatings with tailored microstructures and properties for
various applications in materials science and engineering.

Comparison between synthesis methods

The catalytic activity of the designed electrocatalyst is governed
by the surface state, active sites, and electronic structure. By
appropriately adjusting these parameters, possible electrode
materials can be designed. The choice of elemental composi-
tion also plays an essential role in the performance, as active
centers are present in the electrode material. Therefore, the
choice of synthesis method should be based on the parameters
that are required during HEA formation. With an appropriate
synthesis route, stable and highly selective electrocatalysts can
be produced. Above all, cost and productivity are relevant in the
practical application of the synthesis route. Low cost and high
productivity contribute to the mass synthesis of HEAs and meet
the requirements for industrial applications. Table 7 lists
a broad overview of the synthesis equipment, synthesis condi-
tions, particle size, elemental distribution, synthesis time, and
percentage of products to determine the most efficient electrode
material for a particular electrochemical process. This review
identifies electrocatalysts as electrode materials and describes
the catalytic parameters determined from the basic parameters
to be effective as industrial electrode materials The limitations
of the various techniques are presented subsequently. The CTS
synthesis requires a carbon support and the production volume
is significantly low (milligram scale) in terms of industrial
applications. If the productivity of HEAs using CTS technology
can be significantly improved, then this synthesis method can
be used for industry purposes. Although MA is a simple and
cost-effective method, it cannot control the morphology and
size of the HEA. Therefore, variations in composition cannot be
optimized in this approach, which restricts the potential use of
this method. The electrochemical approach requires improved
product proportions, morphology, and compositional varia-
tions to be considered as an effective synthesis technique. The
SD method generates high-temperature, high-pressure plasma
that can control the microstructure of HEAs with satisfactory
scalability and purity. Microwave heating techniques can
control HEA size with short reaction times; however, the
morphology of the HEA system is not controllable. Despite this,
microwave heating approaches can achieve various composi-
tional possibilities with the aid of harsh reaction conditions.
However, controlling this technique 1is challenging;

Chem. Sci., 2024, 15, 8664-8722 | 8695


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

consequently, a uniform composition and microstructure is not
easily achieved. LSA is a method that produces highly replicable
and productive HEA NPs; however, its commercial applicability
is limited by its unique ablation target and elemental immis-
cibility, along with issues such as process complexity, cost, and
waste generation. The one-pot method using commercial metal
precursors is an economical and easy synthesis procedure for
HEAs. It allows different substrates to be applied by adding the
corresponding precursor. However, the productivity of this
method can be low and the size uniformity of HEAs must be
improved. By adjusting the synthesis conditions, efficient HEA-
based electrode materials with desired catalytic behavior can be
fabricated. FMBP is a method for supporting HEA NPs on
various substrates at different temperatures. It produces
homogeneously dispersed HEAs with an active catalyst of
tunable size, but requires high-temperature equipment and
rapid heating rates, potentially limiting commercial applica-
tions. UAWC methods can be used to obtain HEAs that are
supported on various substrates, depending on the electro-
chemical process requirements and system properties of the
designed HEA. Dealloying methods are promising for
commercial HEA production; however, they exhibit limitations
in terms of scalability, precious metal content, and process
control, hindering the fabrication of uniform compositions and
microstructures. Therefore, the industrial application of HEA-
based electrode materials currently requires some improve-
ments in terms of elemental selection, compositional variety,
electronic structure, and operational stability. In particular, as
HEA-based electrode materials represent a burgeoning field
that is evolving over time, it is imperative to address existing
limitations in order to achieve desirable HEA-based electrode
materials suitable for industrial applications.

HEA characterization techniques

Unlocking the full potential of HEAs as electrode materials
requires meticulous control of their elemental composition,
extending beyond elemental selection to consider the type,
distribution, and concentration of each constituent. Precise
tailoring of these factors shapes the HEA's electronic and crystal
structures, impacting its electrochemical performance. For
example, varying element types introduces functionalities,
while adjusting their distribution and concentration influences
conductivity, stability, and active site availability. Under-
standing these relationships enables researchers to design
HEA-based electrodes optimized for specific electrochemical
applications.

Inductively coupled plasma mass spectrometry (ICP-MS),
inductively coupled plasma absorption emission spectrometry
(ICP-AES), and inductively coupled plasma optical emission
spectrometry (ICP-OES) techniques provide information on the
elemental composition of HEA-based electrode materials.>**>>¢
Energy-dispersive X-ray analyses provide information on the
homogenous distribution of the HEA. Electron microscopy
techniques such as scanning electron microscopy, TEM, and
high-angle annular dark-field STEM (HAADF-STEM) are
commonly used to reveal the surface morphology, particle size,

8696 | Chem. Sci, 2024, 15, 8664-8722

View Article Online

Review

distribution, and exposed surface area of HEA materials.>***
Atomic-scale HAADF-STEM and corresponding fast Fourier
transform analysis can also help in identifying lattice planes
and further refine the crystal structure of HEAs. X-ray photo-
electron spectroscopy is another tool that can be used to esti-
mate the chemical composition of HEAs.***® Brunauer—
Emmett-Teller and Barrett-Joyner-Halenda methods were used
to determine the specific surface area, pore volume, and pore
size distribution of porous HEAs. XRD analysis determines the
phase composition of HEAs from the peak position and inten-
sity. Currently, the HEAs used as catalysts are primarily single-
phase HEAs, while only a few two-phase HEAs have been
proposed. XRD patterns of single-phase HEAs usually show only
a series of diffraction patterns, such as FCC, BCC, and HCP,
whereas HEAs with two or more phases show additional
diffraction peaks in the XRD patterns.***” The oxidation state
and local coordination environment of HEA-based electrode
materials exhibit a significant influence on their catalytic
activity. In particular, oxidation of surface elements and oxide
film formation on the HEA surface have been reported to
enhance catalytic activity and stability. The chemical state of
HEAs can be further confirmed via X-ray absorption spectros-
copy, X-ray absorption near edge structure (XANES), and
extended X-ray absorption fine structure (EXAFS). In general,
the XANES distribution indicates if the constituent elements of
the HEA are in the metallic state and have chemical bonding
properties. In the case of multi-element HEAs, more types of M-
M bonding can be inferred, and the local coordination envi-
ronment of HEAs is more complex than that of binary alloys.
Several methods have been used to characterize HEAs, and the
results obtained must be analyzed comprehensively to deter-
mine the HEA properties. Characterization methods are essen-
tial for ensuring the quality and suitability of HEAs for
industrial applications. These methods provide important
insights into the structure, properties, and performance of
HEAs and enable researchers and engineers to tailor these
materials to specific applications.

Electrode fabrication and practical assessment of HEAs from
an industrial perspective

The diversity of HEAs and their derivatives demonstrates
numerous possibilities for designing electrocatalysts, ensuring
that the different requirements of electrode materials are met.
These materials are enhanced by their catalytic stability, effi-
ciency, and selectivity. Their high entropy and sluggish diffu-
sion effects enhance their long-term stability, making them
suitable for practical applications. This section discusses
potential applications of HEAs in electrocatalytic reactions such
as the HER, HOR, ORR, OER, CO,RR, NRR, and AOR, focusing
on their design principles and recent research progress.

Water splitting. Water electrolysis is a promising method to
alleviate energy scarcity by generating green hydrogen from
water (Table 8).">**'** The use of HEAs as cathode and anode
electrode materials in commercial water electrolyzers can be an
alternative approach to current materials. The electrocatalytic
behavior of these materials varies in terms of electronic
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structure, substrate adsorption capacity, phase structure, and
chemical behavior. The hydrolysis energy barrier can be
reduced to optimize the reaction, and enhancing the H inter-
actions can improve reaction kinetics.*?® This process is
multifaceted and involves multiple intermediates. To achieve
high OER activity, multifunctional active sites can interact with
different intermediates. Therefore, adjusting the adsorption
positions of HO* and HOO* can improve the OER performance
of the HEA system.® The synergistic effects of alloys can be used
to modify the local coordination environment and electronic
structure, resulting in optimal intermediates with modified
binding energies and improved OER activity. Thus, HEAs can be
a suitable alternative for the current state-of-the-art electro-
catalysts because of their atomic radii and lower formation
heat, which can promote the successful formation of compo-
sitionally complex and stable HEAs, influencing their catalytic
activity. The synergistic effect of Pt,gNi,sFe;5C0,4Cu,; HEA NPs
includes multiple H-binding active sites, which increase the
HER catalytic performance (11 mV overpotential at 10 mA cm™>
current density).>* The Co site exhibited the reduction of the e,~
tyg splitting effect and Ni with different valence states displayed
a stable d-band center, thereby enhancing the electrocatalytic
performance through superior electron transfer efficiency and
low charge transfer resistance. Hence, the lattice distortion and
structural relaxation of HEAs result in the catalytic stability of
HEAs. The substitution of noble Pt metal with Pd is also an
innovative approach for synthesizing HEA-based HER electrode
materials.>****” Based on theoretical calculations, the optimi-
zation of electronic structures based on the synergistic effect of
all metals can be attributed to the presence of dominant elec-
troactive sites.>®® Dai et al. synthesized a series of noble-metal-
based HEA NPs (PtAuPdRhRu, PtAuPdRh, and PtAuPd) using
a simple UAWC method to achieve alkaline HER."® The highest
catalytic performance was observed for the highest composi-
tional variety (PtAuPdRhRu) at a higher synthesis temperature.
The superior electrocatalytic performance of HEA NPs was
attributed to the strong synergistic effect within the metal
atoms and high entropy of mixing at that composition.”*®
Therefore, tuning of the hydrogen binding energy (HBE) is an
effective way to optimize the electrode material for the HER,
particularly for applications in an acidic environment. For
instance, Pt-free, HBE-optimized PdMoGaInNi nanosheets
exhibited high HER activity with a low overpotential of 13 mV at
10 mA cm 2, outperforming commercial Pd/C and Pt/C cata-
lysts.**® Lattice distortion and the sluggish diffusion effect of
HEAs were observed to impact durability in a proton exchange
membrane water electrolyzer system. Theoretical studies by Zhu
et al. showed that the Ru site exhibited low Gibbs free energy of
adsorbed atomic hydrogen in FeCoNiMnRu HEA NPs, which
aided in constructing controllable multifunctional active sites
on the surface of the HEA.”®® The electron transition from low
electronegative TM to noble metals (Pt, Ir, Pd, etc) modifies the
electronic structure and active surface sites, and thereby the H
adsorption phenomenon on the HEA improved. For example,
the introduction of the transition metal in FCC type FeCoNiCulr
changed the electronic structure of Ir and optimized the HBE.**®
Mao et al. observed abundant lattice distortions and defects in
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ultrathin HEA-PdPtRhIrCu metallene.** DFT calculations could
conclude that the optimized Pt electronic structure in the HEA
promotes HER performance through the developed synergistic
effect. In particular, the strong coupling effect and strong
bonding arising from the interaction between the multi-metal
components can facilitate the electron transfer over the
surface.®*

The electroactive sites in a self-supported hierarchical
nanoporous high-entropy NiFeCoCuTi alloy facilitate electron
transfer and mass transportation processes during an alkaline
HER process. The multicomponent NiFeCoCuTi alloy serves as
a multisite electroactive center that accelerates water dissocia-
tion and mediates the combination of H* into H,.*** The
enhanced HER activity of PtCoMoPdRh/PtNiMoPdRh HEA
nanoflowers is attributed to the multiple active sites in HEAs
and the strain effect induced by a unique structure that reduces
the water dissociation energy barriers (Fig. 19a).>*> The water
dissociation activation energy of Pt;¢ in the Pt;5CosMo;0Pd,5-
Rh,; (111) plane decreases from 0.57 to 0.16 eV as compared to
that in the pure Pt (111) plane, indicating a chemical environ-
ment that alters the electronic structure and accelerates the
Volmer step. The Pt (111) plane is considered to be the main
active site for H adsorption, whereas Rh, Mo, Pd, and Co
regulate the electronic and chemical environments, which
benefits the HER process. Recently, Dong et al. developed three
different rare-earth  transition-metal HEB  structures
(WMoVNDbCeB (HEB-Ce), WMoVNbSmB, and WMoVNbLaB)
and determined that the temperature is a function of the d-
band structure, thereby achieving a better catalytic perfor-
mance at a higher synthesis temperature.**® In HEB-Ce, the d-
band center of V, Nb, and Ce moved deep down the conduc-
tion band and deviated from the Fermi level, which strength-
ened the antibonding impact and promoted H,O
decomposition. The choice of metal and HBE for the developed
electrode materials can judiciously replace commercially used
HER electrode materials in PEMWE, AEM, AEMWE, and SOWE
systems. In general, HEAs are more efficient and stable than
HEC electrodes as HER electrodes, possibly due to the potential
mechanistic pathway of the HER process. Therefore, HER-active
transition and noble metals can be used to design pristine HEAs
for cathode materials for water electrolyzers. Moreover, the
choice of electrode also varies depending on the design of the
electrolyzer, which should be considered before designing the
electrode.

OER electrocatalysts play a crucial role in efficient water
electrolyzers. Effective OER electrode materials require multi-
functional active sites that interact with intermediates such as
HO* and HOO¥* to facilitate the four-electron-transfer water
oxidation reaction.">'**19%2%¢ HEAs exhibit significantly modi-
fied local coordination environments and electronic structures
owing to the synergistic effects of compositionally complex
multimetallic moieties, making them promising OER candi-
dates. Noble metals such as Ir and Ru and their oxides, as well
as transition-metal-based metal oxides/hydroxides, demon-
strate remarkable OER activity.>****> Designing active electrode
materials for the OER involves incorporating active materials
that can effectively regulate the electronic environment of HEA-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) H adsorption over the Pt (111) plane. Reproduced with permission.**? Copyright 2023, Elsevier Ltd. (b) Structural evolution of HEA

nanoparticles in terms of the oxygen evolution reaction. Reproduced

with permission.*®* Copyright 2023, American Chemical Society. (c—e)

Electrochemical X-ray photoelectron spectroscopy (XPS) data in the survey mode for HEAs. Reproduced with permission.*°¢ Copyright 2023,

Wiley VCH.

based materials to achieve enhanced electrochemical perfor-
mance (Table 9). The structural reconstruction and evolution of
active intermediates in IrFeCoNiCu HEA NPs on a carbon-paper
substrate led to better OER performance when compared to that
of the mono-metallic Ir counterpart owing to the presence of the
synergistic effect and modified d-band structure. After electro-
chemical activation, delamination of the encapsulated carbon
layers and the dissolution of the constituent 3d metal atoms (Fe,
Co, Ni, and Cu) from the surface of the NP occurred, leaving an
Ir-rich shell layer, while the core maintained the homogeneous
single-phase HEA structure (Fig. 19b).*** This exposed Ir-rich
surface provides a high number of OER active sites and
concurrently improves the electrode performance in the water
oxidation reaction.

Ru-based ultrasmall FeCoNilrRu HEA NPs on electrospun
CNFs were synthesized, and experimental analyses demon-
strated that metal combinations and crystallization tempera-
tures could tune the OER activity. An in situ characterization
approach showed that phase transition in the HEA enhances
OER efficiency, and thereby achieving a certain specific phase
can reduce the required potential for the OER. Theoretical
calculations demonstrated that electron density transport
occurs from a transition-metal-based low-electronegative
element (Fe, Co, and Ni) to a high-electronegative noble metal

© 2024 The Author(s). Published by the Royal Society of Chemistry

(Ir and Ru) on FeCoNiIrRu HEA NPs, which promotes the OOH*
to O, transformation.**® The combination of passivation
elements and catalytically active elements has played a signifi-
cant role in designing corrosion resistance and catalytically
active electrode materials. Considering this, Ito et. al. system-
atically designed a nine-element HEA by combining the
corrosion-resistant Ti, Zr, Nb, and Mo elements with catalyti-
cally active Cr, Co, Ni, Mn, and Fe, which exhibited optimal
corrosion resistance and catalytic abilities in terms of the
OER.* The self-selection and self-construction processes
control the OER catalytic activity and stability of the HEA system
(Fig. 19c-e). The corrosion-resistant multi-element alloys with
high catalytic activity are crucial for replacing noble-metal
catalysts not only in proton exchange membrane-type water
electrolyzers but also in other types of electrolyzers, electrolytic
systems, and battery systems. A straight forward and scalable
polymer/metal precursor spraying synthesis technique was
developed to produce different multi-metal catalyst powders for
the OER. Operando Raman spectroscopy results indicated that
the formation of multiple M—O active sites on CoNiFeMoCr
improved the OER performance.*”

In this regard, HEAs containing refractory elements can be
an alternative choice for use under harsh electrolyte conditions
in water electrolyzers. Specifically, they can be utilized in SOWE
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systems that operate at high operating temperatures. An
improved electrocatalytic property could be attributed to the
formation of electrochemically active orthorhombic species
with active sites on the NiMnFeCrCu HEA.**® Schuhmann et al.
investigated the optimized overall water splitting performance
of the CoNiFeMoCr/Ni; HEA as an anode and cathode electrode
in a three-electrode configuration flow-through cell. They
determined that catalyst loading influenced the electrode
performance. The designed HEA electrode materials were
successfully applied as cathode and anode materials in
a membrane electrode assembly comprising 1 M KOH,
demonstrating their potential for industrial use.*”” In general,
HECs are more effective for the oxygen evolution reaction (OER)
compared to HEAs due to the possibility of easy formation of the
pre-catalyst from the HEC during the OER. Moreover, the choice
of metals and anions, and the morphology of the electrode
material have a pronounced effect on the electrode performance
in the respective electrolyzers.

A proton exchange membrane electrolysis is considered as
the most advanced water electrolyzer for hydrogen economy. In
this regard, Song et al. synthesized Ir-based electrocatalysts
using a ZnNiCoIrX HEA platform containing two elements (X:
Fe and Mn) that implied emerging faradaic efficiency.** Inter-
estingly, the incorporation of Mn in a HEA adjusts the electronic
structure of the Ir sites, moving the d-band center away from the
Fermi level and weakening the adsorption energy. Composi-
tional engineering adjusts the electronic structure of the active
Ir sites, thereby altering the aggregation and adsorption ener-
gies and inhibiting elemental dissolution. Choi et al. developed
a photothermal method that satisfies the atmospheric pressure,
large-area, remote-process, and material selection require-
ments. They designed and tested polymeric HEA NPs (PtIrFe-
NiCoCe) with high activity and stability in water splitting over
5000 cycles. This approach is efficient in mass and time
productivity and compatible with the atmosphere, achieving the
homogeneous synthesis of multi-metal catalysts. These advan-
tages suggest the industrial applicability of HEA-based elec-
trode materials for water electrolysis in different electrolyzer
systems (Table 10).>'* Moreover, before designing the cathode
and anode electrodes, the operating conditions, electrolytic
medium, mechanism, and setup should be considered.

Oxygen reduction reaction. The ORR is a crucial electro-
chemical reaction in fuel cells and metal-air batteries. The four-
electron reduction of oxygen to water can be achieved through
direct or indirect mechanisms proceeding via multiple inter-
mediates (O*, OH*, HOO*, and 0,>7). The ORR is a very note-
worthy reaction in fuel cell design. One major challenge is to be
able to prepare highly selective catalysts leading only to the
four-electron reduction of O, to water and thus minimizing the
two-electron reduction to hydrogen peroxide. Pt-based mate-
rials are the best catalysts for this pathway; however, they are
expensive and rare. The indirect four-electron pathway involves
the reduction of oxygen to hydrogen peroxide in a two-electron
step; however, it is less efficient because of the production of
a corrosive byproduct. The indirect two-electron pathway has
the least kinetic difficulty but the lowest efficiency. The choice
of ORR pathway depends on the specific application, with the

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 10 HEA-based electrode materials for water splitting

Performance @ 10 mA

Reference

Key points

—2

cm

Electrolyte

Synthesis

Electrode

153

1.78 V@ 100 mA cm 2> Synergistic effect

1 M KOH

Calcination

(CoCrFeMnNi)P

improves electrode

activity
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direct four-electron pathway preferred in fuel cells (H,/O, or Hy/
Air) and considerations such as cost and durability being crucial
in metal-air batteries. Pure Pt-based catalysts may have strong
interactions with oxygen-containing materials, limiting the
number of available O, adsorption sites and catalytic activity.
The addition of nonprecious metals to Pt alloys can promote O,
adsorption and dissociation, leading to O-O bond cleavage.
High-energy anode catalysts are rich in surface sites with atomic
arrangements, allowing a nearly continuous distribution of
adsorption energy, leading to superior catalytic performance in
the ORR.

The Sabatier principle is a useful guideline for designing
ORR catalysts with optimal intermediate adsorption (Table 11).
Along with the OER performance, the CrMnFeCoNi HEA
demonstrated promising ORR activity with a half-cell potential
of 0.78 V and an onset potential of 0.88 V, which are comparable
to those of a commercial Pt/C catalyst (Fig. 20a).>'* The potential
gap (Egap) between the OER overpotential and ORR half-cell
potential of CrMnFeCoNi is merely 0.734 V. Considering the
ORR efficiency, Zn-air batteries (ZABs) were assembled using
the CrMnFeCoNi HEA as the air cathode and zinc foil as the
anode. These assembled cells exhibited an open-circuit voltage
of 1.489 V, which was 90% of its theoretical limit (1.66 V), a peak
power density of 116.5 mW cm >, and a specific capacity of
836 mA h g " and remained stable for over 10 days of contin-
uous cycling, corresponding to 720 cycles at 8 mA cm™ >, and
16.6 days of continuous cycling, corresponding to 1200 cycles at
5 mA cm ™ ? (Fig. 20a and b). A flexible ZAB was assembled using
a polished Zn plate (anode) and hydrophilic carbon paper
coated with the CrMnFeCoNi HEA as the cathode, with polyvinyl
alcohol-KOH-H,O gel as the electrolyte. CrMnFeCoNi-based
ZABs could power a red LED while bent at various angles,
demonstrating their flexibility during operation (Fig. 20c).

In another report PtFeCoNiCu HEA NPs exhibited ORR
catalytic mass activity that was 15.8 times higher than that of
a Pt/C catalyst.*” DFT results confirmed that multi-element
alloying lowered the activation barriers for O-O bond cleavage
and changed the binding energy of OOH* intermediates to
improve the reaction rate by combining metals with different
oxygen affinities. This approach may be promising in the
development of ORR catalysts for industrial application. A
structurally ordered HEA (OHEA) NP was synthesized on a novel
2D nitrogen-rich mesoporous carbon sandwich framework
(OHEA-mNC) via a combination of ligand-assisted interfacial
assembly and NH; annealing.*”® XRD spectral analysis and
atomic-resolution chemical mapping via TEM confirmed that
the HEA was formed in a chemically ordered L1, phase,
exhibiting superior activity with a large half-wave potential (0.90
eV). The Pd and Cu atoms promote electron transfer on the HEA
surfaces, while Co sites alleviate the e,—t,, splitting effect,
enhancing the electron transfer process. Both experimental and
theoretical findings indicate that the superior performance
stems from the well-designed spatial structure and presence of
the stable chemically ordered HEA phase, facilitating fast mass
transfer and modulating active sites for adsorbing reaction
species and electron transfer during the ORR process. The
electrochemical kinetics and stability of Pt-based catalysts are

8702 | Chem. Sci,, 2024, 15, 8664-8722
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Fig. 20

(a) Specific capacity comparisons between a CrMnFeCoNi- and Pt/C-based Zn-air battery (ZAB). Photograph of a red LED screen

powered by a CrMnFeCoNi-based ZAB is also shown. (b) Galvanostatic discharge—charge curves. (c) Solid and flexible ZAB schematic diagram.
Reproduced with permission.?** Copyright 2023, Elsevier Ltd. (d and e) TEM image of a HEA, (f) in situ Raman spectra of a HEA system, and (g and
h) ORR performance of a HEA. Reproduced with permission.®** Copyright 2023, The Royal Chemical Society.

still far from meeting the requirements in practical applica-
tions, although progress has been made in this respect. HEA
NPs of PtPdFeCoNi were fabricated using a high-temperature
injection method by Yu et al.*** which exhibited superior cata-
lytic activity and stability for the ORR owing to the high-entropy,
lattice distortion, and slow-diffusion effects of the HEA.
Therefore, it can be argued that increasing the minimum
concentration of the noble metal enhances the mass transport
process, thereby resulting in an enhancement of peak power
density.

However, only transition metal-based HEA FeCoNiMnCu
NPs encapsulated in N-doped graphitized hollow carbon tubes
potentially prevent alloy particle aggregation during the ORR
(Fig. 20d and e).*** The in situ XRD technique provided insights
into the evolution of HEAs, identifying their formation point at
approximately 908 K during the carbonization process (Fig. 20f).
The catalyst exhibited superior catalytic activity, demonstrating
ideal ORR performance in an alkaline solution. This high
performance can be attributed to the synergistic effect of HEAs,
high specific surface area, and graphite-encapsulated hollow
carbon layer structure. The optimized catalyst demonstrated
significant stability due to the carbonaceous scaffolds, out-
performing commercial 20 wt% Pt/C-RuO, in an assembled
ZAB (Fig. 20f and h). A peak power density of 81 mW cm™> and
lower voltage gap between charge and discharge diagrams
suggests the commercial applicability of the HEA in the ORR.
The most critical challenge with non-noble metal-based

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrode materials often lies in their lower mass transport
efficiency and durability at the cathode in commercial fuel cells.
Furthermore, while the highest activities based on rotating disk
electrode (RDE) evaluations have been observed with shape-
controlled Pt alloys and core-shell structures, whether these
highly active ORR electrocatalysts can demonstrate the same
enhancement factor in real fuel cells remains an open question.
Significant efforts are needed to demonstrate their feasibility in
fuel cell applications, ensuring desired performance and dura-
bility. Previous discussions have suggested that HEAs,
comprising transition metals or a combination of transition
metals and noble metals, with promising morphological and
electronic properties, have the potential to replace Pt domi-
nance in fuel cells commercially.

CO, reduction reaction. The conversion of CO, into value-
added products (carbon monoxide (—0.52 V), formic acid
(—0.43 V), methanol (—0.39 V), ethane (—0.34 V), ethanol (—0.33
V), propanol (—0.32 V), and methane (—0.25 V); all potentials are
in the SHE scale at pH 7) is an emerging topic because of its
potential to meet renewable energy needs and alleviate envi-
ronmental problems caused by CO, emissions. Among the
various reduced products, the conversion to C2 and C3 products
is complex because it involves multiple proton and electron
transfer processes.***'® Particularly, as the HER and CO,RR are
competitive reactions, the activity, selectivity and stability of the
designed catalyst must be improved to obtain the desired CO,
reduction products. Therefore, CO, electroreduction can also be

Chem. Sci., 2024, 15, 8664-8722 | 8703
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Table 12 HEA-based electrode materials for the CO, reduction reaction
Electrode Synthesis Electrolyte Performance & key points Reference
(MOWVNDbTa)S, Chemical vapor Ag. 1 M KOH: 1 M choline Current density: —353, 7: 151
deposition method chloride —0.76 V vs. RHE (631 mV),

TOF: 209 885 hfl, CO Fe: 72%
AuAgPdPtCu NP Cryomilling 0.5 M K,SO, CHy: 38.2%; C,Hy: 29.5%; CO: 189

4.9%; H,: 27.5%; potential:

—0.3 VRHE
Pr, 5Bag sMn ,Fe( ,C0q 2Nip ,C 2035 Sol-gel method — CO Fe: 95% 317
PdCuAuAGBiIn HEA aerogel Freeze-thaw 0.5 M KHCO; C1 Fe: 100% at —0.7 to —1.1 318

method

regarded as a convenient way to store the above renewable
energies in chemical forms.

The electrocatalytic CO,RR is a multistep process that
involves a number of electron and proton transfer reac-
tions.**%22¢ However, high potential and low selectivity often
hinder the reaction, leading to a limited reduction product
yield. Multiple active sites are essential for facilitating the
sequential coupling steps of the electrocatalytic reduction of
CO, that can convert simple molecules into more complex
chemicals. The complexity of CO, reduction arises from the
large number of surface-bound reaction intermediates
involved, and a variety of reduction products can be generated.
As multi-electron reduction reactions require extensive proton

Viue; HCOOH FE: 87.5%

and electron transfers through a variety of intermediates, alloys
of different metal elements and compositions can significantly
affect the types of products that are formed. Because different
active sites promote different reactions, further study is
required to fully understand the influence of alloys on the
CO,RR, especially multi-element alloys (Table 12). Theoretical
and experimental understanding suggests that most of the
effective catalysts contain Cu or Ag owing to their effective
interaction with the intermediate products. Nellaiappan et al.
used a cast-cum-cryomilling process to synthesis the nano-
crystalline equiatomic AuAgPtPdCu HEA for the efficient elec-
trochemical reduction of CO, to hydrocarbon (Fig. 21a)."*®
Although five elements were used, the electrocatalytic activity
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(a) Free energy diagram of the CO, reduction reaction (CO,RR) on the HEA surface. Reproduced with permission.*®® Copyright 2020,

American Chemical Society. (b) Activity and selectivity plot of theoretically designed HEAs. Reproduced with permission.??” Copyright 2019, Wiley
VCH. (c) Faradaic efficiency of the designed HEA for the CO,RR. Reproduced with permission.*>* Copyright 2021, Wiley VCH. (d) Schematic CO,
electrolysis procedure. Reproduced with permission.3” Copyright 2023, Elsevier B.V. (e) Faradaic efficiency of the HEA for CO, reduction.

Reproduced with permission.3*® Copyright 2023, Wiley VCH.
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was primarily associated with the presence of redox-active Cu
metal (Cu®>*/Cu®), and other metals only provided a synergistic
effect. The first-principles-based DFT analysis showed the
reversal in adsorption trends for two out of the total eight
intermediates of *OCH; and *O on Cu (111) and HEA surfaces
and also confirmed that the conversion of CO, to gaseous
products was low. In a similar approach, Rossmeisl et al
theoretically screened two HEA systems, CoCuGaNiZn and
AgAuCuPdPt for the CO,RR.**” Their studies again confirmed
that the Cu (111) plane of the FCC HEAs of CoCuGaNiZn and
AgAuCuPdPt favored the selective reduction of CO, to highly
reduced products. They also proposed that the selectivity of the
CO,RR/CO reduction reaction (CORR) and activity of the CORR
are expected to change as the HEA catalysts vary in composition
(Fig. 21b). Hence, the conversion efficiency is highly influenced
by the specific metallic composition, as well as its variations.
This underscores the ability of a model to predict promising
catalyst candidates even without prior knowledge of their
catalytic properties or the composition of disordered alloys for
optimal catalytic performance.

Roy et al. conducted HT screening of HEA-based (Cu, Co, Ni,
Zn, and Sn) catalysts through ML for CO, hydrogenation to
methanol.>*® The designed CuCoNiZnSn-catalyst exhibited
satisfactory performance in all possible combinations, where
different elemental, compositional, and surface microstructural
features were used as input parameters. Several theoretical
studies have successfully designed HEAs for the CO,RR;
however, these HEAs have not yet been experimentally verified.
An extensive experimental study should be performed to ach-
ieve an effective HEA design, so that the HEAs can be used as
industrial electrode materials for the CO,RR.*'® Cavin et al
synthesized and tested five high-entropy 2D transition-metal
dichalcogenide alloys containing four or five transition
metals, and identified that the alloy with the highest configu-
rational entropy, that is, (MOoWVNDbTa)S,, exhibited promising
performance for CO, electroreduction (Fig. 21¢).*** Zhang et al.
demonstrated that high-entropy perovskite oxide Pr,sBag s-
Mny ,Fe, ,C00.,Nip ,Cug 055 effectively catalyzes CO, electrol-
ysis in SOECs. The in situ formation of Fe-Co-Ni-Cu quaternary
alloy nanocatalysts exhibited enhanced catalytic activity for the
CO,RR, as evidenced by the significantly lower polarizing
resistance and higher electrolytic current density (Fig. 21d).*” Li
et al. developed highly active and durable CO,RR catalysts by
fabricating PdCuAgBiln HEA aerogels (HEAAs) which demon-
strated superior CO,RR activity for selectively producing
HCOOH over a wide potential range. In a flow cell device with
0.5 M KHCOj;, the HEAAs achieved a current density of nearly
200 mA cm 2 and a faradaic efficiency of HCOOH of 87%.3®
This remarkable performance is attributed to the strong inter-
actions between different metals and surface unsaturated sites
in the HEAAs, which optimize the electronic structures and
HCOO* interfacial adsorption, suppressing CO poisoning and
competitive H, production to favor HCOOH formation
(Fig. 21e).

The literature survey highlights the extensive use of metal
species such as Cu, Ag, Au, and Sn as catalysts for CO, elec-
troreduction. To facilitate electroreduction, it is imperative that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the charged intermediate CO,’~ actively participates, necessi-
tating the development of new electrodes for better stabilization
of this molecule. Metals exhibit differing tendencies to tempo-
rarily bind intermediates and products to the electrocatalyst
surface, leading to their classification into three classes. The
first class comprises metals such as Cu, where the most stable
bonds are formed between the intermediate and the surface.
Cu, being a representative metal of this class, forms highly
stable bonds with the charged intermediate CO," ", enabling the
production of very reduced products such as alcohols (e.g,
CH3;0H) and hydrocarbons (e.g., CH,). The second class
includes metals that create weaker bonds compared to Cu,
resulting in the predominant production of CO as the main
product. Noble metals such as Pd, Au, and Ag, along with others
such as Zn, fall into this category. Lastly, the third class consists
of metals where HCOO™ is the main product due to the weak
binding of the intermediate to the catalyst surface. Metals such
as Sn, In, Pb, and Hg are examples of this class.

In conclusion, strategic design and the use of high-entropy
alloys (HEAs) with active metals can aid in achieving the desired
electrode materials tailored for specific value-added products.
Additionally, computational studies and the trial-and-error
method can concurrently contribute to the design of HEA-
based electrode materials for the CO,RR process. Overall,
these three classes of catalysts yield higher value-added prod-
ucts such as hydrocarbons or alcohols, CO, and HCOO (or
HCOOH depending on the acidity). However, it's essential to
consider the competitive process of the hydrogen evolution
reaction (HER) in CO, electroreduction in aqueous solutions. In
the first class of metals (Cu), where the partially reduced
intermediate CO,"~ is strongly adsorbed, the HER tends to
occur predominantly on metals from the other two classes, such
as Pt, Ti, Fe, and Ni. Therefore, fine-tuning the binding energies
of key reaction intermediates is crucial for achieving selectivity
in desired HEA based products and minimizing the specific
energy consumption of CO, electroreduction.

Alcohol oxidation reaction. Direct alcohol fuel cells (DAFCs)
are a type of proton exchange membrane fuel cell that can
directly convert alcohols into electricity at the anode. Common
fuels used in DAFCs include methanol, ethanol, propanol,
glycerin, and ethylene glycol.”>”#'*¢ The production of alcohol
can be achieved through various processes, making it a prom-
ising renewable energy source for power generation.
Researchers have investigated various materials as electro-
catalysts for AORs, including noble metals, transition-metal
oxides, and carbon-based materials. However, none of these
materials have met the ideal criteria for AOR catalysts. Recently,
HEAs have emerged as a promising new class of electrocatalysts
for alcohol oxidation reactions (AORs). Owing to their
tunability, by adjusting the composition of the HEA, the elec-
tronic structure, and d-band center of the catalyst can be fine-
tuned. This, in turn, modulates the adsorption and reactivity
of different intermediates. This tunability allows HEAs to be
specifically designed for different AORs, such as the MOR or
ethanol oxidation reaction (EOR). HEAs have demonstrated
superior CO poisoning resistance as compared to single-
component catalysts, effectively dissociating CO molecules,
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

leading to enhanced catalytic activity and durability.”>”*>%*
Moreover, HEAs can be designed with multiple types of active
sites, each with a specific function, resulting in more efficient
and selective AOR catalysts.

Finally, HEAs can be designed to have multiple types of
active sites, each with a specific function. For example, a HEA
can be designed to have active sites for alcohol adsorption,
C=C bond cleavage, and oxidation of toxic substances. This can
result in more efficient and selective AOR catalysts (Table 13).
The coordination environment of the metal surface sites can be
changed by changing the composition of the HEA alloy. This
results in metal sites that balance the adsorption energies of
reactants, reactors, and intermediates at the adsorption sites,
ultimately achieving high activity.

A template-assisted electrodeposition method was employed
to fabricate PANiCoCuFe alloy nanotube arrays (NTAs), exhib-
iting enhanced methanol oxidation capability achieved by the
synergistic interaction between Pd, Ni, Co, Cu, and Fe, which
facilitates C-H bond cleavage and hydroxyl species generation
(Fig. 22a).*" The compositional integrity, geometric arrange-
ment, and strong electronic interaction within the metal
provide a synergistic effect and ultimately contribute to the
catalytic activity by altering the electronic state of Pd. Therefore,
the quinary PANiCoCuFe alloy NTAs are highly desirable as low-
Pd-content catalysts in DAFCs.

The electrochemical AOR process using a HEA-based elec-
trode material involves linear electron and proton transfer
processes with critical intermediate orbitals, promoting effec-
tive oxidation and bond strength. HEAs provide a suitable
electronic environment with multiple surface-active sites,
promoting effective electron transfer, facilitating adsorption,
and maximizing surface electrical activity, thus facilitating
effective conversion.®*® For example, the MOR activity of the
FCC crystalline PtFeCoNiCu HEA was improved by the surface
strain strategy.*** EXAFS analysis revealed that the shortening of
the Pt-Pt bond distance and developed compressive strain
significantly improved MOR electrocatalytic performance by
downshifting the d-band center (Fig. 22b). Furthermore, DFT
calculations indicate that the compressive strain shifts the d-
band center away from the Fermi energy, resulting in weaker
adsorption of CO on the HEA surface, which improved the MOR
performance.

The development of highly efficient direct ethanol fuel cells
(DEFCs) faces a challenge in enhancing ethanol C-C bond
cleavage through the complete 12-electron EOR. Modern cata-
lysts struggle with incomplete pathways due to CO poisoning,
affecting power performance and efficiency. A separated
PtPdFeCoNiSnMn HEA (PtPd HEA) was designed to address this
issue.*** The PtPd HEA exhibited superior activity and stability
against the EOR and ORR, respectively, and achieved record
performance with a maximum power density of 0.72 W cm™>
and stable operation for over 1200 h in DEFCs. Interestingly, Sn
was also introduced to promote CO oxidation and C-C bond
cleavage; Pt and Pd served as active sites to catalyze the EOR,
and the reaction barrier for C-C bond cleavage was significantly
reduced at the Pd site of the PtPd HEA because of the synergistic
and electronic effects with other elements. Fan et al

8706 | Chem. Sci, 2024, 15, 8664-8722

View Article Online

Review
5]
Q
a
5]
St
£ © B o = « o o
] N < =] — N Q I N N
~ ~ ~ — N o ) o ) )
.. 1 =
2 2 e o
~ =]
5 = B £ g
s T @ =) =
T a a < :
- T -
e 3} z, ) o0
S z £ =
: E & o 5
= = N = )
E; o [a+] — o] E
3 ) . —
= el = L2 =] E=]
>>~ .o = = S ]
z 5 = o 2
S B d = < X
8 3 e 7 g 2
S Z oo s g
I 9 o g © !
s & & s &
2 3] s é .. s [T}
g & o = Lo« -
S s<a = 7 T_9
o~ - O M — — ey
LT TaEy o E EE
o0 = & - O TO
8 € & wssE T ES &=
£ £ Egwo § PEPS
3| E g ©° & EwgFEOQ
1 R
> g S o g méﬁq
) 0 n n +E5¥TQ &) —_
ol I I N 2% s6 f OXS8E
9| = a K 5882 ~n RESS
Bl > » T8% Tzsp N 9-Tg
sl g g E°TE Bizi £ ETEC
Sl s S B2z zE®mE &z Fgzs
g I | O = O SRR =S 131 5 885 9O
g N - A= & T g
o) 2 2 v O wn wn P o= ) wowo
o] @ @ BN o~ 0 m,_‘vs %] N g 9
s| 5§ 5 S£mE9Ss5EA & SoS8E
Al N SS=2<=208w = =9=%
E Iz Oz oo
S 3 © O 5 5 E
= =] ™ ™ = % g
T £ 5 & £Z2 £ 5 & 3
= O ®)] o O [<} = =]
g © s s 2, = =t L <
s s Tw = 8 E <
< 2 (SN — = s 3]
2 2 — = 24. =) v s
=} =) + + I S —
+ + < N H'-'S N — + —
¢l 5 5 2 % 12 8 £ B &
I N
5|18l % 2 © @=® g0 T © ¥ O
E|lE|l=s 5 5 =5 ¥s5 s ¥ 35 =
Sl&]la 2 w »v 2w o 22 o 2
g [sa) — — o (=} —- O o — — —
c
9
=
©
o
< o L
o = 2] o i)
2 2] o o)
o j=] o] < = =
< & S 5 [~ =
(o] S o g = 5] ]
O oy tgST & & E
=B = —_— —
© 2 2 8 EgZ%s 5 3 3
2 = 22 o =885 .35 2 2
S| o| E8E£8882 SLEE8@wa E E
o 7 o= B e e cEeEg R L 5 3]
o b5 0,0 QT B o < <= O = =
« & WEWEQS-—Q Eaggggwu o
2| E| S55STas SES2Sg58 B
.© =, 3 g 302 L8 c 2 3
5 ) S&8=238&vA SET0Us0gLR S
©
€
[}
3
wn
: -
3 E & 2
[}
o < 2 T 2 g g
o} = 83 5
2 5 58 3 § %2 Z
5 < oz %5 = § § &
5 Z =z 85 ¢ 5 f E
o %
T s 2 g5 ¢ § E E
L =) =) @) o = Q Z. < & &
M o 3 3 — ©
- <) =, = > =3 ._318 [S) =] % %
2| El &2 2 & B Z22 2 8 % %
e} S 3 S a & © Z 4 A < <
© 2l - el L8 ks =} o el el
~ [0 - &~ ~ &~ & ~ &~ e e

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review Chemical Science
s 1
1 000 1
:(a) 2356V " Pd-FeCoNiCuNTAs (b) Pt R-space —— Pt foil (C) - PAAGSVPI HEA NPy MOR :
: PdNTAs I . PaC e !
: : 5 Sog ks E
| o0t &0 8 © i
1 - . ,@ Coordmanon 1
1 - E 1(m Ervironment 1
! & - N 1
1 -] -~ . 1
: = 0 Tensile Strain \ :
I 330 335 340 345 350 355 o 1

Y Y Y ¥ 0.0 04 08 1.2

1 Binding Energy (eV) 0 1 2 3 4 5 6 A !
E Radial distance (A) Potential/V vs. RHE :

1
1 1
i (d) 4000 !
H PAAGSAIIEL HEA NPy :
H - PacC [ H
! 3000 [ '
1 f , |
1 1
: 2000 :
1 1
E ? 1000 |
P |
. | P |
! 00 04 08 |
: PotentialV vs. RHE !
e e e e e e e e o e o B 1

Fig. 22 (a) XPS diagram of a PdNiCoCuFe alloy nanotube. Reproduced with permission.?® Copyright 2014, Elsevier B.V. (b) Fourier transform of

the extended X-ray absorption fine structure spectra of the PtFeCoNiCu HEA for the Pt L3-edge. Reproduced with permission.?** Copyright 2021,
Spinger Nature. (c and d) Intrinsic methanol oxidation reaction (MOR) and ethanol oxidation reaction (EOR) activities of the designed HEA NPs
and (e and f) comparison of the activities of the HEA NPs towards the EOR and MOR. Reproduced with permission.*?® Copyright 2023, Wiley VCH.

synthesized PdPtCuAgAu nanowire networks using carboxyl-
functionalized surfactants as soft templates. These alloy-based
electrocatalysts exhibited enhanced performance in ethanol
oxidation, with high mass activity, anti-poisoning ability,
superior stability/durability, and fine electrocatalytic kinetics,
along with advantages such as anisotropic and thin
nanowires.**"3**

Despite significant advancements in the field of HEAs,
controlling their morphology and structure remains a challenge
because of the complexities involved in balancing precise HEA
surface control with extreme synthesis conditions. Guo et al
employed a simple low-temperature synthesis method under
atmospheric pressure to fabricate Pd-enriched-HEA-core and Pt-
enriched-HEA-shell NPs with a single-phase FCC structure.®*
Interestingly, both the Pd-enriched-HEA-core and Pt-enriched-
HEA-shell NPs exhibited lattice expansion during HEA forma-
tion, resulting in tensile strain within the HEA core and shell
(Fig. 22c and d). The synthesized PdAgSn/PtBi HEA NPs
demonstrated superior electrocatalytic activity and durability
for both the MOR and EOR. The specific (mass) activity of
PdAgSn/PtBi HEA NPs for the MOR surpassed that of
commercial Pd/C and Pt/C catalysts (Fig. 2e and f). Integrating
high-entropy elements (HEEs) with Pt and Pd sites at the HEA
interface synergistically facilitates a multistep process for the
AOR. Consequently, noble metal-based HEA electrodes exhibit
enhanced activity compared to their non-noble metal-based
counterparts. This is attributed to the structural, electronic,
and morphological modifications induced by the addition of
noble metals. However, achieving cost-effectiveness through
non-noble metal-based HEAs for the AOR remains a challenge,

© 2024 The Author(s). Published by the Royal Society of Chemistry

limiting the full potential of this technology in industrial
applications.

Nitrogen reduction reaction. The NRR is a sustainable and
environment-friendly method for converting N, to NH; under
atmospheric conditions. However, the NRR is challenging
because of the strong N=N triple bonds in N, and competitive
HER. A heterogeneous catalytic pathway was observed, with the
adsorption of N, molecules on the electrocatalyst surface,
hydrogenation, and desorption of NH; (Fig. 23a).>®” Under-
standing the mechanisms of association and dissociation are
crucial for designing efficient and selective electrocatalysts for
N, to NH; conversion. The activation energy required to break
the stable N, triple bond is a major challenge. To improve
catalytic capacity, surface control, defect engineering, strain
engineering, alloying, composition tuning, and blending strat-
egies are needed. HEAs are also promising for the NRR because
of their tunability, which enables the designing of specific NRR
catalysts. Proper compositional tuning with early transition
metals such as Sc, Y, Ti, and Zr can be a good choice for selective
designing of active NRR materials. Yu et al utilized DFT
calculations to screen the optimal performance of a FeCoNi-
CuPd HEA for the NRR. Their findings revealed that the varying
metal ratios of HEAs significantly influence the d-band center,
consequently affecting the catalytic activity across the HEA
surface. Theoretical studies have demonstrated that Ni, z(-
FeCoCuPd), ;75 with an exposed (111) crystal plane exhibits
significant NRR activity, achieving an overpotential of 0.34 eV.
This assessment was based on the measurements of the
adsorption energy of the initial N, and the free energy of
intermediates along different pathways. Notably, the bridge site
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of Fe-Co on the surface emerged as the optimal site for N,
adsorption and activation, contributing to the superior NRR
catalytic performance. Electronic calculation results indicated
that the atomic ratios of HEAs play a crucial role in positioning
the d-band center, thereby enhancing the interaction between
the metal site and the adsorbate and influencing the catalytic
activity. Compared to the secondary HER, the Nigs(-
FeCoCuPd), ;75 catalyst exhibits a superior selectivity of 99%.
This high selectivity is attributed to the stronger adsorption of
H, which favors the NRR over the HER. Regardless of the
element ratio in HEAs, the PDOS results consistently reveal that
optimal N2 adsorption configurations involve Fe or Co atoms.
These atoms facilitate electron transfer to N2 molecules during
their reduction to NH; (Table 14).%**

Chu et al. synthesized high-entropy perovskite oxides, Ba,(-
FeCoNiZrY), ,0;_5 (By(FCNZY)y,) (x = 0.9, 1) (where FCNZY

ger Nature. (d) Mechanism of the HEA for the NRR. Reproduced with

represents Fe, Co, Ni, Zr, and Y, respectively) using a modified
sol-gel method.*”® By modifying the non-stoichiometric metal
elements at the A site and introducing oxygen vacancies, the
NRR activity of the high-entropy perovskite oxide was signifi-
cantly enhanced. Employing the d-band center theory, the
catalytically active center at the B site was theoretically pre-
dicted, identifying Ni as the primary catalytic site. Moreover, Ni,
Co, and Fe also served as catalytically active sites in the bulk
B(FCNZY),.,, as their energy levels approach the Fermi level, as
confirmed via the d-band center analysis (Fig. 23b). The free
energy values of the intermediate states in the optimal distal
pathway reveal that the third protonation step (*NNH, —
*NNHj;) is the rate-determining step, and the increased oxygen
vacancies in the high-entropy perovskite facilitate nitrogen
adsorption and reduction. The enhanced NRR activity of
By.o(FCNZY), , is attributed to the additional oxygen vacancies

Table 14 HEA-based electrode materials for the nitrogen reduction reaction

Electrode Synthesis Electrolyte Performance and key points Reference
B-doped FeCoNiCuPd Electrospinning 0.5 M K,SO, NH; yield of 24.8 pmol h™' em™2, NH; FE of 39.2% 287
Niy 3(FeCoCuPd)o 175 — — Ni increases NRR activity 324
RuFeCoNiCuNps Wet chemical 1 M KOH NH; yield of 11.4 ug h™' em™2, NH; FE of 39.2% 325
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and the synergistic effect between different metal elements at
the B site, as corroborated by DFT calculations (Fig. 23c).

High-voltage requirements, low-NH; yield, and poor stability
of electrode materials pose significant challenges for the NRR.
To address these issues, RuFeCoNiCu HEA NPs were synthe-
sized in an oil phase at atmospheric pressure and low temper-
ature (=250 °C), demonstrating NRR activity in 0.1 M KOH,
0.1 M Li,SO,, 0.1 M Na,SO,4, and 0.1 M HCI electrolytes.**® The
designed HEA NPs exhibited a high NH; yield of 57.1 ug h™*
mg.. - at 0.05 V versus the reversible hydrogen electrode in
0.1 M KOH, with a corresponding faradaic efficiency of 38.5%.
Monte Carlo and DFT calculations suggested that Fe in the alloy
is the most favorable site for N, adsorption and activation,
whereas Co-Cu and Ni-Ru pairs exhibit excellent surface
hydrogenation ability at low overpotential, forming H* on their
surfaces. Specifically, t-Fe, b-Fe-Fe, h-Co-Ni-Ni, and s-Ni-Ru are
identified as four promising active sites, and t-Fe was identified
to be the most effective for the NRR (Fig. 23d). This investiga-
tion introduces a novel method for HEA synthesis and
demonstrates the application of HEAs in the NRR under various
pH conditions. These findings shed light on a new NRR
mechanism with potential for commercial applications. While
the strategic design of HEA-based electrode materials is still in
its early stages, significant progress can be made towards
achieving commercially viable performance through selective
metal choices, design, and optimization. Additionally, compu-
tational studies offer a valuable tool to bridge the gap between
current experimental limitations and the efficient evaluation of
potential HEAs.

Energy storage. Electrochemical energy storage (EES)
involves converting electrical energy into chemical energy
during charging, and then reversing the process to generate
electrical energy again during discharging. EES devices are
crucial for integrating renewable energy, powering electric
vehicles, and providing backup power. This rapidly evolving
field boasts numerous emerging technologies poised to play an
increasingly significant role in our energy future. EES devices
can be broadly categorized based on their charge storage
mechanism: batteries utilize redox-active materials, while
supercapacitors rely on electrical double-layer capacitor-type
materials.**®* Depending on the electrochemical nature of
HEAs, they can be employed in multiple energy storage
processes, including supercapacitors and batteries (Table 15).
Qi et al designed a novel spinel-structured HEO,
(FeCoNiCrMn);0,, which was prepared via a high-temperature
solid-state reaction and evaluated as an anode for LIBs. In situ
high-temperature XRD was used to reveal the structure evolu-
tion of mixed oxides with the increase in calcination tempera-
ture, and a single-phase spinel-structured (FeCoNiCrMn);0,
was obtained at 900 °C (HEO-900; Fig. 24a)."* The effect of
temperature on the structure and electrochemical performance
of HEO was investigated, and the HEO-900 anode with
commercial mass loading was observed to exhibit higher
capacity (discharge/charge, 1034/680 mA h g~') and better rate
capability (182 mA h g~ " at 2 A g™ ') than the structures obtained
at 950 and 1000 °C (HEO-950 and HEO-1000, respectively) for its

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 15 HEA-based electrode materials for energy storage processes

Reference

Performance & key points

Electrolyte

Synthesis

Electrode

129

Coulombic efficiency: 61.6%, discharge/charge specific

capacities: 1034 mA h g /680 mAh g~ "

1 M LiPF¢ + ethylene carbonate

(EC)/ethyl methyl carbonate

Calcination

(FeCoNiCrMn);0,

(EMC)/dimethyl carbonate (DEC)

(1:1:1)

327

Discharge capacity (386.7 mA h g ') at 0.5 A g~ " after 185 cycles

1 M LiPF¢ + ethylene carbonate/

dimethyl carbonate (1:1)

Ball milling

(FeNiCrMnZn);0,

View Article Online

Chemical Science

329
330
331
332
333
334

=
o w
c g
=]
S &
g &
=) L 5}
g B <
2 S
(5] 1%}
- 5 T
=] o o0
—
T R -
on T 5o
= 0 o8l
<= [ < Q’:T_*d
=3 T g
ge 0z | 2ERY
n 9 — <O N
x 2 o0 I S 2w
P = on ”Ecm..
o | o3 S E Q>
[T T o 232273
< = g @ Fzog
= bt ° =R~
E <) | o g S
= N o £ 5
9~ =) 5 S os
[=E) — Q (\]ang
L & . C‘N'QUO
‘S .- 2 gy -8«
E8 S g el g
s A 2280w
S a < T o g <
Qo o o QNG':J-J
g 9 3] oofgg‘”"c
5E€ & EXg2 ER
=0 k3] DR EXRE
2 0 o o 2w =g
QS A o 0o B S HR
O »n ©n n o0 A0m

1 M LiPF¢ + ethylene carbonate/
imide (LiTFSI, 1 M) in DME/DOL

dimethyl carbonate (1:1)
Lithium nitrate (LiNO3, 0.2 M)

bis(trifluoromethanesulfonyl)

josy Z oy
g S © ©
=t % 2 g
< - = =2 =2
| = —
—_— — N Al on
o
£ 5
a5 s B
wE [a] =
=2 on B o0
] g on 2 =)
S8 &8 =
&g T E5 Z
w
o EZ & B
53 2835 3
©n < T =)
L]
5
=
N
o
o
[a\]
S
Q0
4
T g
o .= :
=8 g
R
g < Em
NQ o 3
F: &
Z ) <t <t
%3 2 ’Eg';
) 4
28 % 2 2 9
s3 8 o 2 g
o8 S Zz O 1
a S % <] <] Q
S % "‘! &) &) Q
S & o 2 |
25 & =B oo

Chem. Sci., 2024, 15, 8664-8722 | 8709


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Review
e e e e e e e e e e e e e e -
: i
! (a) (©)-.. H
! g ©§ Cu 1 .|
! 8 88 | Cu 1 1004 S damny e {1007 !
: 10 cycles-3.0V ,._...:'_....:7_.:_...l AEEY Voltage (V) 700} § L— leo € 1
I 2cycles3.0V ) 302520151005 0 - 1 ‘ o od |
i Cha-3.0v et A 0] N — ; :
: Cha.1-5V 1! ; A A % g —— = £ :

-1, A o = NI, | e 203 1
i Cha-0.78V 1: : T g 100f - ommommsnn] == A

0 30 60 9% 120 150 180
! Dis-0.01V “"."““""‘1""""&'—' ...................... [ R ] :
: Dis-0.4V manf : 1— \ & H
1 Dis-0.5v E r 2 4 HEO (rock-salt structure)  HEO(-M) (rock-salt structure) :
I Dis-0.6V —~'-A———A-J-—J, - 5 (d) } g H
1 ! T 2
1 Dis-0.75V “btr T A a . !
: Pristine v A =\ pht / 1
: ' o | CuJCPDS#70-3038 e ‘At
FeCONICrMn)O | ' 2

! (FeCol n) | : ) =K \ :
: R \ ( 1 |
i NiFe20« JCPDS#54-0964 g ) \ /) i
1 r v T d T L T v T T v 1 X
I 20 30 40 50 60 70 80 HEO(-M) HEO+2Li 1
' 2-Theta (Degree) s N i
! 1
1
I i
] e e e e et -

Fig. 24

(a) Ex situ XRD patterns of high-entropy oxide (HEO) at different states of charge. (b) Kinetics analysis of HEO in Li-ion batteries.

Reproduced with permission.*?® Copyright 2022, Elsevier B.V. (c) Electrochemical performance of HEAs as an anode material. Reproduced with
permission.®?” Copyright 2021, Elsevier Ltd. (d) Schematics of the proposed de-/lithiation mechanism during the conversion reaction of tran-
sition-metal-based HEO. M in the figure denotes only the cations in the high-entropy system. Reproduced with permission.*?® Copyright 2018,

Nature Spinger.

moderate particle size; moreover, all three samples showed
superior cycling stability.

The superior electrochemical performance of
(FeCoNiCrMn);0, can be ascribed to the optimized electron
configurations, smooth ion diffusion paths and abundant active
storage sites derived from the unique structure of HEO with
multiple metal elements of mixed valence states and different
cation radii. The cathodic peak located at 0.25 V is attributed to
the stepwise reduction of transition-metal oxides (containing
M*"/M*" toM>" and further M*" to M°) and the formation of an
inert solid electrolyte interface layer, indicating HEA-based
redox behavior and a battery-type electrode material
(Fig. 24b).**” This HEO amorphous structure is good for
achieving an anode with superior electrochemical performance.
The defects in amorphous HEO not only provide more possible
active sites for Li" storage, but also open sufficient diffusion
paths for Li" through the electrode and regulate electron
configurations to accelerate the transport of electrons, giving
rise to increased capacity. Furthermore, the disordered struc-
ture provides more space for buffer volume changes during the
repeated lithiation and delithiation. In another report, Dai et al.
confirmed that Zn improved the content of trivalent Mn in
HEOs, thereby increasing the voltage range of the reaction
process, which then enhances the Li storage performance. The
comparison between (FeNiCrMnZn);0, and (FeNiCrMnMg);0,
suggested that, when compared to Mg, the introduction of Zn
improved the diffraction peak intensity and crystallinity of the
XRD spectra, which was then reflected in their Li storage
performance (Fig. 24c).**” Apart from the anodic electrode
performance, HEO has received considerable attention as the
most promising cathode material for next-generation LIBs.**®

8710 | Chem. Sci, 2024, 15, 8664-8722

Sarkar et al. demonstrated the reversible lithium storage
properties of HEOs, underlying mechanism, and influence of
entropy stabilization on the electrochemical behavior. It was
found that the stabilization effect of entropy brings significant
benefits for the storage capacity retention of HEOs and signif-
icantly improves the cycling stability of the proposed lithiation
or delithiation mechanism during the conversion reaction of
(C0p.2Cuy Mgy ,Nig ,Zny ,)O HEO. The as-prepared transition-
metal-based HEO (TM-HEO) composed of poly-/
nanocrystallites, exhibiting an ordered structure; moreover,
during lithiation, some of the divalent metals of TM-HEO
reacted with Li to form nano-Li,O and nano-M nuclei via
a conversion reaction (Fig. 24d).** The rock-salt structure was
preserved in this state and nanosized nuclei grew inside the
rock-salt host structure, causing the buildup of stresses, thus
resulting in the introduction of defects. Consequently, the
participating ions remained trapped inside the host matrix and
could easily diffuse back into the crystal structure in the
subsequent oxidation process. Hence, the parent HEO structure
was restored after the delithiation process. Therefore, the
charge-discharge process is reversible and rapid in the rock-
salt-like HEO system. Lun et al demonstrated a cation-
disordered rock-salt-type HEO for LIBs where cathode
compound, composed of six different transition-metal species,
was approximately 40% larger than the capacity of the conven-
tional compound. The incorporation of a large number of TM
species into the lattice could reduce the extent of short-range
order and significantly improve Li transport.*’ Gao et al.
developed a novel sulfur cathode comprising Feg,C0¢ .26
Nig.10CUg 15Mny o5 HEA nanocrystallites embedded on nitrogen-
doped carbon.*** This unique architecture enabled the cathode

was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to exhibit remarkable electrocatalytic activity in converting solid
sulfur into solid discharged products, bypassing the soluble
intermediate lithium polysulfide phase. Consequently, the
cathode achieved a superior reversible capacity of 1079.5 mA h
gcathode’l, corresponding to a high utilization of 89.4%, with the
entire cathode serving as the active material instead of solely the
sulfur element. Notably, even under challenging conditions
involving a lean electrolyte (3 uL mg™ ') and ultrahigh sulfur
loading (27.0 mg cm™?), the cathode retained an impressive
discharge capacity of 868.2 mA h gcathode’l. This ground-
breaking approach paves the way for exploring catalytic host
materials that can effectively enhance sulfur utilization in
lithium-sulfur batteries. Sui et al. synthesized (FeCoNiCrMn);-
O, by dealloying the FeCoNiCrMnAlys alloy in 3 M NaOH,
achieving superior supercapacitor characteristics as an anode
material, with a specific capacitance of 639 Fg 'at 1 Ag ' and
retention of 80.77% at 10 A g~ *.3* The reduction peak occurs at
0.3 V, which is predominantly caused by the transition-metal
oxide reduction (M*"/M** to M>*, M*" to M?), indicating that
the materials rely on noticeable redox reactions for energy
storage. The better capacitive performance can be compared
with that of CoCr,0, (Fig. 25a and b). Ma et al. fabricated spinel-
phase (FeCoCrMnNi);0, at a low calcination temperature of 450
°C, achieving a high specific surface area of 63.1 m*> g ' in an
alkaline medium. The specific capacitance was observed to be
332.2 F g " at a current density of 0.3 A g~ " in 1 M KOH elec-
trolyte with a wide potential window of (—1, 0.6). The HEO
electrode achieved an energy density of 103.8 W h kg™ ' by
maintaining the designed microstructural arrangement.?*
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Tiwary et al. successfully synthesized a Fe-Co-Ni-Cu-Zn
HEA using a ball milling method.*®* This HEA exhibited
multivalent quinary characteristics and favorable intermediate
intercalation/deintercalation kinetics, making it a promising
candidate for supercapacitor applications. The asymmetric
liquid device performance was attributed to the presence of
multivalent elements with surface oxidation and the availability
of d-states near the Fermi level. The device demonstrated stable
performance over long-term (up to 5000 cycles) charging-dis-
charging cycles in a voltage window of 1.5 V. It achieved
a maximum specific capacitance of approximately 105 F g~ * at
a scan rate of 5 mV s '. The fabricated liquid-state device
exhibited a superior specific energy of 23.82 W h kg™' and
specific power of 375 W kg~ '. The enhanced electronic
conductivity and electron transport properties of the HEA alloy
contributed to the reduction and formation of split energy
levels, as confirmed via DFT calculations. The d-band center of
the quinary Fe-Co-Ni-Cu-Zn HEA was significantly closer to
the Fermi level as compared to that of individual atom nano-
clusters, resulting in increased chemical affinity toward oxygen
absorbability on the surface of the mesoporous HEA (Fig. 25c).
This tailored surface chemistry led to improved chemical
stability, enhanced reaction kinetics, and reduced ion diffusion
barriers.

Developing and optimizing industrial electrocatalysts pose
a significant challenge for the scientific community. Industrial
electrode materials must adhere to a set of fundamental
requirements that are not typically considered for laboratory-
scale or research-based development and synthesis. Generally,
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Fig. 25
mances of (FeCoNiCrMn)zO4/NF and CoCr,O4/NF. Reproduced with

(a—c) Capacitive contribution, separations of diffusion-controlled and capacitive charges at different scan rates, and cycling perfor-

permission.332 Copyright 2023, American Chemical Society. (d) Plots of

density of states for d-states of Fe, Co, Ni, Cu, and Zn in the FeCoNiCuZn HEA, which is actively used as electrode materials in supercapacitor

devices. Reproduced with permission.*** Copyright 2023, Elsevier Ltd.
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electrode materials for industrial applications must meet
specific criteria, including (a) a straightforward synthesis
approach, (b) a product-efficient synthesis route, (c) environ-
mentally friendly technology, (d) cost effectiveness, and (e) high
catalytic efficiency, stability, and selectivity. The feasibility of
employing HEAs as industrial electrode materials compared to
conventional electrode materials hinges on systematically
addressing these criteria. The introduction of HEAs and their
derivatives has revolutionized the field by introducing an
entirely new class of materials, finding applications in a range
of electrochemical processes. HEAs, therefore, stand as prom-
ising candidates for revolutionizing catalytic research and, with
the right design strategy and understanding of structure-
property relationships, can potentially transition into industrial
applications. The intrinsic properties of HEAs result in unique
characteristics such as high mechanical strength, superior
fracture toughness, and corrosion resistance. Utilizing these
HEAs in catalytic reactions is a relatively new area of research.

Summary and outlook

HEAs demonstrate immense potential for designing new, cost-
effective catalysts by utilizing low-cost transition metals instead
of precious noble metals (Table 16). Precise control over both
the electronic and morphological structure of HEAs, including
factors like composition, phase distribution, and surface char-
acteristics, is crucial for optimizing their performance in
specific electrocatalytic applications. Alongside exploring the
appropriate compositional possibilities, a major challenge in
fabricating HEAs lies in achieving precise size control, selecting
compositions accurately, and controlling morphology. This
challenge can be overcome through systematic studies of their
crystal structure, phases, electronic arrangement, and stability
under various operating conditions. Undoubtedly, the kinetic
and thermodynamic parameters of a HEA play significant roles
in determining its phase stability, crystal structure, and elec-
tronic arrangement, and identifying the most promising
composition. Therefore, before designing a HEA system for an
electrochemical application, all these parameters should be
considered to achieve optimal performance. The systematic
design and specific application of HEAs must be addressed
through a proper designing approach that considers the theo-
retical knowledge of the selected elements with dissimilar
periodic properties. The catalytic properties of HEAs are
complex and multifaceted owing to the involvement of various
elements. Although this multiplicity can lead to poor selectivity
of products, it also holds the potential for new and unexpected
molecular transformations arising from atomic arrangements
on the surface of HEAs. The selection of periodic elements is an
important consideration before designing HEA-based potential
electrode materials for a particular electrochemical process.
This is facilitated by the use of advanced computational and
experimental techniques.

Despite the promising potential of HEA-based electrode
materials, several challenges need to be addressed before they
can be widely adopted in industrial processes. Fabricating HEAs
for industrial applications requires the utilization of suitable

8712 | Chem. Sci, 2024, 15, 8664-8722
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synthesis approaches that adhere to moderate reaction condi-
tions that are compatible with industrial requirements. Along-
side reaction conditions, product percentage and purity are also
crucial design factors for selecting a specific synthesis route that
enables controlled composition, size, and uniformity. The
catalytic performance of the HEA system is significantly influ-
enced by factors such as crystal structure, phase, morphology,
counter anions, and exposed active planes. Various designing
techniques and engineering approaches (defect, strain,
bandgap, d-band, active crystal plane, etc.) are available to
control these parameters and facilitate the development of
electrode materials that are suitable for industrial processes.
During synthesis, the judicious adjustment of reaction condi-
tions, including metal precursors, growth control agents,
reducing agents, solvents, surfactants, masking agents, and
others, offers flexibility for tailoring the structure and
morphology of HEAs. Notably, although numerous studies have
explored the impact of the phase structure on the mechanical,
magnetic, and corrosion properties of HEAs, research on how
the phase structures of HEAs with identical compositions affect
their electrocatalytic behavior remains limited. Therefore,
further investigation into this area is of paramount importance
for future research.

The structure-activity relationship is a crucial parameter in
designing more effective electrode materials. In this context,
a thorough understanding and in-depth study of individual
HEAs are essential for elucidating the mechanism and identi-
fying active intermediates. Advanced physicochemical studies
can provide valuable insights into these aspects and inform the
design and development of potential electrode materials for
specific electrochemical processes. Although the multi-element
nature of HEAs can introduce complexity, this can be mitigated
through in situ studies during electrochemical and HEA design
processes. In situ studies enable the monitoring and tuning of
catalytically active sites, growth processes, morphological
changes, composition, chemical valence states, and electronic
structures of elements in HEAs. Electrochemical operando
studies are expected to be particularly useful in measuring
structural evolution and identifying the actual active sites of
catalysts. Therefore, developing a more comprehensive and
sophisticated set of in situ techniques is crucial for achieving
a profound understanding of HEA-based catalysts during elec-
trocatalytic processes that help to tune optimized electrode
materials for industrial processes such as PEMWEs, PEMFCs,
energy storage devices, etc.

As HEAs are composed of multiple elements with various
compositional possibilities, thereby the structure and activity
can alter significantly with compositional and elemental varia-
tions of the constituent elements. The most efficient composi-
tional and elemental combination can be effectively assessed
using theoretical and computational modelling. Moreover, the
desired electrochemical performance may not always match the
expected results. Therefore, a comprehensive theoretical study
is crucial for designing and developing efficient electrode
materials for industrial applications. The involvement of novel
computational methods, such as DFT, molecular dynamics, ML,
NNs, and HT screening, has facilitated the evaluation of a larger

© 2024 The Author(s). Published by the Royal Society of Chemistry
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number of active sites and accelerated the understanding of the
potential for adjusting adsorption energies for a specific elec-
trochemical process. The identity of the active intermediate in
the designed electrode materials can be predicted using theo-
retical calculations. These advanced techniques have aided in
the design of potential electrode materials with improved
catalytic performance. However, the theoretical understanding
may not always align perfectly with experimental findings.
While these models can provide valuable guidance, their
predictions must be interpreted with caution and validated
experimentally. Therefore, a collaborative approach seamlessly
integrating theoretical calculations with experimental verifica-
tion is crucial for advancing HEAs as efficient electrocatalysts
and realizing tangible industrial benefits.

The vast composition space and unique high-entropy struc-
ture of HEAs offer promising opportunities for catalyzing
various reactions. However, further research efforts are required
to fully unlock their potential. HEA-based heterogeneous cata-
lysts offer four core effects that provide distinct advantages
compared to mono- or bimetallic electrode materials or elec-
trocatalysts. Numerous electrochemical processes utilize HEA
systems that exhibit superior electrochemical performance
when compared to other state-of-the-art materials. However,
there remains significant scope for designing new HEA-based
electrode materials with low cost and robust performance.
Prior to utilizing any HEA-based electrode material in an
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industrial process, its activity, selectivity, and stability must be
carefully evaluated. The selection of appropriate elements and
the maintenance of compositional integrity are crucial factors
in designing efficient electrode materials. The applicability of
the HEA system is determined by the suitable choice and opti-
mization of these parameters. In addition to pristine HEAs,
their derivatives also hold immense potential for various elec-
trochemical processes. In some cases, these derivatives have
demonstrated superior electrochemical activity when compared
to pristine HEAs. Therefore, through proper tuning and opti-
mization, HEA-based materials can be designed to serve as
highly effective electrode materials in industrial electro-
chemical processes. Likewise, the formation of pre-catalysts can
be an effective approach to enhance electrochemical perfor-
mance and achieve optimal results. Furthermore, there remains
a gap between industry and academia. Extensive research and
development efforts are needed to realize the goal of utilizing
HEAs in industrial electrochemical processes. The following
approach can offer a pathway to achieve this goal (Fig. 26).
One of the main challenges is the design of HEAs for elec-
trochemical processes. In addition, it is important to develop
a cost-effective and scalable manufacturing process while
maintaining the desired composition and properties of the
HEA. To address this issue, a thorough literature review of
electrochemical processes should be conducted. After under-
standing the process mechanisms using specific benchmark

Road map of HEA as
Industrial Electrode

Can HEA be an industrial
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1. Literature review
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Pre design of HEA :
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Fig. 26 Road map of HEA based electrodes to use as industrial electrode materials.
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materials, potential HEA materials can be identified. In addi-
tion, modern computational science would also be helpful in
supporting and assisting in the design of the most efficient
electrode materials. The most compositionally active materials
can be identified through thorough theoretical studies and
optimization of synthetic pathways using trial-and-error
methods. It is accurate to conclude that computational
studies alone cannot be used to choose the most suitable HEA
for industrial electrochemical applications. Tuning the
composition and structure of HEAs to maximize their perfor-
mance in a particular electrochemical process is another chal-
lenge. This requires a deep understanding of the relationship
between composition, microstructure, and electrochemical
properties. Ensuring the long-term stability and durability of
HEAs under realistic operating conditions is essential for their
industrial adoption; HEAs must withstand the harsh environ-
ments and cyclic stresses encountered in electrochemical
processes without significant degradation.

Therefore, all the designed and optimized HEAs should be
tested under real operating conditions in the device and
prototype levels. In order to calculate the efficiency of the
designed HEA, appropriate stability tests should be performed
on the HEA system. Moreover, physicochemical study helps to
evaluate the proper mechanistic routes to find out the active
intermediate of the materials. An improved electrode perfor-
mance can be achieved by the modifying the electronic struc-
ture, morphology, crystal face, lattice structure, the
composition, etc. In addition, HEAs need to be compatible with
existing industrial processes and technologies, including elec-
trode fabrication methods and device integration. It is crucial
that HEAs can be seamlessly integrated into existing systems
without compromising performance; HEAs offer promising
properties, but their commercial feasibility depends on their
cost-effectiveness when compared to conventional materials.
Optimizing manufacturing processes to reduce production
costs and improve material efficiency is essential to transfer the
technology from the lab to the industry level. Addressing these
challenges will require interdisciplinary efforts involving
materials scientists, electrochemists, engineers, and industry
partners. Collaboration between academia and industry can
facilitate the translation of fundamental research findings into
practical applications. Moreover, continued investment in
research and development, along with advancements in
manufacturing and characterization techniques, will be essen-
tial for unlocking the full potential of HEAs as industrial elec-
trode materials across a wide range of electrochemical
applications.

This study intends to offer a comprehensive overview of the
strengths and limitations of HEA-based electrode materials in
electrochemical applications. Through critical evaluation of
current state-of-the-art research, the study aims to guide future
research directions and contribute to the development of more
effective HEA-based electrode materials for industrial purposes.
With ongoing advancements, HEA-based electrode materials
are anticipated to showcase significant potential for diverse
industrial applications in the near future, thereby generating
economic and environmental benefits.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Author contributions

Saikat Bolar: conceptualization, writing - original draft, and
writing - review & editing. Yoshikazu Ito: visualization and
writing - review & editing. Takeshi Fujita: conceptualization,
writing - review & editing, and funding acquisition.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was sponsored by JSPS KAKENHI (Grant Numbers
JP22K18929 and JP24H00478); JACI Prize for Outstanding
Achievements; a cooperative program (Proposal No. 202211-
CRKEQ-0002) of CRDAM-IMR, Tohoku University.

References

1 J.Li,J. Ren, S. Li, G. Li, M. M.]. Li, R. Li, Y. S. Kang, X. Zou,
Y. Luo, B. Liu and Y. Zhao, Green Energy Environ., 2024, 9(5),
859-876.

2 X. Fan, W. Sun, F. Meng, A. Xing and ]. Liu, Green Energy
Environ., 2018, 3, 2-19.

3 A. Remmel, S. Ratso, G. Divitini, M. Danilson, V. Mikli,
M. Uibu, J. Aruvali and I. Kruusenberg, ACS Sustainable
Chem. Eng., 2022, 10, 13-145.

4 M. Ferri, L. Delafontaine, S. Guo, T. Asset, P. Cristiani,
S. Campisi, A. Gervasini and P. Atanassov, ACS Energy
Lett., 2022, 7, 2304-2310.

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

6 N.Ali, T. T. Tsega, Y. Cao, S. Abbas, W. Li, A. Lgbal, H. Fazal,
Z. Xin, J. Zai and X. Qian, Nano Res., 2021, 14, 3358-3364.

7 Y. Wu, X. Chen, ]J. Cao, Y. Zhu, W. Yuan, Z. Hu, Z. Ao,
G. Brudvig, F. Tian, J. Yu and C. Li, Appl. Catal., B, 2022,
303, 120878.

8 H. Putter, Presented at the 9th International Forum on
Electrolysis in the Chemical Industry, Clearwater, FL, 1995.

9 M. C. Leech, A. D. Garcia, A. Petti, A. P. Dobbs and K. Lam,
React. Chem. Eng., 2020, 5, 977-990.

10 A. Yazdani and G. G. Botte, Curr. Opin. Chem. Eng., 2020, 29,
89-95.

11 Q. Deng, Coatings, 2022, 12, 901.

12 T. W. Chen, G. Anushya, S. M. Chen, P. Kalimuthu,
V. Mariyappan, P. Gajendran and R. Ramachandran,
Materials, 2022, 15, 458.

13 P. Banoth, C. Kandula and P. Kollu, Introduction to
Electrocatalysts, 2022, vol. 2, pp. 1-37.

14 Z.Wang, Z. Li, Y. Chao, Y. Cui, X. He, P. Liang, C. Zhang and
Z. Zhang, Energy Mater., 2022, 2, 200019.

15 X. Chen, Z. Zhang, Y. Chen, R. Xu, C. Song, T. Yuan,
W. Tang, X. Gao, N. Wang and L. Cui, Energy Mater.,
2023, 3, 300031.

16 G. Q. Lu and A. Wieckowski, Curr. Opin. Colloid Interface
Sci., 2000, 5, 95-100.

Chem. Sci., 2024, 15, 8664-8722 | 8715


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

17 A. Raveendran, M. Chandran and R. Dhanusuraman, RSC
Adv., 2023, 13, 3843-3876.

18 A. Manthiram, A. Vadivel Murugan, A. Sarkar and
T. Muraliganth, Energy Environ. Sci., 2008, 1, 621-638.

19 H. D. Yoo, E. Markevich, G. Salitra, D. Sharon and
D. Aurbach, Mater. Today, 2014, 17, 110-121.

20 C. Li and ].-B. Baek, ACS Omega, 2020, 5, 31-40.

21 E. Roduner, Catal. Today, 2018, 309, 263-268.

22 J. Liu, J. Ma, Z. Zhang, Y. Qin, Y. ]. Wang, Y. Wang, R. Tan,
X. Duan, T. Z. Tian, C. H. Zhang, W. W. Xie, N. Li, L. Yu,
C. Yang, Y. Zhao, H. Zia, F. Nosheen, G. Zheng, S. Gupta,
X. Wu, Z. Wang, J. Qiu, G. Zhou, L. Xu, K. Liu, ]J. Fu,
M. Liu, S.-I. Choi, J. Xie, X. Peng, T. Li, G. Lin, J. Wang,
J. Han, H. Liang, S. Li, X. Zhang, Y. Zhu, T. He, X. Cui,
H. Wang, Z. Wei, Q. Liu, G. Fan, Q. Liu, X. Sun, Y. Feng,
Y. Liu, K. Chu, Y. Qiu and X. Liu, JPhys Mater., 2021, 4,
022004.

23 J. W. Yeh, JOM, 2013, 65, 1759-1771.

24 S. V. Venkatesan, A. Nandy, K. Karan, S. R. Larter and
V. Thangadurai, Electrochem. Energy Rev., 2022, 5, 16.

25 M. Du, X. Li, H. Pang and Q. Xu, EnergyChem, 2023, 5,
100083.

26 Y. H. Liu, C. J. Hsieh, L. C. Hsu, K. H. Lin, Y. C. Hsiao,
C. C. Chij, J. T. Lin, C. W. Chang, S. C. Lin, C. Y. Wu,
J. Q. Gao, C. W. Pao, Y. M. Chang, M. Y. Lu, S. Zhou and
T. H. Yang, Sci. Adv., 2023, 9, eadf993.

27 N. Kumar Katiyar, G. Goel and S. Goel, Emergent Mater.,
2021, 4, 1635-1648.

28 L.Yu, K. Zeng, C. Li, X. Lin, H. Liu, W. Shi, H. J. Qiu, Y. Yuan
and Y. Yao, Carbon Energy, 2022, 4, 731-761.

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

30 B. Cantor, Entropy, 2014, 16, 4749-4768.

31 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.

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

33 Y. Yao, Q. Dong, A. Brozena, ]J. Luo, J. Miao, M. Chi,
C. Wang, I. G. Kevrekidis, Z. J. Ren, J. Greeley, G. Wang,
A. Anapolsky and L. Hu, Science, 2022, 376, 151.

34 Y. Zhang, T. T. Zuo, Z. Tang, M. C. Gao, K. A. Dahmen,
P. K. Liaw and Z. P. Lu, Prog. Mater. Sci., 2014, 61, 1-93.

35 B. Gludovatz, A. Hohenwarter, D. Catoor, E. H. Chang,
E. P. George and R. O. Ritchie, Science, 2014, 345, 1153-
1158.

36 M. A. Hemphill, T. Yuan, G. Y. Wang, J. W. Yeh, C. W. Tsali,
A. Chuang and P. K. Liaw, Acta Mater., 2012, 60, 5723-5734.

37 R. Guo, L. L. Yu, Z. Y. Liu, J. Pan, Y. G. Yao and L. Liu, Nano
Res., 2022, 15, 4893-4901.

38 B. R. Gelchinski, I. A. Balyakin, A. A. Yuryev and
A. A. Rempel, Russ. Chem. Rev., 2022, 91(6), RCR5023.

39 M. C. Gao, J. W. Yeh, P. K. Liaw and Y. Zhang, High-entropy
alloys: Fundamentals and applications, Springer, 2016.

40 T. Lcffler, A. Ludwig, J. Rossmeisl and W. Schuhmann,
Angew. Chem., Int. Ed., 2021, 60, 26894-26903.

8716 | Chem. Sci, 2024, 15, 8664-8722

View Article Online

Review

41 T. Li, Y. Yao, Z. Huang, P. Xie, Z. Liu, M. Yang, J. Gao,
K. Zeng, A. H. Brozena, G. Pastel, M. Jiao, Q. Dong, J. Dai,
S. Li, H. Zong, M. Chi, J. Luo, Y. Mo, G. Wang, C. Wang,
R. S. Yasser and L. Hu, Nat. Catal., 2021, 4, 62-70.

42 Y. Sun and S. Dai, Chem Catal., 2021, 1, 488-508.

43 B. S. Murty, J. W. Yeh, S. Ranganathan and
P. P. Bhattacharjee, in High Entropy Alloys, ed. B. S. Murty,
J. W. Yeh and S. Ranganathan, Elsevier, Boston, 2nd edn,
2019, ch. 1, pp. 1-12, DOI: 10.1016/B978-0-12-816067-
1.00001-1.

44 E. ]. Pickering and N. G. Jones, Int. Mater. Rev., 2016, 61,
183-202.

45 W. Zhang, P. K. Liaw and Y. Zhang, Sci. China Mater., 2018,
61, 2-22.

46 J. Moon, Y. Qi, E. Tabachnikova, Y. Estrin, W.-M. Choi,
S.-H. Joo, B.-J. Lee, A. Podolskiy, M. Tikhonovsky and
H. S. Kim, Sci. Rep., 2018, 8, 11074.

47 S. Ranganathan, Curr. Sci., 2003, 85, 1404-1406.

48 C. Oses, C. Toher and S. Curtarolo, Nat. Rev. Mater., 2020, 5,
295-309.

49 R. Z. Zhang and M. J. Reece, J. Mater. Chem. A, 2019, 7,
22148-22162.

50 Q. Hu, S. Guo, J. M. Wang, Y. H. Yan, S. S. Chen, D. P. Lu,
K. M. Liu, J. Z. Zou and X. R. Zeng, Sci. Rep., 2017, 7, 39917.

51 F. Liu, P. K. Liaw and Y. Zhang, Metals, 2022, 12, 501.

52 R. Kozak, A. Sologubenko and W. Steurer, Z. Kristallogr.
Cryst. Mater., 2014, 230(1), 55-68.

53 O. N. Senkov, G. B. Wilks, D. B. Miracle, C. P. Chuang and
P. K. Liaw, Intermetallics, 2010, 18, 1758-1765.

54 W. Xiong, A. X. Y. Guo, S. Zhan, C. T. Liu and S. Cecilia Cao,
J. MATER. SCIL TECHNOL., 2023, 142, 196-215.

55 S. Samal, M. R. Rahul, R. S. Kottada and G. Phanikumar,
Mater. Sci. Eng., A, 2016, 664, 227-235.

56 M. H. Tsai and J. W. Yeh, Mater. Res. Lett., 2014, 2, 107-123.
57 S. K. Dewangan, A. Mangish, S. Kumar, A. Sharma, B. Ahn
and V. Kumar, Int. J. Eng. Sci. Technol., 2022, 35, 101211.

58 J. Poltea, CrystEngComm, 2015, 17, 6809-6830.

59 T. Loffler, H. Meyer, A. Savan, P. Wilde, A. G. Manjon,
Y. T. Chen, E. Ventosa, C. Scheu, A. Ludwig and
W. Schuhmann, Adv. Energy Mater., 2018, 8, 1802269.

60 Y. Chen, X. Zhan, S. L. A. Bueno, I. H. Shafei,
H. M. Ashberry, K. Chatterjee, L. Xu, Y. Tang and
S. E. Skrabalak, Nanoscale Horiz., 2021, 6, 231-237.

61 F. Zhang, Y. Wu, H. Lou, Z. Zeng, V. B. Prakapenka,
E. Greenberg, Y. Ren, J. Yan, J. S. Okasinski, X. Liu,
Y. Liu, Q. Zeng and Z. Lu, Nat. Commun., 2017, 8, 15687.

62 X. Chang, M. Zeng, K. Liu and L. Fu, Adv. Mater., 2020, 32,
1907226.

63 R. Nandan, M. Y. Rekha, H. R. Devi, C. Srivastava and
K. K. Nanda, Chem. Commun., 2021, 57, 611-614.

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

65 K. Y. Tsai, M. H. Tsai and J. W. Yeh, Acta Mater., 2013, 61,
4887-4897.

66 W. H. Liu, Y. Wu, J. Y. He, T. G. Nieh and Z. P. Lu, Scr.
Mater., 2013, 68, 526-529.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/B978-0-12-816067-1.00001-1
https://doi.org/10.1016/B978-0-12-816067-1.00001-1
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

67 O. N. Senkov, G. B. Wilks, J. M. Scott and D. B. Miracle,
Intermetallics, 2011, 19, 698-706.

68 C.W. Tsai, Y. L. Chen, M. H. Tsai, J. W. Yeh, T. T. Shun and
S. K. Chen, J. Alloys Compd., 2009, 486, 427-435.

69 K. Chen, S. Kim, R. Rajendiran, K. Prabakar, G. Z. Li,
Z. C. shi, C. Y. Jeong, J. Kang and O. L. Li, Colloids
Interface Sci., 2021, 582, 977-990.

70 X. Wanga, W. Guoa and Y. Fu, J. Mater. Chem. A, 2021, 9,
663-701.

71 B. Wang, Y. Yao, X. Yu, C. Wang, C. Wu and Z. Zou, J. Mater.
Chem. A, 2021, 9, 19410.

72 R. N. Singh and A. Singh, Int. J. Hydrogen Energy, 2009, 34,
2052-2057.

73 S. Kasatikov, A. Fantin, A. M. Manzoni, S. Sakhonenkov,
A. Makarova, D. Smirnov, E. O. Filatova and
G. Schumacher, J. Alloys Compd., 2021, 857, 157597.

74 Z. Qi, H. Geng, X. Wang, C. Zhao, H. Ji, C. Zhang, J. Xu and
Z. Zhang, J. Power Sources, 2011, 196, 5823-5828.

75 A. R. Miedema, P. F. de Chatel and F. R. de Boer, Physica
B+C, 1980, 100, 1-28.

76 A. Amiri and R. S. Yassar, J. Mater. Chem. A, 2021, 9, 782—
823.

77 Y.Zhang, Y.]. Zhou, J. P. Lin, G. L. Chen and P. K. Liaw, Adv.
Eng. Mater., 2008, 6, 534-538.

78 S. Guo and C. T. Liu, Prog. Nat. Sci.: Mater. Int., 2011, 21,
433-446.

79 A. Sarkar, Q. Wang, A. Schiele, M. R. Chellalj,
S. S. Bhattacharya, D. Wang, T. Brezesinski, H. Hahn,
L. Velasco and B. Breitung, Adv. Mater., 2019, 31, 1806236.

80 Y. Zhang, Z. P. Lu, S. G. Ma, P. K. Liaw, Z. Tang, Y. Q. Cheng
and M. C. Gao, MRS Commun., 2014, 4, 57-62.

81 J. B. Mann, T. L. Meek and L. C. Allen, J. Am. Chem. Soc.,
2000, 122, 2780-2783.

82 M. G. Poletti and L. Battezzati, Acta Mater., 2014, 75, 297-
306.

83 U. Mizutani, in Surface Properties and Engineering of
Complex Intermetallics, ed. E. Belin-Ferre, Hume-Rothery
Rules for Structurally Complex Alloy Phases, 2010, pp.
323-329, DOI: 10.1201/b10324.

84 A. Takeuchi, K. Amiya, T. Wada, K. Yubuta and W. Zhang,
JOM, 2014, 66, 1984-1992.

85 Y. J. Zhao, J. W. Qiao, S. G. Ma, M. C. Gao, H. J. Yang,
M. W. Chen and Y. Zhang, Mater. Des., 2016, 96, 10-15.

86 A. K. Singh, N. Kumar, A. Dwivedi and A. Subramaniam,
Intermetallics, 2014, 53, 112-119.

87 U. Mizutani, MRS Bull., 2012, 37, 169.

88 X. Yang and Y. Zhang, Mater. Chem. Phys., 2012, 132, 233-
238.

89 Y.F.Ye, Q. Wang, J. Lu, C. T. Liu and Y. Yang, Intermetallics,
2015, 59, 75-80.

90 Y. F. Ye, Q. Wang, J. Lu, C. T. Liu and Y. Yang, Scr. Mater.,
2015, 104, 53-55.

91 Y. Yang, B. Song, X. Ke, F. Xu, K. N. Bozhilov, L. Hu,
R. Shahbazian-yassar and M. R. Zachariah, Langmuir,
2020, 36, 1985-1992.

92 F. He, Z. Wang, Y. Li, Q. Wu, J. Li, ]. Wang and C. T. Liu, Sci.
Rep., 2016, 6, 34628.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

93 H. W. Luan, Y. Shao, J. F. Li, W. L. Mao, Z. D. Han, C. Shao
and K. F. Yao, Acta Mater., 2020, 179, 40-44.

94 A. S. Sharma, S. Yadav, K. Biswas and B. Basu, Mater. Sci.
Eng., R, 2018, 131, 1-42.

95 J. L. Braun, C. M. Rost, M. Lim, A. Giri, D. H. Olson,
G. N. Kotsonis, G. Stan, D. W. Brenner, J. P. Maria and
P. E. Hopkins, Adv. Mater., 2018, 30, 1805004.

96 D. Bérardan, S. Franger, D. Dragoe, A. K. Meena and
N. Dragoe, Phys. Status Solidi RRL, 2016, 10, 328-333.

97 W. Xu, H. Chen, K. C. Jie, Z. Z. Yang, T. T. Li and S. Dai,
Angew. Chem., Int. Ed., 2019, 58, 5018-5022.

98 X. H. Zhao, Z. M. Xue, W. J. Chen, X. Y. Bai, R. F. Shi and
T. C. Mu, J. Mater. Chem. A, 2019, 7, 26238-26242.

99 H. J. Wang, X. D. Wu, G. Y. Liu, S. Y. Wu and R. Xu, Nano
Res., 2022, 16, 4546-4553.

100 M. Y. Tong, S. W. Liu, X. Zhang, T. X. Wu, H. M. Zhang,
G. Z. Wang, Y. X. Zhang, X. G. Zhu and H. ]J. Zhao, J.
Mater. Chem. A, 2017, 5, 9873-9881.

101 X. W. Song, S. W. Zhang, H. H. Zhong, Y. Gao,
L. A. Estudillo-Wong, N. Alonso-Vante, X. Shu and
Y. J. Feng, Inorg. Chem. Front., 2021, 8, 109-121.

102 J. Ma, B. Lu, S. Wang, W. He, X. Bai, T. Wang, X. Zhang,
Y. Li, L. Zhang, J. Chen, F. Meng and Y. Fu, New J. Chem.,
2020, 44, 2459-2464.

103 K. Huang, B. Zhang, J. Wu, T. Zhang, D. Peng, X. Cao,
Z. Zhang, Z. Li and Y. Huang, J. Mater. Chem. A, 2020, 8,
11938-11947.

104 Z.X. Bi, R. T. Guo, X. Hu, J. Wang, X. Chen and W. G. Pan,
Nanoscale, 2022, 14, 3367-3386.

105 X. Yu, B. Wang, C. Wang, C. Zhuang, Y. Yao, Z. Li, C. Wu,
J. Feng and Z. Zou, Small, 2021, 17, 2103412.

106 M. J. Hao, P. Gao, D. Yang, X. J. Chen, F. Xiao and
S. X. Yang, Environ. Pollut., 2020, 267, 114142.

107 Y. Su, S. H. Qiu, D. P. Yang, S. Liu, H. C. Zhao, L. P. Wang
and Q. ]J. Xue, J. Hazard. Mater., 2020, 391, 122215.

108 X. A. Dong, Z. H. Cui, Y. J. Sun and F. Dong, ACS Catal.,
2021, 11, 8132-8139.

109 K. Gu, X. Zhu, D. ang, N. Zhang, G. Huang, W. Li, P. Long,
J. Tian, Y. Zou, Y. Wang, R. Chen and S. Wang, J. Energy
Chem., 2021, 60, 121-126.

110 F. Song and X. Hu, Nat. Commun., 2014, 5, 4477.

111 Y. Wang, Y. Zhang, Z. Liu, C. Xie, S. Feng, D. Liu, M. Shao
and S. Wang, Angew. Chem., Int. Ed., 2017, 56, 5867-5871.

112 M. Li, X. Xi, H. Wang, X. Y. Lyu, Z. Li, R. Zhu, X. Ren,
D. Yang and A. Dong, J. Colloid Interface Sci., 2022, 617,
500-510.

113 Y. Cui, Y. Zhang, Z. Cao, ]J. Gu, Z. Du, B. Li and S. Yang,
SusMat, 2022, 2, 65-75.

114 C. Zhou, X. Zhao, Y. Xiong, Y. Tang, X. Ma, Q. Tao, C. Sun
and W. Xu, Eur. Polym. J., 2022, 167, 111063.

115 K. Li, J. Li, Q. Zhu and B. Xu, Small, 2022, 6, 2101537.

116 Z. Du, C. Wu, Y. Chen, Z. Cao, R. Hu, Y. Zhang, J. Gu, Y. Cui,
H. Chen, Y. Shi, J. Shang, B. Li and S. Yang, Adv. Mater.,
2021, 33, 2101473.

117 Z. Du, C. Wu, Y. Chen, Q. Zhu, Y. Cui, H. Wang, Y. Zhang,
X. Chen, J. Shang, B. Li, W. Chen, C. Liu and S. Yang, Adv.
Energy Mater., 2022, 12, 2103228.

Chem. Sci., 2024, 15, 8664-8722 | 8717


https://doi.org/10.1201/b10324
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

118 S. K. Nemani, B. Zhang, B. C. Wyatt, Z. D. Hood, S. Manna,
R. Khaledialidusti, W. Hong, M. G. Sternberg,
S. K. R. S. Sankaranarayanan and B. Anasori, ACS Nano,
2021, 15, 12815-12825.

119 C. Rost, E. Sachet, T. Borman, M. Ali, E. Dickey, H. Dong,
J. Jones, S. Curtarolo and ]J.-P. Maria, Nat. Commun., 2015,
6, 1-8.

120 B. Chen, X. Yang, X. L. Zeng, Z. L. Huang, J. R. Xiao, J. Wang
and G. W. Zhan, Chem. Eng. J., 2020, 397, 125424.

121 T. X. Nguyen, Y. C. Liao, C. C. Lin, Y. H. Su and ]J. M. Ting,
Adv. Funct. Mater., 2021, 31, 2101632.

122 F. Okejiri, Z. H. Zhang, J. X. Liu, M. M. Liu, S. Z. Yang and
S. Dai, ChemSusChem, 2020, 13, 111-115.

123 R. K. Patel, S. K. Ojha, S. Kumar, A. Saha, P. Mandal,
J. W. Freeland and S. Middey, Appl. Phys. Lett., 2020, 116,
071601.

124 S.Y. Zhou, Y. P. Py, X. Q. Zhang, Y. Shi, Z. Y. Gao, Y. Feng,
G. D. Shen, X. Y. Wang and D. W. Wang, Chem. Eng. J., 2022,
427, 131684.

125 S. Jiang, T. Hu, J. Gild, N. Zhou, J. Nie, M. Qin,
T. Harrington, K. Vecchio and J. Luo, Scr. Mater., 2018,
142, 116-120.

126 L. Tang, Y. Yang, H. Guo, Y. Wang, M. Wang, Z. Liu,
G. Yang, X. Fu, Y. Luo, C. Jiang, Y. Zhao, Z. Shao and
Y. Sun, Adv. Funct. Mater., 2022, 32, 2112157.

127 Z. Sun, Y. Zhao, C. Sun, Q. Ni, C. Wang and H. Jin, Chem.
Eng. J., 2022, 431, 133448.

128 C.Y. Huang, C. W. Huang, M. C. Wu, ]J. Patra, T. X. Nguyen,
M. T. Chang, O. Clemens, J. M. Ting, J. Li, J. K. Chang and
W. W. Wu, Chem. Eng. J., 2021, 420, 129838.

129 D. Wang, S. Jiang, C. Duan, J. Mao, Y. Dong, K. Dong,
Z. Wang, S. Luo, Y. Liu and X. Qi, J. Alloys Compd., 2020,
844, 156158.

130 J. Dabrowa, M. Stygar, A. Mikuta, A. Knapik, K. Mroczka,
W. Tejchman, M. Danielewski and M. Martin, Mater.
Lett., 2018, 216, 32-36.

131 T. X. Nguyen, J. Patra, J. K. Chang and J. M. Ting, J. Mater.
Chem. A, 2020, 8, 18963-18973.

132 D.D.Wang, Z.]. Liu, S. Q. Du, Y. Q. Zhang, H. Li, Z. H. Xiao,
W. Chen, R. Chen, Y. Y. Wang, Y. Zou and S. Wang, J. Mater.
Chem. A, 2019, 7, 24211-24216.

133 Y.Zhang, T.Lu, Y. K. Ye, W.]J. Dai, Y. A. Zhu and Y. Pan, ACS
Appl. Mater. Interfaces, 2020, 12, 32548-32555.

134 R. Djenadic, A. Sarkar, O. Clemens, C. Loho, M. Botros,
V. S. K. Chakravadhanula, C. Kubel, S. S. Bhattacharya,
A. S. Gandhi and H. Hahn, Mater. Res. Lett., 2017, 5, 102—
109.

135 K. Z. Gu, D. D. Wang, C. Xie, T. H. Wang, G. Huang,
Y. B. Liu, Y. Q. Zou, L. Tao and S. Y. Wang, Angew. Chem.,
Int. Ed., 2021, 60, 20253-20258.

136 L. Y. Tian, Z. Zhang, S. Liu, G. R. Li and X. P. Gao, Energy
Environ. Mater., 2022, 5, 645-654.

137 H.Xiang, Y. Xing, F. Dai, H. Wang, L. Su, L. Miao, G. Zhang,
Y. Wang, X. Qi, L. Yao, H. Wang, B. Zhao, J. Li and Y. Zhou,
Adv. Ceram., 2021, 10, 385-441.

138 T. Chen, T. Shun, J. Yeh and M. Wong, Surf. Coat. Technol.,
2004, 188, 193-200.

8718 | Chem. Sci, 2024, 15, 8664-8722

View Article Online

Review

139 D. Moskovskikh, S. Vorotilo, V. Buinevich, A. Sedegov,
K. Kuskov, A. Khort, C. Shuck, M. Zhukovskyi and
A. Mukasyan, Sci. Rep., 2020, 10, 19874.

140 M. H. Hsieh, M. H. Tsai, W. J. Shen and J. W. Yeh, Surf.
Coat. Technol., 2013, 221, 118-123.

141 1. Milosev, H. H. Strehblow and B. Navinsek, Thin Solid
Films, 1997, 303, 246-254.

142 T. Jin, X. Sang, R. R. Unocic, R. T. Kinch, X. Liu, J. Hu,
H. Liu, S. Da, T. Jin, X. Sang, R. R. Unocic, R. T. Kinch,
X. Liu, J. Hu, H. Liu and S. Dai, Adv. Mater., 2018, 30,
1707512.

143 C. Liu, H. Zhu, S. Lu, F. Duan and M. Du, New J. Chem.,
2021, 45, 22255-22260.

144 L. Zhu, C. Li, R. Zheng, W. Cheng, Y. He, C. Gong, M. Liu,
Y. Huang, X. Zhu and Y. Sun, Int. J. Hydrogen Energy, 2024,
51, 638-647.

145 T. Wang, H. Chen, Z. Yang, J. Liang and S. Dai, J. Am. Chem.
Soc., 2020, 142, 4550-4554.

146 P. A. Sukkurji, Y. Cui, S. Lee, K. Wang, R. Azmi, A. Sarkar,
S. Indris, Su. S. Bhattacharya, M. Botros, R. Kruk and
B. Breitung, J. Mater. Chem. A, 2021, 9, 8998.

147 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.

148 T. X. Nguyen, Y.-H. Su, C. C. Lin and ]J. M. Ting, Adv. Funct.
Mater., 2021, 31, 2106229.

149 L. Lin, K. Wang, A. Sarkar, C. Njel, G. Karkera, Q. Wang,
R. Azmi, M. Fichtner, H. Hahn, S. Schweidler and
B. Breitung, Adv. Energy Mater., 2022, 12, 2103090.

150 C. R. McCormick and R. E. Schaak, J. Am. Chem. Soc., 2021,
143, 1017-1023.

151 J. Cavin, A. Ahmadiparidari, L. Majidi, A. S. Thind,
S. N. Misal, A. Prajapati, Z. Hemmat, S. Rastegar,
A. Beukelman, M. R. Singh, K. A. Unocic, A. Salehi-Khojin
and R. Mishra, Adv. Mater., 2021, 33, 100347.

152 M. Moradi, F. Hasanvandian, A. Bahadoran, A. Shokri,
S. Zerangnasrabad and B. Kakavandi, Electrochim. Acta,
2022, 436, 141444.

153 X. Zhao, Z. Xue, W. Chen, Y. Wang and T. Mu,
ChemSusChem, 2020, 13, 2038-2042.

154 Z. Wang, X. Zhang, X. Wu, Y. Pan, H. Li, Y. Han, G. Xu,
J. Chi, J. Lai and L. Wang, Chem. Eng. J., 2022, 437, 135375.

155 R. Wang, J. Huang, X. Zhang, J. Han, Z. Zhang, T. Gao,
L. Xu, S. Liu, P. Xu and B. Song, ACS Nano, 2022, 16,
3593-3603.

156 M. Braic, V. Braic, M. Balaceanu, C. Zoita, A. Vladescu and
E. Grigore, Surf. Coat. Technol., 2010, 204, 2010-2014.

157 D. Yu, J. Yin, B. Zhang, X. Liu and Z. Huang, J. Ceram. Soc.
Jpn., 2020, 128, 329-3352020.

158 Y. Wang, Adv. Appl. Ceram., 2022, 121, 57-78.

159 S. Guan, H. Liang, Q. Wang, L. Tan and F. Peng, Inorg.
Chem., 2021, 60, 3807-3813.

160 S. Kavaka, K. G. Bayrak, M. Bellek, S. Mertdinc, F. Muhaffel,
H. Gokge, E. Ayas, B. Derin, M. Liitfi Ovecoglu and
D. Agaogullari, Ceram. Int., 2022, 48, 7695-7705.

161 Y. Wang and M. J. Reece, Scr. Mater., 2021, 193, 86-90.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

162 L. Zeng, Z. Wang, J. Song, G. Lin, R. Guo, S. Luo, S. Guo,
K. Li, P. Yu, C. Zhang, W.-M. Guo, ]J. Ma, Y. Hou and
H. Luo, Adv. Funct. Mater., 2023, 33, 2301929.

163 Y. Wang, T. Csanadi, H. Zhang, J. Dusza, M. J. Reece and
R.-Z. Zhang, Adv. Theory Simul., 2020, 3, 2000111.

164 ]J. Potschke, M. Dahal, A. Vornberger, M. Herrmann and
A. Michaelis, Metals, 2021, 11, 271.

165 Y. Leng, Z. Zhang, H. Chen, S. Du, J. Liu, S. Nie, Y. Dong,
P. Zhang and S. Dai, Chem. Commun., 2021, 57, 3676-3679.

166 Y. Liu, T. G. Kelly, J. G. Chen and W. E. Mustain, ACS Catal.,
2013, 3, 1184-1194.

167 Y. Qin, J. X. Liu, F. Li, X. Wei, H. Wu and G. ]J. Zhang, J. Adv.
Ceram., 2019, 8, 148-152.

168 Z. Zhao, H. Chen, H. Xiang, F.-Z. Dai, X. Wang, Z. Peng and
Y. Zhou, J. Adv. Ceram., 2020, 9, 595-605.

169 J. Gild, Y. Zhang, T. Harrington, S. Jiang, T. Hu,
M. C. Quinn, W. M. Mellor, N. Zhou, K. Vecchio and
J. Luo, Sci. Rep., 2016, 6, 37946.

170 Z.Zhao, H. Chen, H. Xiang, F.-Z. Dai, X. Wang, Z. Peng and
Y. Zhou, J. Mater. Sci. Technol., 2019, 35, 2892-2896.

171 Y. S. Kim, H. J. Park, K. S. Lim, S. H. Hong and K. B. Kim,
Coatings, 2020, 10, 10.

172 J. Guan, D. Li, Z. Yang, B. Wang, D. Cai, X. Duan, P. He,
D. Jia and Y. Zhou, Ceram. Int., 2020, 46, 26581-26589.

173 A. De la Obra, M. Aviles, Y. Torres, E. Chicardi and F. Gotor,
Int. J. Refract. Met. Hard Mater., 2017, 63, 17-25.

174 J. Zhang, J. Yan, S. Calder, Q. Zheng, M. A. McGuire,
D. L. Abernathy, Y. Ren, S. H. Lapidus, K. Page and
H. Zheng, Chem. Mater., 2019, 31, 3705-3711.

175 X. Chang, M. Zeng, K. Liu and L. Fu, Adv. Mater., 2020, 32,
1907226.

176 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. S. Yassar and L. Hu, Matter, 2021, 4,
2340-2353.

177 Y. Ma, Y. Ma, Q. Wang, S. Schweidler, M. Botros, T. Fu,
H. Hahn, T. Brezesinski and B. Breitung, Energy Environ.
Sci., 2021, 14, 2883.

178 F. Otto, Y. Yang, H. Bei and E. P. George, Acta Mater., 2013,
61, 2628.

179 M. H. Tsai, K. Y. Tsai, C. W. Tsai, C. Lee, C. C. Juan and
J. W. Yeh, Mater. Res. Lett., 2013, 1, 207.

180 Y. S. Y. Chen, X. Yang, K. A. Dahmen, P. K. Liaw and
Y. Zhang, Entropy, 2014, 16, 870-884.

181 W. Hume-Rothery, Indian J. Phys., 1969, 11, 74.

182 S. Guo, C. Ng, J. Lu and C. T. Liu, J. Appl. Phys., 2011, 109,
103505.

183 C. C. Tung, J. W. Yeh, T. Shun, S. K. Chen, Y. S. Huang and
H. C. Chen, Mater. Lett., 2007, 61, 1-5.

184 M. Ogura, T. Fukushima, R. Zeller and P. H. Dederichs, J.
Alloys Compd., 2017, 715, 454€459.

185 M. Li, H. Henein, C. Zhou and J. Liu, J. Mater. Sci. Technol.,
2024, 174, 133-144.

186 C. F. Tsai, K. Y. Yeh, P. W. Wu, Y. F. Hsieh and P. Lin, J.
Alloys Compd., 2009, 478, 868-871.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

187 K. V. Yusenko, S. Riva, P. A. Carvalho, M. V. Yusenko,
S. Arnaboldi, A. S. Sukhikh, M. Hanfland and
S. A. Gromilov, Scr. Mater., 2017, 138, 22-27.

188 A. Parakh, M. Vaidya, N. Kumar, R. Chetty and B. S. Murty,
J. Alloys Compd., 2021, 863, 158056.

189 S. Nellaiappan, N. K. Katiyar, R. Kumar, A. Parui,
K. D. Malviya, K. G. Pradeep, A. K. Singh, S. Sharma,
C. S. Tiwary and K. Biswas, ACS Catal., 2020, 10, 3658-3663.

190 G. L. Zhang, K. S. Ming, J. L. Kang, Q. Huang, Z. J. Zhang,
X.R. Zheng and X. F. Bi, Electrochim. Acta, 2018, 279, 19-23.

191 S. J. Gao, S. Y. Hao, Z. N. Huang, Y. F. Yuan, S. Han,
L. C. Lei, X. W. Zhang, R. Shahbazian-Yassar and J. Lu,
Nat. Commun., 2020, 11, 2016.

192 D. S. Wu, K. Kusada, T. Yamamoto, T. Toriyama,
S. Matsumura, I. Gueye, O. Seo, J. Kim, S. Hiroi,
O. Sakata, S. Kawaguchi, Y. Kubota and H. Kitagawa,
Chem. Sci., 2020, 11, 12731-12736.

193 Q. Zhang, K. Kusada, D. Wu, T. Yamamoto, T. Toriyama,
S. Matsumura, S. Kawaguchi, Y. Kubota and H. Kitagawa,
J. Am. Chem. Soc., 2022, 144, 4224-4232.

194 H.]. Qiu, G. Fang, J. Gao, Y. Wen, J. Lv, H. Li, G. Xie, X. Liu
and S. Sun, ACS Mater. Lett., 2019, 1, 526-533.

195 M. W. Glasscott, A. D. Pendergast, S. Goines, A. R. Bishop,
A.T. Hoang, C. Renault and J. E. Dick, Nat. Commun., 2019,
10, 2650.

196 M. Liu, Z. Zhang, F. Okejiri, S. Z. Yang, S. H. Zhou and
S. Dai, Adv. Mater. Interfaces, 2019, 6, 1900015.

197 Z.Jin, J. Lv, H. Jia, W. Liu, H. Li, Z. Chen, X. Lin, G. Q. Xie,
X. Liu, S. Sun and H. J. Qiu, Small, 2019, 15, 1904180.

198 S. Y. Li, X. W. Tang, H. L. Jia, H. L. Li, G. Q. Xie, X. J. Liu,
X. Lin and H. J. Qiu, J. Catal., 2020, 383, 164-171.

199 Y. Yao, Z. Huang, T. Li, H. Wang, Y. Liu, H. Stein, Y. Mao,
J. Gao, M. Jiao, Q. Dong, J. Dai, P. Xie, H. Xie, S. Lacey,
I. Takeuchi, J. Gregoire, R. Jiang, C. Wang, A. Taylor,
R. Shahbazian-Yassar and L. Hu, Proc. Natl. Acad. Sci. U.
S. A., 2020, 117, 6316-6322.

200 X. Wang, Q. Dong, H. Qiao, Z. Huang, M. Saray, G. Zhong,
Z.Lin, M. Cui, A. Brozena, M. Hong, Q. Xia, J. Gao, G. Chen,
R. Shahbazian-Yassar, D. Wang and L. Hu, Adv. Mater.,
2020, 32, 2002853.

201 J. Zhang, J. Yan, S. Calder, Q. Zheng, M. A. McGuire,
D. L. Abernathy, Y. Ren, S. H. Lapidus, K. Page and
H. Zheng, Chem. Mater., 2019, 31, 3705-3711.

202 Z. Zhao, H. Chen, H. Xiang, F.-Z. Dai, X. Wang, W. Xu,
K. Sun, Z. Peng and Y. Zhou, Mater. Sci. Technol., 2020,
39, 167-172.

203 R. Witte, A. Sarkar, R. Kruk, B. Eggert, R. A. Brand,
H. Wende and H. Hahn, Phys. Rev. Mater., 2019, 3, 034406.

204 F. Okejiri, Z. Zhang, J. Liu, M. Liu, S. Yang and S. Dai,
ChemSusChem, 2020, 13, 111-115.

205 J. C. Rendon-Angeles, Z. Matamoros-Veloza, K. L. Montoya-
Cisneros, J. Lopez Cuevas and K. Yanagisawa, in Perovskite

Materials: Synthesis, Characterisation, Properties, and
Applications, ed. L. Pan and G. Zhu, IntechOpen, 2016,
pp. 27-82.

Chem. Sci., 2024, 15, 8664-8722 | 8719


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

206 G. H. J. Johnstone, M. U. Gonzalez-Rivas, K. M. Taddei,
R. Sutarto, G. A. Sawatzky, R. J. Green, M. Oudah and
A. M. Hallas, J. Am. Chem. Soc., 2022, 144, 20590-20600.

207 F. Li, L. Zhou, J. X. Liu, Y. Liang and G. ]J. Zhang, J. Adv.
Ceram., 2019, 8, 576-582.

208 E. Lewin, J. Appl. Phys., 2020, 127, 160901.

209 S. Jiang, L. Shao, T. W. Fan, ]J. M. Duan, X. T. Chen and
B. Y. Tang, Ceram. Int., 2020, 46, 15104-15112.

210 M. Qin, Q. Yan, Y. Liu and J. Luo, Adv. Ceram., 2021, 10,
166-172.

211 J. Gild, J. Braun, K. Kaufmann, E. Marin, T. Harrington,
P. Hopkins, K. Vecchio and J. Luo, J. Materiomics, 2019, 5,
337-343.

212 Z. Hao, Z. Du, T. Deng, D. Wang, Y. Zeng, S. Yu, Z. Meng,
X. Hu, X. Hao and H. Tian, J. Mater. Chem. A, 2023, 11,
22884-22890.

213 Z. Zhao, H. Chen, H. Xiang, F.-Z. Dai, X. Wang, Z. Peng and
Y. Zhou, J. Mater. Sci. Technol., 2019, 35, 2892-2896.

214 T. A. A. Batchelor, T. Loffler, B. Xiao, O. A. Krysiak,
V. Strotkotter, J. K. Pedersen, C. M. Clausen, A. Savan,
Y. Li, W. Schuhmann, J. Rossmeisl and A. Ludwig, Angew.
Chem., Int. Ed., 2021, 60, 6932-6937.

215 Y. Hu, ]J. Chen, Z. Wei, Q. He and Y. Zhao, J. Mater. Inf.,
2023, 3, 18.

216 M. Stan, Mater. Today, 2009, 12, 20-28.

217 S. Mooraj and W. Chen, J. Mater. Inf., 2023, 3, 4.

218 Z. W. Chen, L. Chen, Z. Gariepy, X. Yao and C. V. Singh,
Trends Chem., 2022, 4, 577.

219 L. Zhang, W. Cai and N. Bao, Adv. Mater., 2021, 33,2100745.

220 T. A. A. Batchelor, J. K. Pedersen, S. H. Winther,
I. E. Castelli, K. W. Jacobsen and ]. Rossmeisl, joule,
2019, 3, 834-845.

221 J. K. Norskov, J. Rossmeisl, A. Logadottir, L. Lindqvist,
J- R. Kitchin, T. Bligaard and H. Jonsson, J. Phys. Chem. B,
2004, 108, 17886-17892.

222 M. L. Green, C. L. Choi, R. Hattrick-Simpers, A. M. Joshi,
I. Takeuchi, S. C. Barron, E. Campo, T. Chiang,
S. Empedocles, J. M. Gregoire, A. G. Kusne, ]J. Martin,
A. Mehta, K. Persson, Z. Trautt, J. Van Duren and
A. Zakutayev, Appl. Phys. Rev., 2017, 4, 011105.

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

224 L. Chen, Z. Chen, X. Yao, B. Su, W. Chen, X. Pang, K.-S. Kim,
C. V. Singh and Y. Zou, J. Mater. Inf., 2022, 2, 19.

225 Z. Lu, Z. W. Chen and C. V. Singh, Matter, 2020, 3, 1318-
1333.

226 D. Roy, S. C. Mandal and B. Pathak, J. Phys. Chem. Lett.,
2022, 13, 5991-6002.

227 J. K. Pedersen, T. A. A. Batchelor, A. Bagger and
J. Rossmeisl, ACS Catal., 2020, 10, 2169-2176.

228 H. Chun, E. Lee, K. Nam, J. H. Jang, W. Kyoung, S. H. Noh
and B. Han, Chem Catal., 2021, 1, 855-869.

229 T. A. A. Batchelor, T. Loffler, B. Xiao, O. A. Krysiak,
V. Strotkotter, J. K. Pedersen, C. M. Clausen, A. Savan,
Y. Li, W. Schuhmann, J. Rossmeisl and A. Ludwig, Angew.
Chem., Int. Ed., 2021, 60, 6932-6937.

8720 | Chem. Sci,, 2024, 15, 8664-8722

View Article Online

Review

230 L. Banko, O. A. Krysiak, J. K. Pedersen, B. Xiao, A. Savan,
T. Loffler, S. Baha, J. Rossmeisl, W. Schuhmann and
A. Ludwig, Adv. Energy Mater., 2022, 12, 2103312.

231 X. T. Chen, C. H. Si, Y. L. Gao, ]J. Frenzel, J. Z. Sun,
G. Eggeler and Z. H. Zhang, J. Power Sources, 2015, 273,
324-332.

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

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

234 Z.-X. Cai, H. Goou, Y. Ito, T. Tokunaga, M. Miyauchi, H. Abe
and T. Fujita, Chem. Sci., 2021, 12, 11306-11315.

235 L. Tao, M. Sun, Y. Zhou, M. Luo, F. Lv, M. Li, Q. Zhang,
L. Gu, B. Huang and S. Guo, J. Am. Chem. Soc., 2022, 144,
10582-10590.

236 D. B. Miracle and O. N. Senkov, Acta Mater., 2017, 122, 448.

237 T. Loffler, H. Meyer, A. Savan, P. Wilde, A. G. Manjon,
Y.-T. Chen, E. Ventosa, C. Scheu, A. Ludwig and
W. Schuhmann, Adv. Energy Mater., 2018, 8, 1802269.

238 D. Wu, K. Kusada, T. Yamamoto, T. Toriyama,
S. Matsumura, S. Kawaguchi, Y. Kubota and H. Kitagawa,
J. Am. Chem. Soc., 2020, 142, 13833-13838.

239 F. Shiokawa, A. A. Haji Tajuddin, T. Ohto, Y. Yu, T. Fujita,
H. Tanimoto, Z. Xi, S. Jeong and Y. Ito, Chem. Eng. J.,
2024, 479, 147862.

240 H. Zhu, S. Sun, J. Hao, Z. Zhuang, S. Zhang, T. Wang,
Q. Kang, S. Lu, X. Wang, F. Lai, T. Liu, G. Gao, M. Du and
D. Wang, Energy Environ. Sci., 2023, 16, 619-628.

241 G. Yang, Y. Zhao, D. Lee, ]J. Park, M. Seok, ]J. Suh,
U. Ramamurty and J. Jang, Scr. Mater., 2019, 161, 23.

242 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.

243 C. M. Clausen, ]J. K. Pedersen, T. A. A. Batchelor and
J. Rossmeisl, Nano Res., 2022, 15, 4775-4779.

244 D.Wang, Z. Chen, Y.-C. Huang, W. Li, J. Wang, Z. Lu, K. Gu,
T. Wang, Y. Wu, C. Chen, Y. Zhang, X. Huang, L. Tao,
C.-L. Dong, J. Chen, C. V. Singh and S. Wang, Sci. China
Mater., 2021, 64, 2454-2466.

245 C. H. Liu, R. H. Liu, Q. J. Sun, J. B. Chang, X. Gao, Y. Liu,
S. T. Lee, Z. H. Kang and S. D. Wang, Nanoscale, 2015, 7,
6356-6362.

246 B. Hammer and J. K. Norskov, Surf. Sci., 1995, 343, 211-220.

247 V. R. Stamenkovic, B. Fowler, B. S. Mun, G. Wang,
P. N. Ross, C. A. Lucas and M. N. Markovic, Science, 2007,
315, 493-497.

248 Y. Yang, M. Luo, W. Zhang, Y. Sun, X. Chen and S. Guo,
Chem, 2018, 4, 2054-2083.

249 A. Grimaud, W. T. Hong, Y. Shao-Horn and J. M. Tarascon,
Nat. Mater., 2016, 15, 121.

250 M. Mavrikakis, B. Hammer and J. K. Norskov, Phys. Rev.
Lett., 1998, 81, 2819-2822.

251 J. R. Kitchin, J. K. Norskov, M. A. Barteau and J. G. Chen,
Phys. Rev. Lett., 2004, 93, 156801.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

252 X. L. Tian, X. Zhao, Y. Q. Su, L. J. Wang, H. M. Wang,
D. Dang, B. Chi, H. F. Liu, E. J. M. Hensen, X. W. Louand
and B. Y. Xia, Science, 2019, 366, 850-856.

253 L. A. Kibler, A. M. El-Aziz, R. Hoyer and D. M. Kolb, Angew.
Chem., Int. Ed., 2005, 44, 20802084.

254 A. Sarkar, C. Loho, L. Velasco, T. Thomas,
S. S. Bhattacharya, H. Hahn and R. Djenadic, Dalton
Trans., 2017, 46, 12167-12176.

255 M. U. Khan, L. Wang, Z. Liu, Z. Gao, S. Wang, H. Li,
W. Zhang, M. Wang, Z. Wang, C. Ma and J. Zeng, Angew.
Chem., Int. Ed., 2016, 55, 9548-9552.

256 T. Fujita, Mater. Trans., 2023, 64, 2386-2393.

257 T. Yoshizaki and T. Fujita, J. Alloys Compd., 2023, 268,
172056.

258 X. Du, J. Huang, J. Zhang, Y. Yan, C. Wu, Y. Hu, C. Yan,
T. Lei, W. Chen, C. Fan and ]. Xiong, Angew. Chem., Int.
Ed., 2019, 58, 4484-4502.

259 J. Ding, M. Asta and R. O. Ritchie, Appl. Phys. Lett., 2018,
113, 111902.

260 K. Odbadrakh, L. Enkhtor, T. Amartaivan, D. M. Nicholson,
G. M. Stocks and T. Egami, J. Appl. Phys., 2019, 126, 095104.

261 S. Varalakshmi, M. Kamaraj and B. S. Murty, J. Alloys
Compd., 2008, 460, 253-257.

262 W. Xu, H. Chen, K. Jie, Z. Yang, T. Li and S. Dai, Angew.
Chem., Int. Ed., 2019, 58, 5018-5022.

263 M. Y. Rekha, N. Mallik and C. Srivastava, Sci. Rep., 2018, 8,
8737.

264 Z.Y. Lv, X.J. Liu, B. Jia, H. Wang, Y. Wu and Z. P. Lu, Sci.
Rep., 2016, 6, 34213.

265 N. Kumar, C. S. Tiwary and K. Biswas, J. Mater. Sci., 2018,
53, 13411-13423.

266 N. K. Katiyar, S. Dhakar, A. Parui, P. Gakhad, A. K. Singh,
K. Biswas, C. S. Tiwary and S. Sharma, ACS Catal., 2021,
11, 14000-14007.

267 Q. Wu, Z. Wang, F. He, L. Wang, J. Luo, J. Li and J. Wang,
Metall. Mater. Trans. A, 2018, 49, 4986-4990.

268 M. Liu, Z. Zhang, F. Okejiri, S. Yang, S. Zhou and S. Dai,
Adv. Mater. Interfaces, 2019, 6, 1900015.

269 A. Gedanken, Ultrason. Sonochem., 2004, 11, 47-55.

270 A. Moghtada and R. Ashiri, Ultrason. Sonochem., 2018, 41,
127-133.

271 H. Liu, H. Qin, J. Kang, L. Ma, G. Chen, Q. Huang, Z. Zhang,
E. Liu, H. Lu, J. Li and N. Zhao, Chem. Eng. J., 2022, 435,
134898.

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

273 Z. Y. Jin, J. Lyu, Y. L. Zhao, H. L. Li, X. Lin, G. Q. Xie,
X. J. Liu, J. J. Kai and H. ]J. Qiu, ACS Mater. Lett., 2020, 2,
1698-1706.

274 B. Niu, F. Zhang, H. Ping, N. Li, J. Zhou, L. Lei, J. Xie,
J. Zhang, W. Wang and Z. Fu, Sci. Rep., 2017, 7, 3421.

275 M. Bondesgaard, N. L. N. Broge, A. Mamakhel,
M. Bremholm and B. B. Iversen, Adv. Funct. Mater., 2019,
29, 1905933.

276 X. W. Yu, B. Wang, C. Wang, C. Zhuang, Y. F. Yao, Z. S. Li,
C.P.Wu, ].Y. Feng and Z. G. Zou, Small, 2021, 17,2103412.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

277 J. W. Zhang, P. P. Zhou, Z. M. Cao, P. C. Li, J. T. Hu,
H. Y. Xiao, X. S. Zhou, H. H. Shen and X. T. Zu, J. Mater.
Chem. A, 2023, 11, 20623-20635.

278 G. Feng, F. H. Ning, J. Song, H. F. Shang, K. Zhang,
Z. P. Ding, P. Gao, W. S. Chu and D. G. Xia, J. Am. Chem.
Soc., 2021, 143, 17117-17127.

279 Y. Chen, X. Zhan, S. L. A. Bueno, I. H. Shafei,
H. M. Ashberry, K. Chatterjee, L. Xu, Y. Tang and
S. E. Skrabalak, Nanoscale Horiz., 2021, 6, 231-237.

280 J. Sure, D. Sri Maha Vishnu and C. Schwandyt, Electrochem.
Commun., 2022, 143, 107392.

281 K. S. K. J. Reddy, L. P. Pavithra Chokkakula and S. R. Dey,
Electrochim. Acta, 2023, 453, 142350.

282 Y. Wang, H. Yang, Z. Zhang, X. Meng, T. Cheng, G. Qin and
S. Li, J. Mater. Sci. Technol., 2023, 166, 234-240.

283 J. Wang, S. Kuang, X. Yu, L. Wang and W. Huang, Surf. Coat.
Technol., 2020, 403, 126374.

284 K. Alam, G. Jeong, W. Jang and H. Cho, Appl. Surf. Sci., 2023,
639, 158222.

285 J. Hao, Z. Zhuang, K. Cao, G. Gao, C. Wang, F. Lai, S. Lu,
P. Ma, W. Dong, T. Liu, M. Du and H. Zhu, Nat.
Commun., 2023, 13, 2662.

286 J. Hao, J. Li, Y. Zhu, S. Sun, S. Lu, M. Du and H. Zhu, Chem.
Commun., 2023, 59, 772-775.

287 Y. Wen, W. Zhang, X. Wang, S. Lu, F. Duan, H. Zhu and
M. Du, Chem. Commun., 2023, 59, 13371-13374.

288 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.

289 L. Xiao, Z. Wang and J. Guan, Chem. Sci., 2023, 14, 12850-

12868.

Wang, Y. Li, A. Rosa Ziefuf, E. Bertin, M. Kamp,
. Duppel, G. Marzun, L. Kienle, S. Barcikowski and
. Gokee, RSC Adv., 2019, 9, 18547-18558.
. Wang, W. Liu, Y. Leng, X. Yu, C. Wang, L. Hu, X. Zhu,
. Wu, Y. Yao and Z. Zou, iScience, 2023, 26, 106326.

290 F.
V.
B
B
C
292 B. Wang, C. Wang, X. Yu, Y. Cao, L. Gao, C. Wu, Y. Yao,
Z.
H
C
R

291

Lin and Z. Zou, Nat. Synth., 2022, 1, 138-146.

. Qiao, M. T. Saray, X. Wang, S. Xu, G. Chen, Z. Huang,
Chen, G. Zhong, Q. Dong, M. Hong, H. Xie,

. Shahbazian-Yassar and L. Hu, ACS Nano, 2021, 15,

14928-14937.

294 R. B. Nair, H. S. Arora, P. Mandal, S. Das and H. S. Grewal,
Adv. Eng. Mater., 2018, 20, 1800163.

295 H. D. Li, Y. Han, H. Zhao, W. ]J. Qi, D. Zhang, Y. D. Yu,
W. W. Cai, S. X. Li, J. P. Lai, B. L. Huang and L. Wang,
Nat. Commun., 2019, 11, 5437.

296 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.

297 S. Bolar, S. Shit, N. C. Murmu and T. Kuila, Sustainable
Energy Fuels, 2021, 5, 5915-5945.

298 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.

299 S. Choi, J. Kwon, C. Park, K. Park, H. B. Park, U. Paik and
T. Song, Energy Fuels, 2023, 37, 18128-18136.

293

Chem. Sci., 2024, 15, 8664-8722 | 8721


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

Open Access Article. Published on 08 Mee 2024. Downloaded on 30.01.26 07:57:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

300 Q. Mao, X. Mu, K. Deng, H. Yu, Z. Wang, Y. Xu, X. Li,
L. Wang and H. Wang, Adv. Funct. Mater., 2023, 33,
2304963.

301 H. Shi, X. Y. Sun, S.-P. Zeng, Y. Liu, G. F. Han, T. H. Wang,
Z. Wen, Q. R. Fang, X. Y. Lang and Q. Jiang, Small Struct.,
2023, 4, 2300042,

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

303 S. Dong, Q. Li, H. Hu, X. Zhang, Y. Li, K. Ye, W. Hou, J. He
and H. Zhao, Appl. Surf. Sci., 2023, 615, 156413.

304 A. L. Maulana, A. L. Maulana, P.-C. Chen, Z. Shi, Y. Yang,
C. L. Pueyo, F. Seeler, H. D. Abruiia, D. Muller,
K. Schierle-Arndt and P. Yan, Nano Lett., 2023, 23, 6637-
6644.

305 H. Zhu, Z. Zhu, ]J. Hao, S. Sun, S. Lu, C. Wang, P. Ma,
W. Dong and M. Du, Chem. Eng. J., 2022, 431, 133251.

306 A. A. H. Tajuddin, M. Wakisaka, T. Ohto, Y. Yu,
H. Fukushima, H. Tanimoto, X. Li, Y. Misu, S. Jeong,
J. Ichi Fujita, H. Tada, T. Fujita, M. Takeguchi, K. Takano,
K. Matsuoka, Y. Sato and Y. Ito, Adv. Mater., 2023, 35,
2207466.

307 1. A. Cechanaviciute, R. P. Antony, O. A. Krysiak, T. Quast,
S. Dieckhofer, S. Saddeler, P. Telaar, Y.-T. Chen,
M. Muhler and W. Schuhmann, Angew. Chem., Int. Ed.,
2023, 62, €2022184.

308 A. Kumar, M. Mucalo, L. Bolzoni, Y. Li, Y. Qu and F. Yang,
Mater. Today Sustain., 2023, 22, 100360.

309 J. Kwon, S. Sun, S. Choi, K. Lee, S. Jo, K. Park, Y. K. Kim,
H. B. Park, H. Y. Park, J. H. Jang, H. Han, U. Paik and
T. Song, Adv. Mater., 2023, 35, 230009.

310 J. H. Cha, S. H. Cho, D. H. Kim, D. Jeon, S. Park, J. W. Jung,
I. D. Kim and S. Y. Choi, Adv. Mater., 2023, 35, 2305222.

311 R. He, L. Yang, Y. Zhang, X. Wang, S. Lee, T. Zhang, L. Li,
Z. Liang, J. Chen, J. Li, A. O. Moghaddam, J. Llorca,
M. Ibafiez, J. Arbiol, Y. Xu and A. Cabot, Energy Storage
Mater., 2023, 58, 287-298.

312 T. Chen, F. Ning, J. Qi, G. Feng, Y. Wang, ]J. Song, T. Yang,
X. Liu, L. Chen and D. Xia, iScience, 2023, 26, 105890.

313 G. Zhu, Y. Jiang, H. Yang, H. Wang, Y. Fang, L. Wang,
M. Xie, P. Qiu and W. Luo, Adv. Mater., 2022, 34, 2110128.

314 Y. Yu, F. Xia, C. Wang, J. Wu, X. Fu, D. Ma, B. Lin, J. Wang,
Q. Yue and Y. Kang, Nano Res., 2022, 15, 7868-78767869.

315 Y. Yao, Z. Li, Y. Dou, T. Jiang, J. Zou, S. Y. Lim, P. Norby,
E. Stamate, J. O. Jensen and W. Zhang, Dalton Trans.,
2023, 52, 4142-4151.

316 W. Fu, M. John, T. D. Maddumapatabandi, F. Bussolotti,
Y. S. Yau, M. Lin and K. E. Johnson Goh, ACS Nano, 2023,
17, 16348-16368.

8722 | Chem. Sci., 2024, 15, 8664-8722

View Article Online

Review

317 D. Zhang, Y. Wang, Y. Peng, Y. Luo, T. Liu, W. He, F. Chen
and M. Ding, Adv. Powder Mater., 2023, 2, 00129.

318 H. Li, H. Huang, Y. Chen, F. Lai, H. Fu, L. Zhang, N. Zhang,
S. Bai and T. Liu, Adv. Mater., 2023, 35, 2209242.

319 X. Chen, C. Si, Y. Gao, J. Frenzel, J. Sun, G. Eggeler and
Z. Zhang, J. Power Sources, 2015, 273, 324-332.

320 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.

321 J. Chang, G. Wang, C. Li, Y. He, Y. Zhu, W. Zhang, M. Sajid,
A.Kara, M. Gu, Y. Yang and Y. Yang, Joule, 2023, 7, 587-602.

322 D. Fan, K. Guo, Y. Zhang, Q. Hao, M. Han and D. Xu, J.
Colloid Interface Sci., 2022, 625, 1012-1021.

323 X. Lao, X. Liao, C. Chen, J. Wang, L. Yang, Z. Li, ]J.-W. Ma,
A. Fu, H. Gao and P. Guo, Angew. Chem., Int. Ed., 2023,
62, €202304510.

324 Y. F Yu, W. Zhang, F.-l. Sun, Q.]. Fang, J. K. Pan, W. X. Chen
and G. L. Zhuang, Mol. Catal., 2022, 519, 11214.

325 K. Chu, J. Qin, H. Zhu, M. D. Ras, C. Wang, L. Xiong,
L. Zhang, N. Zhang, J. A. Martens, J. Hofkens, F. Lai and
T. Liu, Sci. China Mater., 2022, 65, 2711-2720.

326 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.

327 B. Xiao, G. Wu, T. Wang, Z. Wei, Y. Sui, B. Shen, J. Qi,
F. Wei, Q. Meng, Y. Ren, X. Xue, J. Zheng, J. Mao and
K. Dai, Ceram. Int., 2021, 47, 33972-33977.

328 J. W. Sturman, E. A. Baranova and Y. Abu-Lebdeh, Front.
Energy Res., 2022, 10, 862551.

329 A. Sarkar, L. Velasco, D. Wang, Q. Wang, G. Talasila, L. de
Biasi, C. Kiibel, T. Brezesinski, S. S. Bhattacharya,
H. Hahn and B. Breitung, Nat. Commun., 2018, 9, 3400.

330 Z. Lun, B. Ouyang, D.-H. Kwon, Y. Ha, E. E Foley,
T.-Y. Huang, Z. Cai, H. Kim, M. Balasubramanian, Y. Sun,
J. Huang, Y. Tian, H. Kim, B. D McCloskey, W. Yang,
R. ]J. Clément, H. Ji and G. Ceder, Nat. Mater., 2021, 20,
214221.

331 Z. Wang, H. Ge, S. Liu, G. Li and X. Gao, Energy Environ.
Mater., 2023, 6, €12358.

332 D. Zhang, S. Xu, T. Li, M. Zhang, ]J. Qi, F. Wei, Q. Meng,
Y. Ren, P. Cao and Y. Sui, ACS Appl. Eng. Mater., 2023, 1,
780-789.

333 Y. Yin, W. B. Zhang, X. L. Zhang, M. M. Theint, J. L. Yang,
Z.Q.Yang,].J. Li, S. Liang and X. J. Ma, Dalton Trans., 2023,
52, 9005-9016.

334 G. C. Mohanty, C. C. Gowda, P. Gakhad, S. Das, M. Sanjay,
S. Chowdhury, K. Biswas, A. Singh and C. S. Tiwary,
Electrochim. Acta, 2023, 470, 143272.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06784j

	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials

	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials

	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials

	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials
	Future prospects of high-entropy alloys as next-generation industrial electrode materials


