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ABSTRACT
High-entropy materials, for both complexity in structure and superiority in performance, have been
widely confirmed to be one possible kind of advanced electrocatalyst. Significant efforts have been
dedicated to modeling the atomic-level details of high-entropy catalysts to improve the viability for
bottom-up design of advanced electrocatalysts. In this review, first, we survey developments in var-
ious modeling methods that are based on density functional theory. We review progress in density
functional theory simulations for emulating different high-entropy electrocatalysts. Then, we review
the advancements in simulations of high-entropy materials for electrocatalytic applications. Finally,
we present prospects in this field.

Abbreviations: HEMs: high-entropy materials; CCMs: compositionally complex materials; DFT: den-
sity functional theory; LDA: local density approximation; GGA: generalized gradient approximation;
VASP: Vienna Ab initio simulation package; ECP: effective core potential; PAW: projector-augmented
wave potential; VCA: virtual crystal approximation; CPA: coherent potential approximation; SQS:
special quasi-random structures; SSOS: small set of ordered structures; SLAE: similar local atomic
environment; HEAs: high-entropy alloys; FCC: face-centered cubic; BCC: body-centered cubic; HCP:
hexagonal close-packed; ORR: oxygen reduction reaction; OER: oxide evolution reaction; HER: hydro-
gen evolution reaction; RDS: rate-limiting step; AEM: adsorbate evolution mechanism; LOM: lattice
oxygen oxidation mechanism; HEOs: high-entropy oxides; OVs: oxygen vacancies; PDOS: projected
densities of states; ADR: ammonia decomposition reaction; NRR: nitrogen reduction reaction; CO2RR:
CO2 reduction reaction; TMDC: transition metal dichalcogenide; TM: transition metal; AOR: alcohol
oxidation reaction; GOR: glycerol oxidation reaction; UOR: urea oxidation reaction; HEI: high-entropy
intermetallic.
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1. Introduction

HEMs form a quintessential class of CCMs. They can
form simple structures with chemical compositions of
multiple elements [1–3]. The combination of properties
that arise from both the structure and composition, has
led to interesting applications [4]. HEMs show remark-
able mechanical properties [5], corrosion resistance [6],
and radiation resistance [7]. Recently, nanostructured
HEMs have been developed and have shown promise for
superior catalytic properties [8]. The birth of the design
concept based on multiple elements, HEMs, provides a
promising path to break the shackles of electrocatalyst
composition design. It overcomes the strict limit of the
chemical composition for conventional electrocatalysts.
HEMs have shown great potential for electrocatalytic
applications and have developed into a rapidly expand-
ing field during this period. Various kinds of HEMs have
been reported, e.g. HEAs and high entropy ceramics.
High entropy metallic glasses [9], oxides [10], carbides
[11], borides [12], nitrides [13], sulfides [14], silicides
[15], fluorides [16], phosphides [17], and intermetallics
[18] have also been explored. Atomic and electronic
structures play vital roles in the properties of HEMs. It
provides a variety of potential applications for different
high-entropymaterials. However, the underlyingmecha-
nisms of intrinsic structural stability,mechanical capacity
and catalytic applications remain unknown.

Combined with experiments, theoretical models and
simulations can serve as effective methods to improve
the basic understanding of the relationship between
the structure and properties and enhance the perfor-
mance by optimizing the material composition and
structure. For high-entropy catalysts, the multielemen-
tal synergy enables a diverse range of adsorption sites
that could accelerate multistep electrocatalytic reac-
tions that require multifunctional catalysts. However, the
wide range of constitutive compositions and complex
atomic arrangements also create grand challenges in the
understanding of real active sites and the underlying
mechanism [8]. The computational method, especially
combined with the experimental results could provide
a new platform to disclose the obscure composition-
structure-performance relationships. Molecular dynam-
ics simulation and DFT calculation are the most
widespread methods for the prediction of the struc-
ture and the fundamental understanding of various
(structural/electronic/thermal) properties [19]. Molec-
ular dynamics simulation is usually used at a larger
scale (over 100∼10,000 atoms), which is appropriate
for covering materials with many elements. However,
the molecular dynamics method cannot consider the
interatomic potentials to solve the complex chemistry

of multi-component ceramics and requires a large num-
ber of computing resources. Thus, the microscopic elec-
tronic features cannot be precisely analyzed bymolecular
dynamics. On the other hand, DFT could be used as
a useful computational tool to investigate the relation-
ship between material properties and physical/chemical
properties, complementing experiments and acting as a
helpful predictive tool for identifying and characterizing
materials withHEMs [20]. These detailed simulations are
related to the theory of quantum mechanics and inher-
ent constants and thus the prediction and exploration
of intrinsic material properties without extra empirical
input [21].

Furthermore, there are still significant challenges to
the theoretical modeling and simulations [4]. The first
is the difficulty in constructing empirical atomic inter-
action models. Due to the large number of chemical
interactions involved, high mixing entropy, serious lat-
tice distortion, and short-range order in HEMs, the
physical model and simulation for traditional binary or
ternary materials are no longer suitable for studying the
enhanced mechanism of HEMs. The second challenge
occurs in the first-principles simulations. DFT simula-
tions are generally computationally expensive. However,
they are more prohibitive for HEMs due to the necessity
of using large supercells (up to more than 1000 atoms)
to represent the non-stoichiometric compositions and
complex microstructures. Therefore, to study the unique
characteristics of their microstructures and properties by
DFT calculations, it is necessary to develop a more effi-
cient method of atomistic simulations for various HEMs.

In this review, we introduce the current development
of atomistic simulations of HEMs for catalytic applica-
tions. The following major topics are presented. Section
2 introduces the basic development and concepts of DFT
calculations. The most used methodologies of modeling
for HEMs and DFT simulations for HEM electrocata-
lysts are reported in Sections 3 and 4. The applications of
HEMs in electrocatalytic field are discussed in Section 5.
This review closeswith the consideration of the suggested
outlooks (Section 6).

2. Theoretical basis of DFT

The DFT concept can be first traced back to the
Thomas–Fermi model in the 1920s [22]. The intro-
duction of the Hohenberg–Kohn theorem in 1964
accelerated the establishment of DFT [23]. Then, the
Kohn–Sham equation made DFT methods a reality [24].
DFT originates in the observation that it is prohibitively
expensive to numerically estimate the many-electron
wave function � . For N electrons, � is a function of
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3N variables such as the Cartesian coordinates x1, y1, z1,
x2 . . . , zN . The amounts of required bits to store such a
function scale exponentiallywith the number of electrons
N. This unavoidable fact critically limits the applicability
of numericalmethods for calculations that are dependent
on wave functions [23], as shown in several applications
by the Hartree–Fock method [25].

The use of the electron density ρ could overcome the
aforementioned exponential barrier. Due to the nature
related to the 3 spatial coordinates, the use of the electron
density averted the limitation of exponential scaling. As
a real function in a drastically smaller number of dimen-
sions, electron density might contain less information
than a wave function. However, the Hohenberg-Kohn
theorem pointed out that electron density (ρ) implic-
itly carries all necessary information about the properties
of the ground state [23]. In principle, there exists a ρ-
functional for most physically observable measurements.
However, these functionals are uncertain, and we can
only perform approximate DFT calculations.

The Kohn–Sham DFT depends on the solution of the
noninteracting problem, by defining effective Coulomb
potentials derived from external (ionic) potentials V and
electrons,

VC(�r) = V(�r)+ ∫ ρ(�r′)
|�r − �r′|dr̄

′ (1)

and the exchange correlation potential Vxc. The ground-
state density is the solution of the self-consistent equa-
tions(

−1
2
∇2 + VC(�r)+ VXC(�r)− Ei

)
ψi(�r) = 0 (2)

and

ρ(�r) =
∑
i

|ψi(�r)|2 (3)

ψi are the wave functions for the noninteracting
Kohn–Sham quasiparticles. Thus, the complex N elec-
tron problem is simplified to N one-electron prob-
lems. The equation in this form is accurate, and the
Kohn–Sham eigenvalue Ei can be used to calculate
the total ground state energy. However, the form of
the exchange correlation functional Vxc is still unclear.
AlthoughVxc is oftenwritten as a local function, the value
of Vxc at �r relies on the distribution of electron density in
the whole space. Compared to the Hartree potential, the
wholemagnitude ofVxc is much smaller. However, errors
in approximating Vxc can cause inevitable qualitative
errors. The disadvantages of the present approximations
to exchange correlation functionals lead to the unrelia-
bility of DFT in somematerials systems and the choice of
the functional requires the experience of researchers.

Exchange–correlation functionals can be classified on
the basis of features. To make clear classification of the
exchange correlation functional, Jacob’s ladder was pro-
posed [26], based on the descriptions of the Hartree
world without any exchange–correlation and guaran-
teed much higher chemical accuracy. The first step of
Jacob’s ladder is LDA, and the following are the GGA,
meta-GGA, and finally, hybrid functionals. Each rung
on the ladder should contain the former functionality
and perform better than the previous ones. The LDA
and the GGA [27,28] have been widely used. For single
materials and ordered compounds, LDA and GGA have
been demonstrated to be reliable for experimental mate-
rial properties [29]. For HEMs, GGA has been widely
used in most studies. Some of the target alloys are mag-
netic and need to be treated with spin polarization [30].
Hybrid functionals can also be used and incorporated
into the Hartree–Fock theory which is widely applied for
studying electronic properties of materials such as PBE0
due to Perdew-Burke-Ernzerhog and B3LYP by Becke-
Lee–Yang–Parr [31], especially in the modeling of water
molecules and other complex compounds.

Over the past few decades, many quantum-chemical
software packages have been explored for the predic-
tion of material properties. Most of the popular DFT
computer programs are summarized in Table 1. Among
them, the Gaussian program is the most extensively
used for chemical systems, and the VASP is widely used
for physics and materials science. Moreover, the DMol3
code based on a numerical basis is applicable for iso-
lated molecules, solids and surfaces [32], which exhibits
low computational cost. To effectively lower the com-
putational cost, the ECP [33], pseudopotential [34], and
PAWmethods [35] are introduced for relatively inert core
electrons.

3. Atomistic modeling of HEMs

DFT calculations are a significant method to investigate
and predict the various properties of targeted materials.
The limitations of the first-principles method arise from
the approximations required to deal with the high com-
putational cost that increases exponentially with the size
and complexity of simulated HEMs. One of the major
limitations of DFT is the limited number of atoms it can
handle, and the chemical disorder in HEMs poses an
especially difficult problem. Due to the chemical disor-
der of HEMs, it is a huge challenge to build appropriate
HEMs models (the number of atoms lower than 1000)
to meet the requirement of chemical randomness [36].
Recently, two strategies have been proposed to solve the
intractable problem: (a) the ‘effective medium’ method,
including the VCA method [37] and CPA method [38];
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Table 1. Various developed software and the related basis set, functionals, and core potential.

Software Basis set Functionals Core treatment

Gaussian1 Gaussian basis All functionals Effective Core Potential
ORCA2 Gaussian basis GGA, meta-GGA, hybrid

functionals
Effective Core Potential

Q-chem3 Gaussian basis LDA, GGA, and global
hybrid functionals

Effective Core Potential

DALTON 2.04 Gaussian basis LDA, GGA, hybrid
functionals

Effective Core Potential

VASP5 Plane wave LDA, GGA, meta-GGA, and
hybrid functionals

Ultrasoft pseudopotentials
or projector-augmented
wave potentials

CASTEP6 Plane wave LDA, GGA Ultrasoft pseudopotentials
/ Nor-conserving
pseudopotentials

ABINIT7 Plane wave LDA, GGA Norm-conserving
pseudopotentials

CP2K8 Mixed Gaussian and plane
waves

LDA, GGA, meta-GGA,
hybrid functionals,
and double-hybrid XC
functionals

Pseudopotential,
all-electron

WIEN 2K9 The augmented plane
wave plus local orbitals
(APW+ lo) method

LDA, GGA, meta-GGA, and
hybrid functionals

Full potentials

DMol310 Numerical basis LDA, GGA, B3LYP, meta-
GGA, Hartree–Fock exact
exchange

All-electron, elective
Core potentials, all-
electron relativistic,
and semi-core
pseudopotential

ADF11 Slater basis Numerical integration
scheme

Frozen core approximation

Octopus12 Numerical basis set, plane
waves, and atomic
orbitals

LDA, GGA Optimized effective
potential method (OEP)

LMTART13 Atom centered local
muffin-tin orbitals

LDA, GGA Full potential

GPAW14 Localized atomic orbitals
and plane waves

LDA, GGA Pseudopotential,
all-electron

Notes: The websites of the software are listed as follows: 1. http://www.gaussian.com/; 2. https://orcaforum.kofo.mpg.de; 3. https://www.q-chem.com/;
4. https://www.daltonprogram.org/; 5. https://www.vasp.at/; 6. http://www.castep.org/; 7. https://www.abinit.org/; 8. https://www.cp2k.org/;
9. http://www.wien2k.at/; 10. https://wiki.fysik.dtu.dk/ase/ase/calculators/dmol.html; 11. https://www.scm.com/amsterdam-modeling-suite/; 12.
https://octopus-code.org/wiki/Main_Page; 13. http://www.fkf.mpg.de/andersen/docs/lmtoart_programs.html; 14. https://wiki.fysik.dtu.dk/gpaw/.

(b) supercell methods, including SQS [39], SSOS [40],
and SLAE structures [41]. These methods have their own
advantages and shortcomings. The practical use relies on
the specific application.

3.1. VCAmethod

VCA is usually suitable and useful for materials in which
the constituent elements are adjacent in the periodic table
of elements [37]. The core of the VCA is the replace-
ment of the true metal atoms by a ‘virtual’ metal, which
is composed of a weighted average between the het-
erogeneous elements in the parent materials. Generally,
the potentials that represent atoms of two or more ele-
ments are averaged into a composite atomic potential. It
is an overly simplified approach to substitutional solid
solutions describing the elastic properties of a specific
material. The supercell is not necessarily needed, and the
calculation time can be significantly saved. For instance,
as shown in Figure 1(a), Wang et al. calculated the lattice
constants of various HEAs, FeCoNiCr, FeCoNiCrMn,

and FeCoNiCrMnGe, via the VCA methods [38]. It was
demonstrated that for HEAs composed of atoms with
similar properties, the VCA method exhibits more effi-
ciency than SQSmethods for the estimation of LCs. Arun
et al. introduced a facile HEA design with engineered
configuration entropy and a band tuning approach [43].
With the help of DFT calculations via the VCA model,
the Na atoms were verified to locate Pb/Sn substitutional
doping sites of the original PbSnTeSe HEA (Figure 1(b)).
The tiny doping of Na (up to 0.01 at.%) in the Pb sites
exhibits a prominent effect on the band tuning. Previous
reports have also demonstrated the reliability of the VCA
method for the simulation of alloys containing refractory
elements [44,45].

However, the VCA model is not suitable for calcu-
lations of the full material properties of HEMs, such
as lattice distortion. The VCA methods cannot be used
for HEMs systems consisting of heterogeneous atoms
with large differences in properties. Thus, more atom-
istic modelingmethods have been developed to solve this
problem.

http://www.gaussian.com/
https://orcaforum.kofo.mpg.de
https://www.q-chem.com/
https://www.daltonprogram.org/
https://www.vasp.at/
http://www.castep.org/
https://www.abinit.org/
https://www.cp2k.org/
http://www.wien2k.at/
https://wiki.fysik.dtu.dk/ase/ase/calculators/dmol.html
https://www.scm.com/amsterdam-modeling-suite/
https://octopus-code.org/wiki/Main_Page
http://www.fkf.mpg.de/andersen/docs/lmtoart_programs.html
https://wiki.fysik.dtu.dk/gpaw/
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Figure 1. (a) VCAmodels of FeCoNiCr, FeCoNiCrMn, and FeCoNiCrMnGe, respectively. Reprintedwithpermission fromRef. [42] Copyright
2011, Elsevier. (b) Crystal structure of PbSnTeSe HEA and Pb0.99SnTeSe-Na0.01 HEA. Reprinted with permission from Ref. [43] Copyright
2022, Elsevier. (c) CPA models for the equimolar ABCDE high-entropy alloys (HEAs). Reprinted with permission from Ref. [46] Copyright
2017, Creative Commons Attribution License (CC BY).

3.2. CPAmethod

The CPA method was proposed to simulate random
media, which depends on themean field approach for the
consideration of chemical disorder in high entropymate-
rial systems. Figure 1(c) shows an illustration of the CPA
method for HEMs [46]. The quinary HEA composed of
the various elements A, B, C, D, and E is substituted by
an effective medium. There are two kinds of approxima-
tion methods. The first one is based on the assumption
that the local potentials (PA, PB, PC, PD, PE) around a
certain kind of atom from the HEAs are equal, which
ignores the local environment effect. Another is that
the target system is replaced by a monatomic medium
determined by the site-independent coherent potential
P̃. For the CPA method, the elements in the HEMs are
introduced into an equal medium, which is determined
self-consistently by the mutual effect of the whole atoms,
where information on the charge distribution due to the
presence of defects is not provided. Based on this facile
mean field approach, CPA methods could well simulate
chemical disorder in a single primitive cell, which signif-
icantly lowers the computational requirements. In addi-
tion, CPA-basedmethods are suitable for various compo-
sition designs. The CPA also shows high efficiency in the
calculation of the ground-state properties of HEMs, such
as lattice parameters, bulkmoduli, andmixing enthalpies.

Due to the easy extraction of the energetics of HEMs
systems, it could also be used for multiscale simulations.
These unique merits ensure a high-efficiency compu-
tational exploration of a wide range of HEMs. CPA is
also coupled with other methods, such as exact muffin-
tin orbitals (EMTO) [47] or Korringa-Kohn-Rostoker
(KKR) methods [48].

3.3. SQSmethod

Compared with the previous two methods, the differ-
ence in the supercellmethod is reflected in the simulation
of the distribution of the local chemical environment in
HEMs and how to reduce the computational demands.
As shown in Figure 2(a), a disordered chemical config-
uration is mimicked on a large and finite supercell with
periodic boundary conditions [49].

The SQS method is a widely used supercell method
to build a complex HEMs structure. The SQS concept is
based on the set of physical correlation pairs and multi-
locus correlation functions of totally disordered HEMs.
Via the SQS approach, dozens of atoms are needed to
realize the chemical randomness of HEMs with a super-
cell where the Monte Carlo method and genetic algo-
rithms are commonly utilized to create the structures. In
this way, supercells built by the SQS method have been
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Figure 2. (a) Schematics for the supercell method. Reprinted with permission from Ref. [49] Copyright 2019, Elsevier. (b) 64-atom SQS
used for DFT calculation with atomic species labeled. Reprinted with permission from Ref. [52] Copyright 2022, Elsevier. (c) Schematic
representations of SQS and SSOSmodels for an HEAwith FCC lattice. Reprinted with permission from Ref. [56] Copyright 2020, American
Physical Society. (d) SLAE models for equiatomic BCC, FCC, and HCP HEAs. Reprinted with permission from Ref. [46] Copyright 2017,
Creative Commons Attribution License (CC BY).

applied for HEMs simulations with FCC [46], BCC [50],
and HCP [51] structures.

Kim et al. analyzed the interatomic distance distribu-
tions with the help of DFT calculations in the SQSmodel
(Figure 2(b)) [52]. It was found that the HEA exhib-
ited large lattice distortion. In the exact consideration
of the lattice distortion, the obtained elastic properties
well supported the experimental measurements, and the
calculated elastic constant values were within 5% of the
neutron-diffractionmeasurements.With the help ofDFT
calculations in the SQS model, Yao et al. explored the
thermodynamic properties of Wx(TaTiVCr)1−x HEA,
and the effect of W content was systematically investi-
gated. The obtained DFT results showed that the bulk
modulus of Wx(TaTiVCr)1−x decreased with increasing
temperature, and the softening tendency coincided with
the presence of W [53].

DFT simulations based on SQS supercells could obtain
exact results under the condition of short-range inter-
atomic interactions in HEMs. In addition, the prop-
erties of produced materials are usually dependent on
the local atomic arrangements (local lattice distortions,
equilibrium bond lengths, density of states, band gap,
charge-transfer, mixing, and formation enthalpies) [54].
However, this method is not suitable for systems domi-
nated by long-range interactions.

3.4. SSOSmethod

For HEMs, the incremental amount of metal elements
could result in a significant increase in the correlation
functions. Under this circumstance, a small-sized SQS
model could not meet the requirements to effectively
simulate the statistics of a randommaterials system [39].
On the other hand, for polymetallic HEMs, the number
of correlation functions growswith the increasedmetallic
component. To solve this problem, Jiang and Uberuaga
developed a facile SSOS method in 2016 [55]. Via the
SSOS method, the actual HEMs system is replaced by a
set of small ordered structures, simultaneously combined
with approximate weight-averaged properties, leading to
a quite different structure from the typical single super-
cell, to simulate the random state.

Sorkin et al. proposed that the SSOSmethod has enor-
mous potential for high-throughput DFT calculations of
solid-solution HEAs [56]. As shown in Figure 2(c), an
SQS model with 125 atoms of a quinary HEA was first
built. The equivalent HEA model was simplified by the
SSOS method, which could match the equal atomic pair-
correlation functions of the SQSmodel up to the second-
nearest neighbor range. Thus, the computational cost for
calculating the three 5-atom SSOS model is much lower
than that of the SQS model (N = 125). This is beneficial
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for the practical applications of the SSOS method for
high-throughput DFT calculations.

3.5. SLAEmethod

Different from previously mentioned models, the SLAE
model for HEMs is proposed on the basis of local atomic
environment settings of all lattice sites, which are similar
to each other [52].

To intuitively examine the radial distribution and cor-
relation, standard deviations may be adopted to describe
the disorder degree. The SLAE-based supercell for var-
ious lattice sites could be formed by random search.
The number of atomic pairs on the boundary is equally
divided by the two neighboring supercells to treat the
periodic boundary condition. As shown in Figure 2(d),
the three types of SLAE base models (FCC, BCC and
HCP structures) are illuminated, in which the radial
distribution is a function of the neighboring pairs of
equimolar HEA atoms [57].

4. DFT simulations for HEMs electrocatalysts

In the past decade, the field of atomistic simulations for
HEMs with multiple components has progressed rapidly.
Most atomistic simulations of HEMs are focused on
the explanations of the observed structural, mechani-
cal, and thermodynamic properties. In this section, we
present several concepts and descriptors derived from
DFT calculations for the prediction of electrocatalyst
performance indicators.

4.1. Thermodynamic phase stabilities

Due to the unique features of HEMs, the thermodynamic
property and the underlying structure-performance rela-
tions is also vital for the further exploitation of potential
electrocatalytic applications.
Defect. In particular, structure defects, such as point
defects (e.g. vacancies and self-interstitials), line (e.g.
dislocations) and planar (e.g. twin, grain and inter-
face boundaries) intrinsic defects, could have a crucial
effect on the improvement of electrocatalytic activity
on the nanoscale [56]. For an ideal crystal, the atoms
should be arranged periodically within the specific struc-
ture. However, due to the complex chemical compo-
sition and heavy lattice distortion, it is impossible for
HEMs, (mostly nanoscale) to fit perfectly into a com-
plete crystal during the synthesis progress, usually under
extreme conditions. Defects are produced when the orig-
inal atoms are arranged incorrectly, which inevitably

affects the electronic structure of the materials. It pro-
vides a potential design platform to improve the elec-
trocatalytic performance by controllably adjusting the
types and/or locations of defects through appropriate
strategies. The recently proposed defect engineering has
become an effective strategy for tuning the electronic
structure and adsorption behavior of catalysts to enhance
their activity and stability. For example, Jia et al. reported
novel high-entropy metallic glass materials with five
equal atomic elements for the alkaline and acidic HER
[9]. Furthermore, with the help of a simple dealloying
treatment, they obtained a nano-sponge-like architec-
ture. The obtained samples showed superior HER activ-
ity, due to the enhanced large specific surface area. To fur-
ther understand the origin of the catalytic activity, DFT
calculations have shown that the interstitial solid solution
of P atoms in the Pt–Pd sublattice produces lattice dis-
tortion, stabilizes the adsorption/desorption of hydrogen
protons, and significantly promotes the HER.

In addition, precise DFT calculations of thermody-
namic properties are necessary to understand the for-
mation behaviors of HEMs. The most relevant features
include the vacancy/self-interstitial formation energy,
vacancy/interstitial migration energy barriers, disloca-
tion simulations, and stacking fault energy [56]. For
example, Zhang’s group studied the vacancy formation
energies in equiatomic HEAs by first-principles calcu-
lations [58]. They reported that the d electrons could
affect the distributions of formation and migration ener-
gies for point defects in NiCoCr and NiCoFeCr alloys.
The formation energies of interstitials in HEAs are lower
than those in pure Ni, whereas the formation energies
of vacancies are higher. A detailed analysis of electronic
properties reveals that the electronic charge deformation
flexibility regarding the eg to t2g transition has a domi-
nant effect on defect energetics for different elements in
HEAs.
Segregation free energy. Owing to the vast compo-
sitional space of HEAs, the concentration of the ele-
ments can be tuned to obtain specific surface struc-
tures to design highly active, stable, and selective high-
entropy catalysts. In general, surface segregation inHEAs
is in most cases not negligible. Surface segregation in
HEAs is not conceptually different from conventional
alloys and segregation patterns follow canonical relations
[59]. However, magnetism and configurational entropy
counteract chemical driving forces, and in some cases,
segregation is prevented even at low temperature. The
mechanism of surface segregation in HEMs is usually
helpful for understanding of the surficial behaviors under
reaction conditions, where most electrocatalysis occurs
on the surface [58]. A strong segregation of passivat-
ing elements could increase corrosion resistance on the
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one hand but could compromise the long-term stabil-
ity of potential high-entropy catalysts on the other hand.
For example, Körmann et al. calculated the segregation
free energy of FCC HEA (Cr–Mn–Fe–Co–Ni) in vac-
uum and in the presence of 1 monolayer (ML) of atomic
O on the surface. The results indicated that Ni segre-
gated to the surface in vacuum for Cr-, Mn-, and Fe-rich
alloys, whereas Cr and Mn segregated to the surface
when O was present for every alloy composition. This
proposed methodology and approach can be straight-
forwardly applied to other alloys, such as noble-element
HEAs or refractory HEAs.

4.2. Basic descriptors for electrocatalytic reactions

Formation Energy. The formation energy is an impor-
tant physical property that determines the stability of
specific catalysts. More detailed information about DFT
calculations of the formation energy is summarized by
Persson et al. [57]. The formation energy is first used
to estimate the potential of newly designed electrocat-
alysts [60,61], which is commonly necessary for the
prediction of electrocatalysts where the dynamics of
oxygen play an important role and need to be stud-
ied in detail. When coupled with the obtained exper-
imental results, the preliminary structure of the elec-
trocatalyst can be deduced, and the energetically favor-
able structure of the catalytic reaction can be screened
out [62]. Furthermore, it has also been used to direct
the design of next-generation electrocatalysts. For exam-
ple, Nemani et al. first synthesized two high-entropy
MXenes (TiVNbMoC3Tx and TiVCrMoC3Tx) and the
corresponding precursor high-entropy MAX phases
(TiVNbMoAlC3 and TiVCrMoAlC3) [63]. They used
DFT tools to calculate the formation energies and esti-
mate the formability of the obtained high-entropy MAX
phases. It was found that the huge compositional space
combined with the potential of entropic stabilization led
to various applied directions and challenges.
Adsorption Energy. According to the generally accepted
Sabatier principle [64], the appropriate adsorption
strength of bonding adsorbates endows superior elec-
trocatalytic activities. The weaker binding interaction
may not promise the propitious electrochemical reac-
tion. On the other hand, adsorption that is too strong
increases the difficulties in the conversion/desorption of
intermediates and final products. A negative adsorption
free energy indicates thermally favorable adsorption, and
a positive adsorption free energy suggests an energeti-
cally favorable desorption process. Generally, the range
of suitable adsorption energy varies for different elec-
trocatalytic reactions, and the intermediate free energy
plays a key role in the various catalytic reactions [29].

Jan Rossmeisl et al. coupled DFT calculations with super-
vised machine learning [65]. They successfully predicted
the adsorption energies of CO and H on all surface sites
over the (111) surfaces of high-entropy alloys (CoCuGa-
NiZn and AgAuCuPdPt) [65]. Figure 3(a) illustrates that
the adjustment of compositions in HEAs could tune the
distribution of adsorption energies, which could further
change the selectivity and activity of HEAs.
Scaling Relations. According to previous reports, the
scaling relation of adsorption energies between similar
adsorbates has already been widely investigated [66,67],
and it could act as a representative descriptor for the cor-
relation between different reaction species. The equation
is as follows [68]: EA = aEB + b. Here, EA and EB are
the corresponding adsorption energies of species A and
B, respectively; a and b represent the slope and intercept
of the linear relation. Complex electrocatalytic reactions
could build a close correlation of the adsorption ener-
gies with one/two important intermediates. Meanwhile,
the scaling relations reduce the degrees of freedom dur-
ing the electrocatalytic process and infer the mechanism
of relationships between adsorbates and the surface [69].
As an example, Jan Rossmeisl et al. explored the scaling
relations between the adsorption energies of key inter-
mediates (∗OH and O∗) over IrPdPtRhRu (111) surfaces
(Figure 3(b)) [70]. The energy of ∗OH has been demon-
strated to act as an effective descriptor with molecular
power for the ORR. On the other hand, the difference in
adsorption energies between O∗ and ∗OH describes the
OER.
d-Band Model. The d-band model was first established
and complemented by Nørskov and Hammer [71,72],
which has been successfully used in understanding the
mechanism of the electroactivity of various catalysts.
To evaluate the effect of the d-band on the adsorption
interactions, the corresponding d-band center (εd) is
described as the local average of the d-electron ener-

gies: εd = ∫+∞
−∞ xρ(x)dx
∫+∞

−∞ ρ(x)dx
. Here, x represents the energy level,

and ρ(x) is the density of states of the correspond-
ing d-orbitals [71]. The εd center was described as a
scaling relationship for the adsorption energy of reac-
tants/intermediates. In general, a positive shift in εd
results in an enhancedmetal—site-adsorbate interaction.
On the other hand, a negative energy shift leads toweaker
binding. Due to the variousmulti-metallic sites inHEMs,
εd exhibits a huge adjustable space and thus is benefi-
cial for controlling the locations of εd—active sites.Under
these circumstances, it could easily regulate the binding
energy of intermediates and further improve the electiv-
ity for the reaction products. The d-band center tends
to be adjusted by introducing strains caused by lattice
distortions. Huang et al. investigated the strain effects of
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Figure 3. (a) Adsorption energy distributions. Reprinted with permission from Ref. [65] Copyright 2020, American Chemical Society. (b)
Scaling relations on HEAs. Reprintedwith permission from Ref. [70] Copyright 2020, Elsevier. (c) The heatmap for comparison of the strain
effect ond-band center depth variations for the three low-index surfaces. Reprintedwith permission fromRef. [73] Copyright 2020,Wiley-
VCH GmbH. (d) Calculated charge-density difference of the P1 site for Co0.6(VMnNiZn)0.4PS3. The red and blue regions refer to electron
accumulation and depletion, respectively. Reprinted with permission from Ref. [83] Copyright 2022, American Chemical Society.

five kinds of transition metals (Fe, Co, Ni, Pd, and Pt) in
facet engineering, surface atomdensity, and εd [73]. They
introduced a mechanism of Pt, Pd, Fe, Co, and Ni within
three low index surfaces (111), (110) and (100) over
HEAs. By convention, when the strain property changes
from compression to tension, the center position of the
d-band is expected to move up linearly. In this work, the
variation tendency of the surfaces under different strain
levels (ranging from −4% to 8%) is summarized. The εd
levels of each metal surface are given by the scale bars
(Figure 3(c)). As the color changes from blue to red, the
represented level increasesmonotonically. Hence, the rel-
ative variation trend of the data of each element/surface
under a given strain sequence is provided.
Orbital Occupation. Although d-band theory has been
successfully used, it is not suitable for TM-based mate-
rials with split d-band orbitals [74], especially for met-
als coordinated by six identical ligands in an octahedral
shape with Oh symmetry. The d orbitals of the center TM
atoms can be split into low-energy t2g orbitals and high-
energy antibonding eg orbitals [75,76]. The filling state

of the eg orbitals could be effectively used to describe the
activity of the TM catalyst, which acts as a key factor for
altering the binding strength of adsorbed/desorbed inter-
mediates over the surface of catalysts. Due to this efficient
descriptor, huge efforts have been devoted to regulat-
ing the catalytic activity of various kinds of metal oxides
[77,78]
Charge distribution. Due to the different work func-
tions of the active metal site, the redistribution of charge
over the catalyst surface results in alternating accumu-
lation and scarcity of electrons across the entire HEMs.
The specific charge distribution could also regulate the
adsorption of key intermediates and improve the selectiv-
ity of the reaction product. For alloys (especially HEAs),
electron transfer over different metal surface atoms eas-
ily occurs due to the various work functions, which could
result in an obvious charge redistribution on the surface
[79]. The alteration of the local charge density is favor-
able to the generation of adsorptive active sites and reac-
tive reactant molecules [80], promoting electrochemical
kinetics. Moreover, the charge redistribution could also
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affect the d-band centers, which regulate the adsorption
methods of reagents and the corresponding electrocat-
alytic activity and selectivity [80]. Due to the nature
of large heterogeneous metal components, HEMs pos-
sibly endow significant redistribution of surface charges
[81,82]. Thus, for HEMs, the charge density of various
surface metallic active sites is different from that of the
coordinated atoms, which provides the effective active
center for chemical transformation. Wang et al. success-
fully introduced a typical 2Dhigh-entropy nanosheet cat-
alyst, Co0.6(VMnNiZn)0.4PS3, with a high concentration
of active sites [83], which exhibited superior HER perfor-
mance to most reported HER catalysts. With the help of
DFT calculations, the effect of the charge redistribution
on hydrogen adsorption was demonstrated by the charge
density differences of Co0.6(VMnNiZn)0.4PS3 andCoPS3
structures around the adsorbed P1 sites (Figure 3(d)).
The different states of electron accumulation/depletion
over P sites and S sites suggested fast electron trans-
fer between S and P atoms, which was in favor of the
optimization of the P–H bond and thus reduced�GH∗.

5. Applications of HEMs simulations in
electrocatalysis

HEMs exhibit enhanced catalytic activity, selectivity,
and stability relative to their mono-metallic and phase-
separated counterparts. Serving as a discovery platform
for constructing highly efficient catalysts with unex-
pected performance, HEMs have attracted increasing
attention.

5.1. Electrocatalytic HER

During the past decades, the excessive consumption of
fossil energy has caused the urgent development of clean
and green fuel.Hydrogen has been regarded as a potential
next-generation energy source due to its high gravimet-
ric energy density and zero-carbon emissions [84,85].
Electrochemical water splitting is a particular method for
the large-scale production of hydrogen fuel [86], which
consists of two half-reactions. The HER is one of the
semi-reactions during the electrochemical water split-
ting process, including the two-electron transfer reaction
[84]. The reaction processes of the acidic/alkaline HER
are different [87]. However, for the two kinds of HER, the
Volmer reaction is usually the first step, which involves
one-electron transfer to the active surface sites of electro-
catalysts, followed by the interaction with H+ for the for-
mation of adsorbed H∗. The Volmer reaction is usually
regarded as the RDS for the HER [85].

Wang et al. developed a facile magnetron sputtering
method to fabricate a good-crystallinity high entropy

alloy (FeCoNiCuPd) thin film catalyst on carbon fiber
substrates [88]. The obtained HEA electrocatalyst shows
superior alkaline HER and OER performance with
ultralow overpotentials as well as Tafel slopes, show-
ing how efficiently the electrode can produce current by
applying a potential. DFT simulations were carried out to
identify the roles of individual metal sites and their syn-
ergistic effects. As shown in Figure 4, the site-dependent
d-PDOSof various activemetal sites are calculated to ver-
ify their roles in the improvement of alkaline HER activ-
ity. The electron density difference result demonstrated
that Fe sites favor the adsorption of water molecules. In
addition, theGibbs free energy of the two stepswas evalu-
ated. It was found that the synergistic effects of numerous
metallic active site configurations lowered the reaction
barrier to accelerate the HER process.

5.2. Electrocatalytic OER

As another semi-reaction, OER is also important for the
overall electrochemical water splitting. The OER pro-
cess involves a more complex four-electron transfer pro-
cess, which seriously hampers the rate of water splitting
[89,90]. The key point in the development of OER elec-
trocatalysts relies on improving the efficiency of electron
transportation over catalytic active sites and advancing
the step of adsorption/desorption of the reactive inter-
mediates produced during the OER process [90]. For
OER catalysis, the different local atomic environments
result in a distribution of binding energies for the cat-
alytic intermediates. Svane et al. outlined a strategy for
the theoretical optimization of the composition by using
the rutile (110) surface of HEO catalysts as an example
[89]. DFT calculations predicted the reaction energies for
all possible local atomic environments. The different local
environments around the catalytically active sites result
in a distribution of adsorption energies for the catalytic
intermediates and therefore also in a range of overpo-
tentials, with some sites having lower overpotentials than
any of the pure oxides.

Zhang et al. creatively fabricated a novel high entropy
(oxy)-hydroxide (CoCuFeAgMoOOH) to achieve
a highly efficient OER [91]. First, they performed
a detailed DFT calculation to predict the real high-
efficiency active sites for OER and thus guide the design
of high-entropy electrocatalysts. It was found that effec-
tive M-O d–p orbital hybridization could lower the
energy barrier for RDS (Figure 5(a)). The ubiquitous
multi-metallic nature is also beneficial for the adjust-
ment of the electron structure to accelerate adsorp-
tion/desorption of key intermediates. Overall, this work
provides a deep understanding of the influences caused
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Figure 4. DFT calculation of FeCoNiCuPdHEA catalyst for alkaline HER. Reprintedwith permission fromRef. [88] Copyright 2022, Elsevier.

Figure 5. (a) Free energy landscape and TDOS/PDOS plots for high entropy (oxy)hydroxides. Reprinted with permission from Ref. [91]
Copyright 2022,Wiley-VCHGmbH. (b) DFT calculation of HEO catalyst for alkalineOER. Reprintedwith permission fromRef. [92] Copyright
2022, Wiley-VCH GmbH.
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by the poly-metallic material system on each metal reac-
tive site, which is always related to the mature AEM.

Tang et al. successfully synthesized a high entropy per-
ovskite cobaltate with five equimolar metal elements in
the B-sites (Mg, Mn, Fe, Co, and Ni), which exhibited
superior electrocatalytic activity for OER (with a low
overpotential of 320mV at a current density of 10mA
cm−2) compared to commercial IrO2 [92]. Systematic
experiments and DFT calculations are carried out to
uncover the underlying catalytic mechanism and the
unknown relationship between configuration entropy. As
shown in Figure 5(b), the reaction free energies by the
AEM and LOM paths were both taken into considera-
tion, which could be helpful for understanding the whole
thermodynamics and primary steps of the OER pro-
cess on HEOs with different configuration entropies. It
is found that the configuration entropy could play a key
role in improving the inherent activity of the Co sites and
improving the OER kinetics. In addition, the enhanced
OER performance could be partially caused by the incor-
poration ofOVs and the accompanying formation of high
valence metal active sites.

5.3. Electrocatalytic ORR

The ORR is the reverse reaction with respect to OER.
TheORR is also a complex four-electron transfer process,
thus inevitably resulting in sluggish kinetics [93–96].
The ORR is important for the further development
and practical applications of efficient fuel cells and has
attracted considerable attention from researchers world-
wide. Based on theoretical explanations and predictions,
similar to OER, the binding energies of key intermediates
could be convincingly used as descriptors for catalytic
activity according to the well-established Sabatier princi-
ple [64]. As previously mentioned, the adsorption energy
of reactive intermediates should be modest (neither too
strong nor too weak). For HEMs, the intrinsic single
solid solution phase favors a homogeneous distribution
of all metal sites, prospectively providing numerous effi-
cient active sites for the ORR, thus further advancing
the reaction process. Batchelor et al. reported that the
multidimensionality challenge caused by high entropy
electrocatalysts can be overcome by a data-driven discov-
ery cycle method [97]. Iteratively refined computational
models precisely predicted the activity trends of HEA
films. Furthermore, high-throughput characterization
datasets are used as input for refinement of the model.
The refinedmodel correctly predicts the activity maxima
of the exemplary model system Ag–Ir–Pd–Pt–Ru. This
method can identify optimal HEA catalysts for electro-
catalytic reactions in an unprecedented manner.

Jin et al. developed a facile dealloying method to fab-
ricate various predetermined rugged HEA nanowire cat-
alysts for efficient trifunctional HER, OER, and ORR
[97]. It was found that the high entropy design strat-
egy could effectively reduce the use of noble metals and
significantly improve the adjustability of specific elec-
tronic structures for the ORR. Detailed DFT calculations
were performed to investigate the origins of the enhanced
ORR kinetics with the introduction of the fifth non-
noble transition metal. DFT results indicated that the
octahedral site is more energetically favorable and sta-
ble for potential substitution than the tetrahedral site.
Under these circumstances, the eg occupancies of Co/Ru
atoms are calculated, which significantly simplifies the
computational process (Figure 6(a)). In addition, the cor-
responding PDOS are provided in Figure 6(a). In the
NiCo2O4 model, the eg occupancy of Co is 0.71. The
obtained eg occupancies of Co within the doping of het-
erogeneous atoms (Mo, Cu, V, and Fe) are 1.10, 0.77,
0.79, and 0.83, respectively. This thus caused a decrease
in the absolute differences from unity in the sequence
of Cu > V > Fe > Mo. For Ru sites, the calculated val-
ues for substitution by Mo, Cu, V, and Fe doping are
0.98, 0.86, 0.76, and 0.76, respectively. The eg occupancy
trends of Co/Ru sites well supported the experimental
OER/ORR activity trend.

Batchelor et al. found that the adsorption energies
of HEAs exhibited a near-continuous distribution, ulti-
mately promoting HEAs as a well-posed platform for
next-generation alloys for various catalytic applications
[98]. The authors built a systematic database of adsorp-
tion energy as well as the construction function models
by detailed DFT calculations of the adsorption energies
of OH∗ and O∗ over the surface of HEAs (Figure 6(b)).
Benefiting from the easy adjustment of the metal com-
positions in HEAs, it is generally achievable to design
and fabricate outstanding ORR electrocatalysts with the
help of a volcano map construction of highly active
sites on the surface. Optimization of the HEA compo-
sition results in Ir10.2Pd32.0Pt9.30Rh19.6Ru28.9 HEAs. For
example, Ir10.2Pd32.0Pt9.30Rh19.6Ru28.9 HEAs,which pos-
sessed the optimized adsorption energies on the volcanic
map, showed much lower overpotentials than commer-
cial Pt/C catalysts.

5.4. Electrocatalytic ADR

Ammonia (NH3) is a significant raw material for the
industrial production of fertilizers and acts as an out-
standing hydrogen storage carrier [99,100]. The catalytic
decomposition of ammonia into hydrogen has attracted
increasing attention due to its ability to liquify easily at a
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Figure 6. (a) DFT calculation of HEAs for ORR. Reprinted with permission from Ref. [97] Copyright 2020, American Chemical Society. (b)
Parameterization of the surface configurations and the activities of re-engineered compositions of the HEA IrPdPtRhRu. Reprinted with
permission from Ref. [98] Copyright 2018, Elsevier.

mild pressure of approximately 8 bar at room tempera-
ture. Xie et al. reported a novel HEA catalyst consisting
of earth-abundant elements to realize efficient ammo-
nia decomposition [99]. The obtained CoMoFeNiCu
nanoparticles exhibited a single solid-solution phase with
a controllable Co/Mo atomic ratio. These HEA electro-
catalysts exhibited substantially improved catalytic activ-
ities and stability, even superior to those of Ru catalysts.
According to the DFT calculation results of the adsorp-
tion properties of various metallic sites, Co−Mo-based
alloy nanocrystals are also demonstrated to be poten-
tial candidates for ammonia decomposition (Figure 7(a)).
The increase in compositional complexity may be a
promising method to solve this problem due to the
single-phase stabilization caused by increasing the con-
figurational entropy. Saidi et al. developed a novel HEA
catalyst, Co25Mo45Fe10Ni10Cu10, for ammonia decom-
position [100], which rivals that of state-of-the-art, but
prohibitively expensive, ruthenium catalysts. They built
a model to rapidly compute the adsorption energy of
H, N, and NHx (x = 1, 2, 3) species on HEA surfaces
with varied alloy compositions and atomic arrangements
with the help of first-principles calculations in conjunc-
tionwith data analytics andmachine learning. The results
indicated that the Co/Mo ratio (25/45) identified exper-
imentally as the most active composition for ammonia
decomposition increases the likelihood that the surface
adsorbs nitrogen equivalently to that of ruthenium while
at the same time interacting moderately strongly with
intermediates.

5.5. Electrocatalytic NRR

As a typical technique for nitrogen reduction, the
Haber–Bosch method always requires a high energy
demandwith inevitably numerousCO2 emissions.Under
such circumstances, a clean electrochemical NRR was
developed [101]. Many researchers have relied on DFT
tools to verify the electrochemical NRR mechanism. It
was concluded that the N2 electrolysis process is ham-
pered by the ultra-high overpotentials caused by the
two sluggish kinetics semi-reactions (OER and NRR),
which require an external impressed voltage to actuate
the multielectron-transfer reaction efficiently. To date,
much effort has been devoted to developing outstanding
electrocatalysts to improveNRRkinetics due to enhanced
electron transfer and flexible coordination [101,102].
These various redox capabilities are beneficial to improve
the adsorption and activation of reactants and interme-
diates, leading to superior electrocatalytic performance,
especially multielectron-transfer processes [103]. These
cation compounds can generate a synergistic effect to
regulate the adsorption energy of the intermediate to
improve the catalytic activity.

With the help of DFT calculations (density of state
and difference charge density of HEOmodels), Sun et al.
predicted thatHEOs are promising for effectively advanc-
ing the NRR and OER progress (Figure 7(b)) [104]. It
was found that Fe is the most effective active site of
the NRR. The high-density valence electron orbitals also
demonstrated that HEOs exhibited fast electron transfer,
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Figure 7. (a) Schematic illustration of the rate-limiting factors inNH3 decomposition. Reprintedwith permission fromRef. [99] Copyright
2019, Springer Nature, Creative Commons Attribution License (CC BY). (b) Prediction of cathodic NRR activities for HEOs. Reprinted with
permission from Ref. [104] Copyright 2022, Wiley-VCH GmbH.

which could promote N2 activation. Then, they success-
fully proposed a facile method to fabricate hollow HEO
nanospheres with surface ultrathin nanosheets, which
showed superior NRR performance compared to com-
mercial catalysts.

5.6. Electrocatalytic CO2RR

Converting carbon dioxide into valuable chemical fuels
not only provides a sustainable way to produce clean and
renewable energy but also lowers carbon dioxide emis-
sions [105]. However, it depends on highly active and
selective catalysts. The electrocatalytic reduction of CO2
is a potential strategy that generates various products
during complex CO2RR pathways.

Cavin et al. reported 2D high-entropy TMDC alloys
with four/five transition metals via systematic predic-
tion, synthesis, and multiscale characterization [106].
Among the obtained samples, the quinary alloy catalyst
(MoWVNbTa)S2 with the higher configurational entropy
exhibited outstanding performance. The experimental
test displayed a superior current density of 0.51 A cm−2

and a high turnover frequency of 58.3 s−1 at ≈ −0.8V
(Vs RHE). As shown in Figure 8(a), DFT simulations
indicated that the improved CO2RR activity was related
to amultisite synergistic effect and atomic-scale disorder,
which activated the RDS (CO desorption). In addition,
2D high-entropy TMDC alloys serve as a materials plat-
form to guide the design of outstanding catalysts for
various applications.

Mori et al. proposed that TiO2 could act as an
effective substrate to support the synthesis of CoNi-
CuRuPd HEA nanoparticles at a relatively low temper-
ature (400°C) [107]. The frequency of CO adsorbed
on FCC sites over HEA (111) facets was calculated
(Figure 8(b)), with an average νCO of 2079 cm−1. The CO

H adsorption energies (Ead) on FCC, FCC hollow and
HCP hollow configurations were calculated in detail on
the HEA/pure metal surface. The average Ead values for
CO and H adsorption on the HEA model were −37.5
and −50.3 kcal/mol, respectively. However, the corre-
sponding values for the Pd model are −26.2 kcal/mol
and −54.2 kcal/mol, respectively. This result suggested
that the interaction between the CO/HEA interface was
stronger than that of the CO/Pd interface, which indi-
cated the easier formation of CH4 and CO on the HEA
surface. Furthermore, the obtained results supplemented
solid evidence that the unique cocktail effect of high
entropy catalysts related to the synergistic effect of the
polymetallic sites could effectively tune the electronic
properties for the improvement of catalytic activity.

5.7. Other electrocatalytic applications

In addition to the abovementioned electrocatalytic reac-
tions, HEMs could also exhibit the potential for other
complicated electrocatalytic reactions that involve more
electrons/protons transfer steps, such as the AOR [108],
GOR [109], UOR [110], and decomposition of organic
pollutants [111]. The tools of DFT calculations and
the combination of multimethod theoretical simulations
were proven to be effective for understanding the under-
lying mechanism of these intricate processes.

Chen et al. developed a facile method to synthesize
HCP PtRhBiSnSb HEI, which could effectively acceler-
ate the AOR progress in the alkaline environment [108].
Benefiting from the ensemble effect of those highly active
elements, the PtRhBiSnSb HEI samples showed superior
mass activities of 19.529, 15.558, and 7.535 Amg−1

Pt+Rh
for the electrooxidation of methanol, ethanol, and glyc-
erol, respectively, outperforming most reported multi-
functional electrocatalysts for theAOR.DFT calculations
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Figure 8. (a) Theoretical catalysis results for the HEA, select pure TMDCs and silver. Reprinted with permission from Ref. [106] Copyright
2021, Wiley-VCH GmbH. (b) Comparison of adsorption characteristics of HEA. Reprinted with permission from Ref. [107] Copyright 2021,
Springer Nature, Creative Commons Attribution License (CC BY).

indicated that the addition of Rh could optimize the
intrinsic electronic structures and enhance the electron
transfer efficiency of the HEI samples, which could boost
the oxidation capability. The robust electronic structures
achieved by the synergistic protections from Bi, Sn, and
Sb sites lead to stronger selectivity and durability for the
CO2 reaction pathways of alcohol oxidations.

Fan et al. successfully fabricated well-designed CoN-
iCuMnMo HEA nanoparticles and the as-prepared elec-
trodes exhibited outstanding GOR electrocatalytic per-
formance with low overpotential and high selectivity
towardmate products [109]. The self-developedmachine
learning-based Monte Carlo simulation and DFT calcu-
lationwere synergistically employed to simulate the surfi-
cial atomic configurations and further explore the under-
lying mechanism. The scaling relationship between dif-
ferent intermediates’ adsorption energies and the adsorp-
tion Gibbs energies of C3H6O3 was established and acted
as the descriptor for the electrocatalytic performance.
The Mo sites coordinated by Mn, Mo, and Ni showed
superior catalytic activities, supported by the theoretical
volcano plot of the GOR.

6. Outlooks

First principles modeling and simulations have been
widely confirmed to be helpful for understanding both
the atomic and electronic structures of HEMs. The rela-
tionship between structure and remarkable electrocat-
alytic performance has been studied extensively with the
aid of numerous atomistic simulation methods. In the

current review, we analyze recent advances in first prin-
ciples modeling and simulations of HEMs.We review the
advancements in modeling and simulations of HEMs for
electrocatalytic applications, including the HER, OER,
ORR, ADR, NRR and CO2RR. However, simulation
research on HEMs continues to grow rapidly. We con-
clude by summarizing critical future prospects at the
current time as follows.

1. Enhanced ensemble effect in HEMs: Electrocata-
lysts with specific surface compositions can pro-
vide highly catalytically active sites because of the
ensemble effect [112,113]. Due to the heterogeneous
atomic distribution, it is difficult to differentiate
the effect on surfaces experimentally. There is an
enhanced ensemble effect in the case of HEMs due
to their multi-component surfaces [8]. There are
many possible atom arrangements on the surface of
HEMs, inducing different adsorptionmodes of reac-
tants and intermediates. The march of Moore’s law
has led to unprecedented computational power that
enables such high-performancemodeling and simu-
lation [114]. Identifying the active center accurately
is important in atomistic simulations of HEMs for
electrocatalytic applications.

2. High-throughput simulations of HEMs: Effective
design of HEMs with remarkable properties is a
prerequisite for applications. However, their vast
space of chemical composition makes the design an
overwhelming task. During the design, most of the
current HEMs simulations have been case-by-case
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constructions, i.e. researchers model the struc-
ture and perform atomistic simulations only for
their specific electrocatalytic application. Using
high-throughput DFT simulations [115,116] to
screen for new HEMs and perform correspond-
ing experimental studies can show a hopeful
opportunity for designing advanced electrocata-
lysts. High-throughput simulations ofHEMs require
computations on a vast number of high-entropy
structures, and it requires developing new DFT cal-
culation methods and data management
technologies.

3. Machine learning based on DFT simulations of
HEMs: With the mentioned high-throughput
approach, up to tens of thousands of simulation
results of HEMs can be obtained. Among the
developed tools for extracting knowledge, machine
learning has been coined in the field of mate-
rials informatics. This makes it possible to han-
dle the data analysis of atomistic simulations in
a scalable way. In so doing, it overcomes sev-
eral inherent disadvantages of simple DFT meth-
ods, e.g. low efficiency, long development cycle,
and high cost [117,118]. After machine learning
training, the prediction models can become pow-
erful surrogates of the atomistic simulations and
show remarkable advantages over case-by-case sim-
ulations of high-entropy electrocatalysts. It can
be used to obtain stoichiometry effectively and
phase-structure–property relationships efficiently
for material-property database establishment [117].

4. Combination of standard theoretical calculations: tak-
ing HEOs as an example, although empirical pre-
dictors, e.g. mean ionic radius and size mismatch
between the involved cations, are widely used in
HEO modeling [119], there are still several novel
combinations of standard theoretical calculations
forHEOmodeling. For example, the degree of cation
order/disorder in HEOs can be evaluated using ab
initio molecular dynamics using SQS modeling and
Reverse and Metropolis Monte Carlo simulations
[120]. Short-range order has been confirmed to
have a significant impact on the mechanical prop-
erties of HEMs [121,122]. The relationship between
structure and electrocatalytic performance in HEMs
should be deeply revealed and understood using dif-
ferent combinations of standard theoretical calcula-
tions.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The work was supported by Natural Science Foundation of
Jiangsu Province, China [BK20220428], National Natural Sci-
ence Foundation of China [52171110], Natural Science Foun-
dation of the Jiangsu Higher Education Institutions of China
[21KJB430014]. Also, support was acknowledged from the
European Union Horizon 2020 Research and Innovation Pro-
gram [857470], the European Regional Development Fund
via the Foundation for Polish Science, International Research
Agenda PLUS program [MAB PLUS/2018/8], and the National
Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIP) [NRF-2021R1A2C3006662, NRF-
2022R1A5A1030054].

ORCID

Wenyi Huo http://orcid.org/0000-0001-8297-9045
Feng Fang http://orcid.org/0000-0002-9568-8332
Stefanos Papanikolaou http://orcid.org/0000-0001-5239-
1275
Hyoung Seop Kim http://orcid.org/0000-0002-3155-583X

References

[1] Ghafarollahi A,Maresca F, CurtinWA. Solute/screw dis-
location interaction energy parameter for strengthening
in bcc dilute to high entropy alloys. Modelling Simul
Mater Sci Eng. 2019;27:085011. doi:10.1088/1361-651X/
ab4969

[2] Shen YX, Spearot DE. Mobility of dislocations in FeNi-
CrCoCu high entropy alloys. Modelling Simul Mater Sci
Eng. 2021;29:085017. doi:10.1088/1361-651X/ac336a

[3] Zhu WH, Huo WY, Wang SQ, et al. Phase forma-
tion prediction of high-entropy alloys: a deep learn-
ing study. J Mater Res Technol. 2022;18:800–809.
doi:10.1016/j.jmrt.2022.01.172

[4] Liu XL, Zhang JX, Pei ZR. Machine learning for high-
entropy alloys: progress, challenges and opportunities.
Prog Mater Sci. 2023;131:101018. doi:10.1016/j.pmatsci.
2022.101018

[5] Huo WY, Fang F, Liu XD, et al. Remarkable strain-rate
sensitivity of nanotwinned CoCrFeNi alloys. Appl Phys
Lett. 2019;114:101904. doi:10.1063/1.5088921

[6] HuoWY,Wang SQ, Fang F, et al.Microstructure and cor-
rosion resistance of highly < 111 > oriented electrode-
positedCoNiFemedium-entropy alloy films. JMater Res
Technol. 2022;20:1677–1684. doi:10.1016/j.jmrt.2022.
07.175

[7] Zhao S, Zhang Y,WeberWJ. High entropy alloys: irradi-
ation. Encycl Mater Metal Alloy. 2022;2:533–547. Avail-
able from https://www.osti.gov/biblio/1854466

[8] Huo WY, Wang SQ, Zhu WH, et al. Recent progress
on high-entropy materials for electrocatalytic water
splitting applications. Tungsten. 2021;3:161–180. doi:10.
1007/s42864-021-00084-8

[9] Jia Z, Nomoto K, Wang Q, et al. A self-supported
high-entropy metallic glass with a nanosponge architec-
ture for efficient hydrogen evolution under alkaline and
acidic conditions. Adv Funct Mater. 2021;31:2101586.
doi:10.1002/adfm.202101586

[10] Park CE, Senthil RA, Jeong GH, et al. Architecting
the high-entropy oxides on 2D MXene nanosheets by

http://orcid.org/0000-0001-8297-9045
http://orcid.org/0000-0002-9568-8332
http://orcid.org/0000-0001-5239-1275
http://orcid.org/0000-0001-5239-1275
http://orcid.org/0000-0002-3155-583X
https://doi.org/10.1088/1361-651X/ab4969
https://doi.org/10.1088/1361-651X/ac336a
https://doi.org/10.1016/j.jmrt.2022.01.172
https://doi.org/10.1016/j.pmatsci.2022.101018
https://doi.org/10.1063/1.5088921
https://doi.org/10.1016/j.jmrt.2022.07.175
https://www.osti.gov/biblio/1854466
https://doi.org/10.1007/s42864-021-00084-8
https://doi.org/10.1002/adfm.202101586


MATER. RES. LETT. 729

rapid microwave-heating strategy with robust photo-
electrochemical oxygen evolution performance. Small.
2023:2207820. doi:10.1002/smll.202207820

[11] Calzolari A, Oses C, Toher C, et al. Plasmonic high-
entropy carbides. Nat Commun. 2022;13:5993. doi:10.
1038/s41467-022-33497-1

[12] Barbarossa S, Orrù R, Cao G, et al. Optical properties
of bulk high-entropy diborides for solar energy appli-
cations. J Alloys Compd. 2023;935:16796. doi:10.1016/j.
jallcom.2022.167965

[13] Li Y, Tay YY, Buenconsejo P, et al. Laser annealing-
induced phase transformation behaviors of high entropy
metal alloy, oxide, and nitride nanoparticle combina-
tions. Adv Funct Mater. 2023;33:2211279. doi:10.1002/
adfm.202211279

[14] Nguyen TX, Su YH, Lin CC, et al. Self-reconstruction
of sulfate-containing high entropy sulfide for excep-
tionally high-performance oxygen evolution reaction
electrocatalyst. Adv Funct Mater. 2021;31:2106229.
doi:10.1002/adfm.202106229

[15] Zhang LK, Lu YP, Amar A, et al. Designing eutectic
high-entropy alloys containing nonmetallic elements.
Adv Eng Mater. 2022;24:2200486. doi:10.1002/adem.
202200486

[16] Jing L, Li WL, Gao C, et al. Enhanced energy storage
performance achieved in multilayered PVDF–PMMA
nanocomposites incorporated with high-entropy oxide
nanofibers. ACS Appl Energy Mater. 2023;6:3093–3101.
doi:10.1021/acsaem.3c00054

[17] Mohili R, Hemanth NR, Jin H, et al. Emerging high
entropy metal sulphides and phosphides for elec-
trochemical water splitting. J Mater Chem A. 2023.
doi:10.1039/D2TA10081A

[18] Jia Z, Yang T, Sun LG, et al. A novel multinary inter-
metallic as an active electrocatalyst for hydrogen evo-
lution. Adv Mater. 2020;32:2000385. doi:10.1002/adma.
202000385

[19] Akrami S, Edalati P, Fuji M, et al. High-entropy ceram-
ics: review of principles, production and applications.
Mat Sci Eng R. 2021;146:1006. doi:10.1016/j.mser.2021.
100644

[20] Nellaiappan S, Katiyar NK, Kumar R, et al. High-
entropy alloys as catalysts for the CO2 and CO reduc-
tion reactions: experimental realization. ACS Catal.
2020;10:3658–3663. doi:10.1021/acscatal.9b04302

[21] Sim E, Song S, Vuckovic S, et al. Improving results
by improving densities: density-corrected density func-
tional theory. J Am Chem Soc. 2022;144:6625–6639.
doi:10.1021/jacs.1c11506

[22] Thomas LH. The calculation of atomic fields. Math Proc
Cambridge Philos Soc. 1927;23:542–548. doi:10.1017/
S0305004100011683

[23] Hohenberg P, Kohn W. Inhomogeneous electron gas.
Phys Rev B. 1964;136:864–871. doi:10.1103/PhysRev.
136.B864

[24] Janesko B. Replacing hybrid density functional the-
ory: motivation and recent advances. Chem Soc Rev.
2021;50:8470–8495. doi:10.1039/D0CS01074J

[25] Tian D, Denny SR, Li K, et al. Density functional the-
ory studies of transition metal carbides and nitrides as
electrocatalysts. Chem Soc Rev. 2021;50:12338–12376.
doi:10.1039/D1CS00590A

[26] Romney DK,Miller SJ. Climbing Jacob’s ladder. Science.
2015;347:829. doi:10.1126/science.aaa5623

[27] Perdew JP, Wang Y. Accurate and simple density func-
tional for the electronic exchange energy: generalized
gradient approximation. Phys Rev B. 1986;3:8800–8802.
doi:10.1103/PhysRevB.33.8800

[28] Perdew JP, Chevary JA, Vosko SH. Atoms, molecules,
solids, and surfaces: applications of the generalized gra-
dient approximation for exchange and correlation. Phys
Rev B. 1993;46:6671–6687. doi:10.1103/PhysRevB.46.
6671

[29] Ren K, Wang K, Cheng Y, et al. Two-dimensional
heterostructures for photocatalytic water splitting: a
review of recent progress. Nano Fut. 2020;4:032006.
doi:10.1088/2399-1984/abacab

[30] Becke AD. Simulation of delocalized exchange by local
density functionals. J Chem Phys. 2020;112:4020–4026.
doi:10.1063/1.480951

[31] Cohen AJ, Mori-Sanchez P, Yang WT. Insights into cur-
rent limitations of density functional theory. Science.
2008;321:792–794. doi:10.1126/science.1158722

[32] Delley B. From molecules to solids with the DMol3
approach. J Chem Phys. 2000;113:7756. doi:10.1063/
1.1316015

[33] Cundari TR, Stevens WJ. Effective core potential meth-
ods for the lanthanides. J Chem Phys. 1993;98:5555.
doi:10.1063/1.464902

[34] Laasonen K, Pasquarello A, Car R, et al. Car-Parrinello
molecular dynamics with Vanderbilt ultrasoft pseu-
dopotentials. Phys Rev B. 1993;47:10142. doi:10.1103/
PhysRevB.47.10142

[35] Kresse G, Joubert D. From ultrasoft pseudopotentials
to the projector augmented-wave method. Phys Rev B.
1999;59:1758. doi:10.1103/PhysRevB.59.1758

[36] Ferrari A, Dutta B, Gubaev K, et al. Frontiers in atom-
istic simulations of high entropy alloys. J Appl Phys.
2020;128:150901. doi:10.1063/5.0025310

[37] Li T, Morris JW, Nagasako N, et al. ‘Ideal’ engineering
alloys. Phys Rev Lett. 2007;98:105503. doi:10.1103/Phys
RevLett.98.105503

[38] Vitos L. Total-energy method based on the exact
muffin-tin orbitals theory. Phys Rev B. 2001;64:014107.
doi:10.1103/PhysRevB.64.014107

[39] Zunger A, Wei S, Ferreira LG, et al. Special quasir-
andom structures. Phys Rev Lett. 1990;65:353–356.
doi:10.1103/PhysRevLett.65.353

[40] Kivy MB, Hong Y, Zaeem MA. A review of multi-scale
computational modeling tools for predicting structures
and properties of multi-principal element alloys. Metals.
2019;9:254. doi:10.3390/met9020254

[41] Toda-Caraballo I, Wróbel JS, Nguyen-Manh D, et al.
Simulation and modeling in high entropy alloys.
JOM. 2017;69:2137–2149. doi:10.1007/s11837-017-25
24-2

[42] Wang S, Xiong J, Li D, et al. Comparison of two cal-
culation models for high entropy alloys: virtual crys-
tal approximation and special quasi-random structure.
Mater Lett. 2021;282:128754. doi:10.1016/j.matlet.2020.
128754

[43] Raphel A, Vivekanandhan P, Rajasekaran AK, et al.
Tuning figure of merit in Na doped nanocrystalline
PbSnTeSe high entropy alloy via band engineering.

https://doi.org/10.1002/smll.202207820
https://doi.org/10.1038/s41467-022-33497-1
https://doi.org/10.1016/j.jallcom.2022.167965
https://doi.org/10.1002/adfm.202211279
https://doi.org/10.1002/adfm.202106229
https://doi.org/10.1002/adem.202200486
https://doi.org/10.1021/acsaem.3c00054
https://doi.org/10.1039/D2TA10081A
https://doi.org/10.1002/adma.202000385
https://doi.org/10.1016/j.mser.2021.100644
https://doi.org/10.1021/acscatal.9b04302
https://doi.org/10.1021/jacs.1c11506
https://doi.org/10.1017/S0305004100011683
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1039/D0CS01074J
https://doi.org/10.1039/D1CS00590A
https://doi.org/10.1126/science.aaa5623
https://doi.org/10.1103/PhysRevB.33.8800
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1088/2399-1984/abacab
https://doi.org/10.1063/1.480951
https://doi.org/10.1126/science.1158722
https://doi.org/10.1063/1.1316015
https://doi.org/10.1063/1.464902
https://doi.org/10.1103/PhysRevB.47.10142
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1063/5.0025310
https://doi.org/10.1103/PhysRevLett.98.105503
https://doi.org/10.1103/PhysRevB.64.014107
https://doi.org/10.1103/PhysRevLett.65.353
https://doi.org/10.3390/met9020254
https://doi.org/10.1007/s11837-017-2524-2
https://doi.org/10.1016/j.matlet.2020.128754


730 W. HUO ET AL.

Mater Sci Semicond Process. 2022;138:106270. doi:10.
1016/j.mssp.2021.106270

[44] Mu Y, Liu H, Liu Y, et al. An ab initio and experimental
studies of the structure, mechanical parameters and state
density on the refractory high-entropy alloy systems. J
Alloy Compd. 2017;714:668–680. doi:10.1016/j.jallcom.
2017.04.237

[45] Tian F, Wang D, Shen J, et al. An ab initio investigation
of ideal tensile and shear strength of TiVNbMo high-
entropy alloy. Mater Lett. 2016;166:271–275. doi:10.
1016/j.matlet.2015.12.064

[46] Tian F. A review of solid-solution models of high-
entropy alloys based on ab initio calculations. Front
Mater. 2017;4:1–10. doi:10.3389/fmats.2017.00036

[47] Tian F, Varga LK, Chen N, et al. Ab initio investiga-
tion of high-entropy alloys of 3d elements. Phys Rev B.
2013;87:075144. doi:10.1103/PhysRevB.87.075144

[48] Kohn W, Rostoker N. Solution of the Schrödinger
equation in periodic lattices with an application to
metallic lithium. Phys Rev. 1954;94:1111–1120. doi:10.
1103/PhysRev.94.1111

[49] Ikeda Y, Grabowski B, Körmann F. Ab initio phase sta-
bilities and mechanical properties of multicomponent
alloys: a comprehensive review for high entropy alloys
and compositionally complex alloys. Mater Charact.
2019;147:464–511. doi:10.1016/j.matchar.2018.06.019

[50] Jiang C, Wolverton C, Sofo J, et al. First-principles study
of binary bcc alloys using special quasi-random struc-
tures. Phys Rev B. 2004;69:1–10. doi:10.1103/PhysRevB.
69.214202

[51] Shin D, Arróyave R, Liu Z, et al. Thermodynamic
properties of binary hcp solution phases from special
quasirandom structures. Phys Rev B. 2006;74:024204.
doi:10.1103/PhysRevB.74.024204

[52] Kim G, Diao H, Lee C, et al. First-principles and
machine learning predictions of elasticity in severely
lattice-distorted high-entropy alloys with experimental
validation. ActaMater. 2019;181:124–138. doi:10.1016/j.
actamat.2019.09.026

[53] Yao XJ, Ma L, Jiang S, et al. Thermodynamic proper-
ties of Wx(TaTiVCr)1−x high-entropy(-like) alloy and
influence of tungsten content. Phys Status Solidi B.
2019;256:1800741. doi:10.1002/pssb.201800741

[54] Tian F, Varga LK, Shen J, et al. Calculating elastic con-
stants in high-entropy alloys using the coherent potential
approximation: current issues and errors. ComputMater
Sci. 2016;111:350–358. doi:10.1016/j.commatsci.2015.
09.058

[55] Jiang C, Uberuaga BP. Efficient ab initio modeling
of random multicomponent alloys. Phys Rev Lett.
2016;116:105501. doi:10.1103/PhysRevLett.116.105501

[56] Sorkin V, Tan TL, Yu ZG, et al. Generalized small set of
ordered structures method for the solid-solution phase
of high-entropy alloys. Phys Rev B. 2020;102:174209.
doi:10.1103/PhysRevB.102.174209

[57] Persson KA, Waldwick B, Lazic P, et al. Predic-
tion of solid-aqueous equilibria: scheme to com-
bine first-principles calculations of solids with exper-
imental aqueous states. Phys Rev B. 2012;85:235438.
doi:10.1103/PhysRevB.85.235438

[58] Zhao S, EgamiT, StocksGM, et al. Effect of d electrons on
defect properties in equiatomic NiCoCr and NiCoFeCr

concentrated solid solution alloys. Phys Rev Mater.
2018;2:013602. doi:10.1103/PhysRevMaterials.2.013602

[59] Ferrari A, Körmann F. Surface segregation in Cr-
Mn-Fe-Co-Ni high entropy alloys. Appl Surf Sci.
2020;533:14747. doi:10.1016/j.apsusc.2020.147471

[60] Zhao X, Liu X, Huang B, et al. Hydroxyl groupmodifica-
tion improves the electrocatalytic ORR andOER activity
of graphene supported single and bi-metal atomic cata-
lysts (Ni, Co, and Fe). J Mater Chem A. 2019;7:24583.
doi:10.1039/C9TA08661G

[61] Sun Y, Wang J, Liu Q, et al. Itinerant ferromagnetic
half metallic cobalt–iron couples: promising bifunc-
tional electrocatalysts for ORR and OER. J Mater Chem
A. 2019;7:27175. doi:10.1039/C9TA08616A

[62] Li Q, Chen W, Xiao H, et al. Fe isolated single atoms on
S, N codoped carbon by copolymer pyrolysis strategy for
highly efficient oxygen reduction reaction. Adv Mater.
2018;30:1800588. doi:10.1002/adma.201800588

[63] Nemani SK, Zhang B, Wyatt BC, et al. High-entropy
2D carbide MXenes: TiVNbMoC3 and TiVCrMoC3.
ACS Nano. 2021;15:12815–12825. doi:10.1021/acsnano.
1c02775

[64] Medford AJ, Vojvodic A, Hummelshøj JS, et al. From the
sabatier principle to a predictive theory of transition-
metal heterogeneous catalysis. J Catal. 2015;328:36.
doi:10.1016/j.jcat.2014.12.033

[65] Pedersen JK, Batchelor T, Bagger A, et al. High-
entropy alloys as catalysts for the CO2 and CO
reduction reactions. ACS Catal. 2020;10:2169–2176.
doi:10.1021/acscatal.9b04343

[66] Abild-Pedersen F, Greeley J, Studt F, et al. Scaling prop-
erties of adsorption energies for hydrogen-containing
molecules on transition-metal surfaces. Phys Rev Lett.
2007;99:016105. doi:10.1103/PhysRevLett.99.016105

[67] Fernández EM, Moses PG, Toftelund A, et al. Scaling
relationships for adsorption energies on transitionmetal
oxide, sulfide, and nitride surfaces. Angew Chem Int Ed.
2008;47:4683. doi:10.1002/anie.200705739

[68] Garlyyev B, Fichtner J, Piqué O, et al. Revealing the
nature of active sites in electrocatalysis. Chem Sci.
2019;10:8060. doi:10.1039/C9SC02654A

[69] Montemore MM, Medlin JW. Scaling relations between
adsorption energies for computational screening and
design of catalysts. Catal Sci Technol. 2014;4:3748.
doi:10.1039/C4CY00335G

[70] Pedersen JK, Batchelor T, Yan D, et al. Surface elec-
trocatalysis on high-entropy alloys. Curr Opin Elec-
trochem. 2021;26:100651. doi:10.1016/j.coelec.2020.
100651

[71] Bligaard T, Nørskov JK. Ligand effects in heteroge-
neous catalysis and electrochemistry. Electrochim Acta.
2007;52:5512. doi:10.1016/j.electacta.2007.02.041

[72] Hammer B, Morikawa Y, Nørskov JK. CO chemisorp-
tion at metal surfaces and overlayers. Phys Rev Lett.
1996;76:2141. doi:10.1103/PhysRevLett.76.2141

[73] Wu T, Sun M, Huang B. Probing the irregular lattice
strain-induced electronic structure variations on late
transition metals for boosting the electrocatalyst activ-
ity. Small. 2020;16:2002434. doi:10.1002/smll.202002
434

[74] Wu D, Dong C, Zhan H, et al. Bond-energy-integrated
descriptor for oxygen electrocatalysis of transition metal

https://doi.org/10.1016/j.mssp.2021.106270
https://doi.org/10.1016/j.jallcom.2017.04.237
https://doi.org/10.1016/j.matlet.2015.12.064
https://doi.org/10.3389/fmats.2017.00036
https://doi.org/10.1103/PhysRevB.87.075144
https://doi.org/10.1103/PhysRev.94.1111
https://doi.org/10.1016/j.matchar.2018.06.019
https://doi.org/10.1103/PhysRevB.69.214202
https://doi.org/10.1103/PhysRevB.74.024204
https://doi.org/10.1016/j.actamat.2019.09.026
https://doi.org/10.1002/pssb.201800741
https://doi.org/10.1016/j.commatsci.2015.09.058
https://doi.org/10.1103/PhysRevLett.116.105501
https://doi.org/10.1103/PhysRevB.102.174209
https://doi.org/10.1103/PhysRevB.85.235438
https://doi.org/10.1103/PhysRevMaterials.2.013602
https://doi.org/10.1016/j.apsusc.2020.147471
https://doi.org/10.1039/C9TA08661G
https://doi.org/10.1039/C9TA08616A
https://doi.org/10.1002/adma.201800588
https://doi.org/10.1021/acsnano.1c02775
https://doi.org/10.1016/j.jcat.2014.12.033
https://doi.org/10.1021/acscatal.9b04343
https://doi.org/10.1103/PhysRevLett.99.016105
https://doi.org/10.1002/anie.200705739
https://doi.org/10.1039/C9SC02654A
https://doi.org/10.1039/C4CY00335G
https://doi.org/10.1016/j.coelec.2020.100651
https://doi.org/10.1016/j.electacta.2007.02.041
https://doi.org/10.1103/PhysRevLett.76.2141
https://doi.org/10.1002/smll.202002434


MATER. RES. LETT. 731

oxides. J Phys Chem Lett. 2018;9:3387. doi:10.1021/acs.
jpclett.8b01493

[75] Sun S, Shen G, Jiang J, et al. Boosting oxygen evolution
kinetics by Mn–N–C motifs with tunable spin state for
highly efficient solar-driven water splitting. Adv Energy
Mater. 2019;9:1901505. doi:10.1002/aenm.201901505

[76] Disa AS, Kumah DP, Malashevich A, et al. Orbital engi-
neering in symmetry-breaking polar heterostructures.
Phys Rev Lett. 2015;114:026801. doi:10.1103/PhysRev
Lett.114.026801

[77] Sun W, Song Y, Gong X, et al. An efficiently tuned
d-orbital occupation of IrO2 by doping with Cu for
enhancing the oxygen evolution reaction activity. Chem
Sci. 2015;6:4993. doi:10.1103/10.1039/C5SC01251A

[78] Wang L, Liu J, Wu M, et al. Strain-induced modulation
of spin configuration in LaCoO3. FrontMater. 2020;7:60.
doi:10.3389/fmats.2020.00060

[79] Xin Y, Li S, Qian Y, et al. High-entropy alloys as a
platform for catalysis: progress, challenges, and oppor-
tunities. ACS Catal. 2020;10:11280–11306. doi:10.1021/
acscatal.0c03617

[80] Du X, Huang J, Zhang J, et al. Modulating elec-
tronic structures of inorganic nanomaterials for efficient
electrocatalytic water splitting. Angew Chem Int Ed.
2019;58:4484–4502. doi:10.1002/anie.201810104

[81] Ding J, AstaM,Ritchie RO.Melts of CrCoNi-based high-
entropy alloys: atomic diffusion and electronic/atomic
structure from ab initio simulation. Appl Phys Lett.
2018;113:111902. doi:10.1063/1.5045216

[82] OdbadrakhK, Enkhtor L, Amartaivan T, et al. Electronic
structure and atomic level complexity in Al0.5TiZrPd
CuNi high-entropy alloy in glass phase. J Appl Phys.
2019;126:095104. doi:10.1063/1.5110519

[83] Wang R, Huang J, Zhang X, et al. Two-dimensional
high-entropy metal phosphorus trichalcogenides for
enhanced hydrogen evolution reaction. ACS Nano.
2022;16:3593–3603. doi:10.1021/acsnano.2c01064

[84] Qu J, Li Y, Li F, et al. Direct thermal enhancement
of hydrogen evolution reaction of on-chip monolayer
MoS2. ACS Nano. 2022;16:2921–2927. doi:10.1021/
acsnano.1c10030

[85] Li Y, Peng C, Hu H, et al. Interstitial boron-triggered
electron-deficient Os aerogels for enhanced pH-
universal hydrogen evolution. Nat Commun. 2022;13:
1143. doi:10.1038/s41467-022-28805-8

[86] Jeong S, Mai HD, Nam KH, et al. Self-healing graphene-
templated platinum-nickel oxide heterostructures for
overall water splitting. ACS Nano. 2022;16:930–938.
doi:10.1021/acsnano.1c08506

[87] He W, Liu H, Cheng J, et al. Modulating the electronic
structure of nickel sulfide electrocatalysts by chlorine
doping toward highly efficient alkaline hydrogen evo-
lution. ACS Appl Mater Interfaces. 2022;14:6869–6875.
doi:10.1021/acsami.1c23251

[88] Wang S, Xu B, Huo W, et al. Efficient FeCoNiCuPd
thin-film electrocatalyst for alkaline oxygen and hydro-
gen evolution reactions. Appl Catal B. 2022;313:121472.
doi:10.1016/j.apcatb.2022.121472

[89] Svane KL, Rossmeisl J. Theoretical optimization of
compositions of high-entropy oxides for the oxygen
evolution reaction. Angew Chem Int Ed. 2022;61:
e2022011. doi:10.1002/anie.202201146

[90] Li M, Ye KH, Qiu W, et al. Heterogeneity between
and within single hematite nanorods as electrocata-
lysts for oxygen evolution reaction. J Am Chem Soc.
2022;144:5247–5252. doi:10.1021/jacs.2c00506

[91] Zhang L, Cai W, Bao N, et al. Implanting an electron
donor to enlarge the d–p hybridization of high-entropy
(oxy)hydroxide: a novel design to boost oxygen evo-
lution. Adv Mater. 2022;34:2110511. doi:10.1002/adma.
202110511

[92] Tang L, Yang Y, Guo H, et al. High configura-
tion entropy activated lattice oxygen for O2 forma-
tion on perovskite electrocatalyst. Adv Funct Mater.
2022;32:2112157. doi:10.1002/adfm.202112157

[93] Batchelor T, Löffler T, Xiao B, et al. Complex-solid-
solution electrocatalyst discovery by computational pre-
diction and high-throughput experimentation. Angew
Chem Int Ed. 2021;60:6932–6937. doi:10.1002/anie.
202014374

[94] Saidi WA. Optimizing the catalytic activity of Pd-based
multinary alloys toward oxygen reduction reaction. J
Phys Chem Lett. 2022;13:1042–1048. doi:10.1021/acs.
jpclett.1c04128

[95] Lu ZL, Chen ZW, Singh CV. Neural network-assisted
development of high-entropy alloy catalysts: decou-
pling ligand and coordination effects. Matter. 2020;3:
1318–1333. doi:10.1016/j.matt.2020.07.029

[96] Clausen CM, Nielsen MLS, Pedersen JK, et al. Ab ini-
tio to activity: machine learning-assisted optimization of
high-entropy alloy catalytic activity. High Entrop Alloy
Mater. 2022. doi:10.1007/s44210-022-00006-4

[97] Jin Z, Lyu J, Zhao Y, et al. Rugged high-entropy alloy
nanowires with in situ formed surface spinel oxide as
highly stable electrocatalyst in Zn-air batteries. ACS
Mater Lett. 2020;2:1698–1706. doi:10.1021/acsmaterialsl
ett.0c00434

[98] Batchelor T, Pedersen J, Winther S, et al. High-entropy
alloys as a discovery platform for electrocatalysis. Joule.
2018;3:834–845. doi:10.1016/j.joule.2018.12.015

[99] Xie P, Yao Y, Huang Z, et al. Highly efficient decom-
position of ammonia using high-entropy alloy catalysts.
Nat Commun. 2019;10:4011. doi:10.1038/s41467-019-
11848-9

[100] Saidi WA, Shadid W, Veser G. Optimization of high-
entropy alloy catalyst for ammonia decomposition
and ammonia synthesis. J Phys Chem Lett. 2021;12:
5185–5192. doi:10.1021/acs.jpclett.1c01242

[101] Ahmed M, Arachchige L, Su Z, et al. Nitrogenase-
inspired atomically dispersed Fe–S–C linkages for
improved electrochemical reduction of dinitrogen to
ammonia. ACS Catal. 2022;12:1443–1451. doi:10.1021/
acscatal.1c05174

[102] Liu C, Wang Q, Guo J, et al. Formation of a com-
plex active center by Ba2RuH6 for nondissociative
dinitrogen activation and ammonia formation. ACS
Catal. 2022;12:4194–4202. doi:10.1021/acscatal.2c00
180

[103] Majumder M, Saini H, Dedek I, et al. Rational design
of graphene derivatives for electrochemical reduction of
nitrogen to ammonia. ACSNano. 2021;15:17275–17298.
doi:10.1021/acsnano.1c08455

[104] Sun Y, Yu L, Xu S, et al. Battery-driven N2 electroly-
sis enabled by high-entropy catalysts: from theoretical

https://doi.org/10.1021/acs.jpclett.8b01493
https://doi.org/10.1002/aenm.201901505
https://doi.org/10.1103/PhysRevLett.114.026801
https://doi.org/10.1103/10.1039/C5SC01251A
https://doi.org/10.3389/fmats.2020.00060
https://doi.org/10.1021/acscatal.0c03617
https://doi.org/10.1002/anie.201810104
https://doi.org/10.1063/1.5045216
https://doi.org/10.1063/1.5110519
https://doi.org/10.1021/acsnano.2c01064
https://doi.org/10.1021/acsnano.1c10030
https://doi.org/10.1038/s41467-022-28805-8
https://doi.org/10.1021/acsnano.1c08506
https://doi.org/10.1021/acsami.1c23251
https://doi.org/10.1016/j.apcatb.2022.121472
https://doi.org/10.1002/anie.202201146
https://doi.org/10.1021/jacs.2c00506
https://doi.org/10.1002/adma.202110511
https://doi.org/10.1002/adfm.202112157
https://doi.org/10.1002/anie.202014374
https://doi.org/10.1021/acs.jpclett.1c04128
https://doi.org/10.1016/j.matt.2020.07.029
https://doi.org/10.1007/s44210-022-00006-4
https://doi.org/10.1021/acsmaterialslett.0c00434
https://doi.org/10.1016/j.joule.2018.12.015
https://doi.org/10.1038/s41467-019-11848-9
https://doi.org/10.1021/acs.jpclett.1c01242
https://doi.org/10.1021/acscatal.1c05174
https://doi.org/10.1021/acscatal.2c00180
https://doi.org/10.1021/acsnano.1c08455


732 W. HUO ET AL.

prediction to prototype model. Small. 2022;18:2106358.
doi:10.1002/smll.202106358

[105] Zaza L, Rossi K, Buonsanti R. Well-defined copper-
based nanocatalysts for selective electrochemical reduc-
tion of CO2 to C2 products. ACS Energy Lett. 2022;7:
1284–1291. doi:10.1021/acsenergylett.2c00035

[106] Cavin J, Ahmadiparidari A, Majidi L, et al. 2D high-
entropy transition metal dichalcogenides for carbon
dioxide electrocatalysis. Adv Mater. 2021;33:2100347.
doi:10.1002/adma.202100347

[107] Mori K, Hashimoto N, Kamiuchi N, et al. Hydro-
gen spillover-driven synthesis of high-entropy alloy
nanoparticles as a robust catalyst for CO2 hydrogena-
tion. Nat Commun. 2021;12:3884. doi:10.1038/s41467-
021-24228-z

[108] Chen W, Luo SP, Sun MZ, et al. High-entropy inter-
metallic PtRhBiSnSb nanoplates for highly efficient alco-
hol oxidation electrocatalysis. Adv Mater. 2022;34:2206.
doi:10.1002/adma.202206276

[109] Fan LF, Ji YX,WangGX, et al. High entropy alloy electro-
catalytic electrode toward alkaline glycerol valorization
coupling with acidic hydrogen production. J Am Chem
Soc. 2022;144:7224–7235. doi:10.1021/jacs.1c13740

[110] Mushiana T, Khan M, Abdullah MI, et al. Facile sol-
gel preparation of high-entropy multielemental electro-
catalysts for efficient oxidation of methanol and urea.
Nano Res. 2022;15:5014–5023. doi:10.1007/s12274-022-
4186-9

[111] Chiu CT, Teng YJ, Dai BH, et al. Novel high-entropy
ceramic/carbon composite materials for the decom-
position of organic pollutants. Mater Chem Phys.
2022;275:125274. doi:10.1016/j.matchemphys.2021.
125274

[112] Liu P, Rodriguez JA. Catalysts for hydrogen evolution
from the [NiFe] hydrogenase to the Ni2P(001) surface:
the importance of ensemble effect. J Am Chem Soc.
2005;127:14871–14878. doi:10.1021/ja0540019

[113] Roy A, Debnath B, Sahoo R, et al. Enhanced catalytic
activity of Ag/Rh bimetallic nanomaterial: evidence of

an ensemble effect. J Phys ChemC. 2016;120:5457–5467.
doi:10.1021/acs.jpcc.5b11018

[114] Wang SQ, Huo WY, Feng HC, et al. Controlled self-
assembly of hollow core-shell FeMn/CoNi Prussian blue
analogs with boosted electrocatalytic activity. Small.
2022;18:2203713. doi:10.1002/smll.202203713

[115] Sorkin V, Tan TL, Yu ZG, et al. High-throughput cal-
culations based on the small set of ordered structures
method for non-equimolar high entropy alloys. Comput
Mater Sci. 2021;188:110213. doi:10.1016/j.commatsci.
2020.110213

[116] Sauceda D, Singh P, Ouyang G, et al. High through-
put exploration of the oxidation landscape in high
entropy alloys. Mater Horizons. 2022;9:2644–2663.
doi:10.1039/D2MH00729K

[117] Huang E-W, Lee W-J, Singh SS, et al. Machine-learning
and high-throughput studies for high-entropymaterials.
Mater Sci Eng R. 2022;147:100645. doi:10.1016/j.mser.
2021.100645

[118] Sorkin V, Chen S, Tan TK, et al. First-principles-based
high-throughput computation for high entropy alloys
with short range order. J Alloy Comp. 2021;882:160776.
doi:10.1016/j.jallcom.2021.160776

[119] Tomboc GM, Zhang XD, Choi S, et al. Stabiliza-
tion, characterization, and electrochemical applications
of high-entropy oxides: critical assessment of crys-
tal phase–properties relationship. Adv Funct Mater.
2022;32:2205142. doi:10.1002/adfm.202205142

[120] Jiang B, Bridge CA, Unocic RR, et al. Probing the
local site disorder and distortion in pyrochlore high-
entropy oxides. J Am Chem Soc. 2021;143:4193–4204.
doi:10.1021/jacs.0c10739

[121] Seol JB, Ko WS, Sohn SS, et al. Mechanically derived
short-range order and its impact on the multi-principal-
element alloys. Nat Commun. 2022;13:6766. doi:10.
1038/s41467-022-34470-8

[122] Zhang RP, Zhao ST, Ding J, et al. Short-range order and
its impact on theCrCoNimedium-entropy alloy. Nature.
2020;581:283–287. doi:10.1038/s41586-020-2275-z

https://doi.org/10.1002/smll.202106358
https://doi.org/10.1021/acsenergylett.2c00035
https://doi.org/10.1002/adma.202100347
https://doi.org/10.1038/s41467-021-24228-z
https://doi.org/10.1002/adma.202206276
https://doi.org/10.1021/jacs.1c13740
https://doi.org/10.1007/s12274-022-4186-9
https://doi.org/10.1016/j.matchemphys.2021.125274
https://doi.org/10.1021/ja0540019
https://doi.org/10.1021/acs.jpcc.5b11018
https://doi.org/10.1002/smll.202203713
https://doi.org/10.1016/j.commatsci.2020.110213
https://doi.org/10.1039/D2MH00729K
https://doi.org/10.1016/j.mser.2021.100645
https://doi.org/10.1016/j.jallcom.2021.160776
https://doi.org/10.1002/adfm.202205142
https://doi.org/10.1021/jacs.0c10739
https://doi.org/10.1038/s41467-022-34470-8
https://doi.org/10.1038/s41586-020-2275-z

