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This review aims to establish general guidelines for
designing highly active high-entropy materials (HEMs) with respect to & .
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leading to the optimization of reaction kinetics and catalytic activity.
HEMs have shown superior catalytic performance in hydrogen and
oxygen evolution reactions because of their high-entropy structure of
multielement random mixing, tailored chemical compositions, and
tunable functional characteristics. However, the catalytic applications
of HEMs are limited by structural instability, limited catalytic efficiency,
and low conductivity, as well as their inherently complex and poorly
controlled surface configurations. This review briefly introduces the
characteristics of HEMs, highlighting their potential as electrocatalysts,
which stems from their unique thermodynamic properties resulting from the collective interactions of multiple elements in the
lattice. Then, approaches for enhancing the performance of HEMs are discussed, including composition selection, strain
engineering, defect introduction, morphology control, support use, and the role of computational methods, particularly in guiding
composition selection. Unlike prior reviews focusing on individual aspects of HEMs, this review systematically integrates
computational-guided composition screening, defect engineering, strain modulation, and morphological control with
thermodynamic-kinetic stability analysis, offering a holistic design framework that bridges multi-element synergy, surface
optimization, and electronic structure tuning for practical electrocatalysis. Additionally, the discussion of stability is grounded in the
thermodynamic principles of high entropy and the kinetics of slow diffusion. Finally, insights into challenges and prospects,
including in situ characterization techniques, emerging computational methods, and scalability, are outlined to guide future
advanced design strategies and fabrication technologies.
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solution [10-12]. Hydrogen (H,), with an energy density of
~142 MJkg'!, holds great potential for decarbonizing
transportation, electricity production, and energy storage,
particularly when it is produced by environmentally-friendly and
sustainable methods [13—15].

1 Introduction

With increasing carbon emissions and growing energy
consumption, addressing energy sustainability has become
increasingly critical [1-3]. Global energy consumption, which is
currently dominated by fossil fuels (95%), is projected to

quadruple to 28 TW by 2050, equivalent to 20 billion tons of oil
annually [4-6]. The greenhouse gas (GHG) emissions from fossil
fuel consumption are causing severe environmental challenges,
including global warming, glacier melting, and rising sea levels
[7-9]. Given the concerns about the exhaustion of fossil fuels and
the accompanying environmental harm, renewable energy-driven
water electrolysis for hydrogen generation offers a promising

Water splitting involves two distinct half-reactions—the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER) [16,17]. The HER follows a two-electron transfer
mechanism [18,19]. In contrast, the OER is a significantly more
intricate electrochemical process, requiring the transfer of four
electrons coupled with four protons. Thermodynamically, water
splitting requires overcoming intrinsic energy barriers associated
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with the breaking and formation of chemical bonds in the HER
and OER, with a well-defined minimum theoretical voltage of
1.23 V under standard conditions [20,21]. In practical applications,
however, an additional energy input (termed overpotential #) is
required to drive the reaction at an appreciable rate [22,23]. The
overpotential arises primarily from kinetic limitations, which are
governed by the sluggish reaction pathways and the adsorption/
desorption of intermediates on the electrode surfaces [24]. Central
to understanding and improving catalytic performance is reaction
kinetics-the study of the rates of chemical reactions and the factors
influencing them [25]. These challenges are fundamentally linked
to the operational framework of electrocatalytic water splitting,
which relies on two critical interdependent processes: liquid-phase
mass transfer involving the adsorption/desorption of substrates
and reactive intermediates, and electron transfer that occurs at the
electrode interfaces [26]. The performance of both processes is
deeply governed by the intrinsic characteristics of the
electrochemical catalysts [27,28]. Thus, pioneering research into
highly effective electrocatalysts is essential for efficiently
converting electrical energy into hydrogen energy by water
splitting [29-31].

Of particular importance is the interaction strength between the
catalyst surface and the reaction intermediates, which significantly
influences  catalytic performance [32,33]. The reaction
mechanisms for both OER and HER involve multiple reaction
intermediates, including *OH, *OOH, and *H [34-36], and it is
necessary to consider the adsorption behavior of these
intermediates when designing catalysts [37,38]. Adsorption
strength plays a particularly crucial role in determining the
interaction between intermediates and the catalyst surface. To
develop efficient electrocatalytic materials, optimization of this
adsorption strength as well as factors such as an extensive specific
surface area, enhanced porosity, well-optimized distribution of
active sites, and superior charge transfer capability, should be
prioritized [39-41]. Currently, Pt-based and RuO, catalysts
remain rhe representative materials for high performance in the
HER and OER and have been widely used because of their
remarkable catalytic performance [42-44]. However, limited
resources, high cost, and poor long-term stability pose significant
challenges for industrial applications of these catalytic materials
[45,46].

Combining multiple elements within a single material offers a
powerful strategy for precisely tuning catalytic properties, such as
activity and stability [47]. However, this approach faces limitations
due to thermodynamic immiscibility between certain elements,
which can prevent the formation of uniform phases or alloys [48].
Immiscibility is not inherently problematic for catalysts such as Pt
or RuO,, which function effectively as standalone or composite
materials [49]. However, it becomes a significant challenge when
synergistic interactions between immiscible components are
needed. For example, in advanced bimetallic or multioxide
systems, phase segregation can degrade performance by reducing
active-site accessibility or destabilizing interfaces [50].

Recently, high-entropy materials (HEMs) have gained
significant attention as promising catalysts for water electrolysis
because the high-entropy structure of HEMs overcomes
immiscibility among elements, enabling precise compositional
control and facilitating the optimization of catalytic properties
[51,52]. The random arrangement of multiple elements in HEMs
induces a significantly disordered atomic structure within a shared
lattice matrix due to the enormous configurational entropy
(AS.n) and complicated local atomic environments [53,54].
HEMs are further distinguished by other remarkable
characteristics, including lattice distortion, sluggish diffusion, and
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the intriguing “cocktail” effect, positioning them as exceptional
prospects for catalytic applications [55]. The lattice distortion
arising from disparities in atomic size places HEMs in a
thermodynamically non-equilibrium state, effectively lowering the
energy barriers associated with molecular adsorption, activation,
and conversion during electrocatalytic reactions [56,57].
Moreover, the highly disordered structure and irregular elemental
distribution inherent to HEMSs generate abundant surface
vacancies and other defects and coordinatively unsaturated sites.
This configuration provides substantially more active centers
compared to single-element catalysts do, thereby improving water-
splitting efficiency [58,59]. HEMs also facilitate lattice oxygen
activation, effectively lowering the thermodynamic barrier for
water oxidation [60,61]. In addition to enhancing surface activity,
the intrinsic high entropy combined with slow diffusion dynamics
endows HEMs with exceptional thermal stability, ensuring their
durability under diverse reaction environments, including elevated
temperatures, oxidative atmospheres, and acidic or alkaline
conditions [62,63]. In addition, the cocktail effect arising from
multi-element atomic-level mixing in HEMs facilitates electronic
interactions, creating multiple active sites and enabling near-
continuous tuning and hence optimization of adsorption energies
[64,65]. The optimization of the adsorption energy (E,q), a key
factor influencing catalytic performance, enables the catalyst to
achieve a balance between reactant binding and product release
[66]. This balance is commonly represented by the “volcano plot”,
which describes the relationship between catalytic activity and
adsorption energy, where activity shows a volcano-like trend: too
strong or too weak adsorption hinders activity, with the peak
representing the optimal balance for maximum catalytic
performance [67,68]. In summary, the distinctive features of
HEMs contribute to the ability to tune the adsorption and
desorption of intermediates, along with charge transfer, offering
promising potential to reduce the excessive overpotentials
associated with thermodynamic energy barriers in water
electrolysis [69]. These inherent properties collectively underpin
the exceptional catalytic tunability of HEMs. The design of HEMs
is intrinsically tied to the core principles of reaction kinetics [70].
The extensive compositional space afforded by HEMs presents an
unprecedented opportunity to tailor catalyst surfaces at the atomic
level. Such tailoring aims to directly modulate the kinetics of
catalytic reactions by [71]: (i) optimizing the adsorption energies
of key intermediates to reduce the activation barrier of the rate-
determining step (RDS), (ii) creating synergistic multi-functional
sites that enable alternative, lower-energy reaction pathways, (iii)
stabilizing active sites against reconstruction under reaction
conditions to maintain favorable kinetics over time, and (iv)
modulating the electronic structure to facilitate specific electron
transfer steps crucial to the reaction mechanism. Therefore, the
rational design of HEMs is not merely compositional exploration.
It is fundamentally an exercise in kinetic engineering, which
involves the manipulation of the energy landscape of surface
reactions to achieve superior catalytic performance.

In recent years, multiple types of HEMs have covered a wide
range of chemical compositions, positioning them as formidable
contenders as water electrolysis catalysts. Since 2019, substantial
advancements have been made in the development of HEMs for
HER and OER, which have demonstrated remarkable activity
(Fig. 1(a)). A number of high-entropy nanomaterials, such as high-
entropy alloys (e.g., MnFeCoNi and MnFeCoNiCu) [72,73], high-
entropy phosphides (e.g., NiCoFeMnCrP) [74], high-entropy
sulfides (e.g., CoZnCdCuMnS and FeCoNiMnMoS,) [75,76], high-
entropy oxides (e.g., Fey,; Nig35C0,,Crg10Mng,O5_s) [77], high-
entropy fluorides and high-entropy carbides, etc., have garnered
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significant attention. Collectively, these different classes of HEMs
are referred to high-entropy compounds [78,79].

The growing interest in HEM:s for electrocatalysis is evident in
both research output and application diversity. As shown in
Fig. 1(b), the number of published articles on HEMs in HER and
OER applications has steadily increased, from 15 in 2021 to 36
projected for 2024, highlighting a rapid expansion in scientific
attention. Furthermore, the application distribution of HEMs over
the past five years reveals that water electrolysis dominates at 66%,
followed by degradation processes (12%) and oxidative
desulfurization (10%), with smaller contributions from CO
reduction, lithium-sulfur batteries, and other fields (Fig. 1(c)). This
demonstrates the versatility of HEMs and their significant
potential in advancing sustainable energy technologies. These
trends reflect the burgeoning recognition of HEMs as promising
candidates in various electrocatalytic applications.

The biggest challenge faced by HEMs as electrocatalysts is
understanding the intricate correlation between their complex
structural features and electrochemical performance because

(a) (a2) MnFeCoNiCu nanobars with a
single-phase FCC defect structure

with a highly deformed lattice are

used for OER
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(a4) Co—Zn—-Cd—Cu—Mn-S
vulcanized nanoarrays loaded on
carbon fiber support for HER and
OER

many elements are introduced into HEMs and the entangled
electronic effects increase the challenges in finding and hence
optimizing the genuine active sites [80-82]. However, the catalytic
applications of HEMs are critically constrained by not only their
activity but also stability [83,84]. Consequently, striking an
optimal balance between catalytic performance and structural
stability has become a central focus of current research [85-91].
Several recent reviews have summarized the design and
development of HEMs and have given overviews of their
applications in electrocatalysis [71,92,93]. These previous reviews
on HEMs have primarily focused on synthesis methods, structural
characterization, or their broad applications in electrocatalysis. In
contrast, this review presents a pioneering and comprehensive
framework that systematically integrates mechanistic insights,
design strategies, and stability optimization approaches—
specifically tailored for HEMs in water electrolysis. To provide
actionable insights for the rational design of high-performance
catalytic materials, we consolidate recent progress in HEM design
strategies within the context of water electrolysis. Our focus lies in
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Fig.1 Recent advancements in HEMs for water electrolysis. (a) Timeline of development of HEM catalysts in HER and OER applications. (al) Reproduced with
permission from Ref. [72], © Elsevier B.V. 2019. (a2) Reproduced with permission from Ref. [73], © Royal Society of Chemistry 2020. (a3) Reproduced with permission
from Ref. [74], © Royal Society of Chemistry 2021. (a4) Reproduced with permission from Ref. [75], © Tsinghua University Press 2022. (a5) Reproduced with permission
from Ref. [77], © Elsevier B.V. 2023. (a6) Reproduced with permission from Ref. [76], © Hydrogen Energy Publications LLC. 2024. (b) Statistics on the number of
published research articles on HEMs in water electrolysis since 2019, sourced from the Web of Science. (c) Statistical data on application of HEM catalysts over past five

years, derived from the Web of Science.
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elucidating how to generate reaction sites with high intrinsic
activity while increasing the overall number of active sites. These
strategies are essential for developing catalysts with superior
efficiency.

The design strategies covered in this review include
compositional tuning, strain and defect engineering, morphology
control, metal-support interaction  optimization, and
computational prediction of ideal elemental combinations. These
strategies are examined in the context of enhancing
electrocatalytic activity and stability. Compared with prior reviews,
our analysis integrates theoretical insights and experimental
practices, emphasizing how multi-element synergy, d-band center
modulation, lattice distortion, and morphological engineering
collectively govern catalytic behavior. We also introduce an in-
depth discussion on leveraging computational tools to predict
optimal elemental configurations and electronic structures,
strengthening the connection between simulation and
experimental validation. The core objectives of this review are to:
(i) establish a clear and robust link between mechanistic studies
and catalyst design principles; (ii) highlight design strategies
guided by current research advancements; (iii) analyze how
morphology, electronic structure, and conductivity affect catalytic
performance; and (iv) design promising HEMs with high activity
and stability for practical application. We place special emphasis
on the often-overlooked activity-stability trade-off—an essential
but underexplored factor in HEM development. By addressing
this and other unresolved challenges, this review not only
enhances understanding of HEM behavior in water electrolysis
but also lays the groundwork for future innovations in sustainable
energy technologies.

2 Theoretical concept and unique properties of
HEMs

2.1 Definition of HEMs

The general concept of HEMs was originally introduced in 2004
in two independent studies by Yeh et al. [51] and Cantor et al.
[52]. Since their inception, HEMs have been rapidly developed
and widely regarded as groundbreaking innovations in the field of
multicomponent alloy systems. From the perspective of
composition, high entropy alloys (HEAs) are considered alloys
that incorporate a minimum of five essential elements, with each
element being present in the concentration range of 5-35 at%
[90,94]. However, this compositional criterion alone is insufficient
for reliably predicting the formation of a single-phase solid
solution in a multi-element alloy that meets the definition of a
HEM [53]. AS, refers to the entropy arising from the number of
distinct atomic arrangements possible within a disordered
crystalline solid. HEMs stabilize single-phase solid solutions and
can influence their catalytic behavior [94]. Thus, AS. is
employed to account for the contributions of different elements to
the entropy of HEMs (Eq. (1)):

ASconf = —-R Z Xi In Xi (1)

i=1

where R represents the universal gas constant, and y; denotes
the mole fraction of the ith component. In statistical
thermodynamics, entropy tends to increase proportionally with
the number of microscopic states and components in a system
[94]. Configuration entropy is typically the dominant factor in
determining the mixing entropy of a system, and configurational
entropy attains its maximum value when all components exist in
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equal atomic fractions (ie, equimolar). In this case, the
configurational entropy per mole can be expressed as Eq. (2) [55]:

Asconf = Rlnn (2)

where n represents the number of components. Yeh and
colleagues classified alloys into three distinct classes according to
their ideal molar configurational entropy: low entropy (S <
0.69R), medium entropy (0.69R < S, < 1.6R), and high entropy
(Scont = 1.6R) (Fig. 2(a)) [51]. Achieving S, = 1.6R requires the
inclusion of five or more elements with nearly equal atomic
proportions [95], leading to the definition of HEAs given above.
With the progressive advancements in alloy research, HEAs have
been further categorized into two generations [96]. The original
definition of HEAs, which mandated strict compositional
constraints, was later deemed overly restrictive. To address this
limitation, a broader definition was introduced, encompassing
non-equimolar, dual, or multiphase structures, as well as systems
containing a minimum of only four principal elements [97].
Within the high-entropy principle, S, is determined
exclusively by the number of constituent elements, establishing a
balance between the mixing enthalpy (AH,;,) and S, as
described by the Gibbs-Helmholtz equation (Eq. (3)) [98]:

AGmix = AHpix — TASnix (3)

When the thermal contribution from TAS,; balances or
surpasses AH,;, the crystal structure achieves entropy
stabilization, resulting in enhanced compound stability, as greater
configurational entropy drives AG,;, to be negative [55]. Thus, the
remarkable structural diversity enabled by multiple element
combinations in HEAs results in the creation of stable single-
phase solid solutions. These solutions exhibit a variety of crystal
structures, such as face-centered cubic (FCC), body-centered
cubic (BCC), hexagonal close-packed (HCP), and Laves phase
(Fig. 2(b)) [95].

2.2 Development of HEMs

Since Rost et al [99] initially introduced high-entropy oxide
ceramics exhibiting a single-phase rock-salt structure, specifically
(Mg,,Co4,Niy,Cuy,Zny,)O, in 2015, the concept of entropy
stabilization has been successfully transferred from alloys to
multicomponent oxides, marking the advent of high-entropy
ceramics (HECs). The molar configurational entropy of ceramic
materials can be calculated via Eq. (4):

AScon = —R (Z X In x,v> + (Z x;In xj)
i=1 cation-site j=1

antion-site

where x; and y; denote the mole fractions of the elements
occupying the cationic and anionic sites, respectively.

Single-phase HECs with rock-salt structures are the most
extensively studied and exhibit remarkable structural and
compositional flexibility [100], but the term “high entropy” has
been expanded to cover a diverse array of materials and
nanostructures encompassing oxides, nitrides, and carbides
[101,102]. According to its original definition, numerous
compounds composed of multiple equal molar components have
been developed beyond HEAs, which are collectively referred to as
HEMs [99,100]. These compounds include oxides (HEOs) [103],
carbides, nitrides, borides (which are collectively categorized as
HECs) [104], hydroxides, selenides [75], coordination compounds
[105], salts [106], and others. Furthermore, the concept has been
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Fig.2 Definition and crystal structure atlas of HEMs. (a) Relationship between AS,;, and the number of equimolar components. (b) Crystal structures observed in
HEAs. (c) A schematic illustration highlighting the distinctive characteristics of HEMs. Reproduced with permission from Ref. [71], © Wiley-VCH GmbH 2022.

extended to amorphous oxides, metallic glasses, and intermetallic
compounds, broadening the scope of HEMs [71].

2.3 Potential of HEMs for electrocatalysis

The critical factors in designing high-performance electrocatalysts
are activity and stability [107]. HEMs, because of the varied
atomic radii of their multiple components, exhibit unique
characteristics of high entropy, lattice distortion, slow diffusion,
and the “cocktail” effect. These characteristics, illustrated in
Fig. 2(c), endow HEMs with exceptional functions in water-
splitting electrocatalysis [62,108]:

(i) The high-entropy effect enhances thermodynamic stability
by increasing AS,; associated with the high number of
components, promoting the establishment of a stable high-
entropy system. Consequently, this effect enables HEM catalysts to
exhibit surprising durability [109].

(ii) Lattice distortion arises from disparities in atomic sizes and
electron distributions among the components, leading to random
site occupation and a state of thermodynamic non-equilibrium.
This structural distortion, while increasing the intrinsic potential
energy of HEMs, significantly reduces the activation energy
required for catalytic reactions by optimizing the electronic
structure of the active sites [110]. Additionally, tensile lattice strain
causes an upward shift in the d-band center, strengthening
reactant (O,/H,) adsorption. In contrast, compressive strain
lowers the d-band position, which weakens interactions with
adsorbates during the OER and HER processes [111].
Furthermore, defects caused by lattice distortion can enhance
surface adsorption, accelerate reaction kinetics, and reduce the
energy of reaction intermediates, collectively improving the water-
splitting efficiency of HEMs [68,112].

(i) From a dynamic perspective, the inherently sluggish
diffusion within the lattice inhibits the aggregation of HEMs,
which helps mitigate structural degradation under prolonged
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electrochemical operation. Thus, the disordered or nanoscale
configurations provide sustained exposure of active sites, thereby
improving long-term catalytic durability [94].

(iv) The “cocktail effect” emerges from the synergistic
interactions among various components. Research indicates the
performance of HEMs is not merely the sum of individual
component properties but is instead unpredictable and often
superior. Additionally, the cocktail effect arising from atomic-level
multi-element mixing introduces a dynamic electronic
environment, offering abundant active sites and enabling near-
continuous modulation of adsorption energies [71,113].

On the basis of these unique features, HEMs have emerged as
highly promising candidates in the pursuit of efficient catalysts.

3 Design strategies for enhanced the
electrochemical activity

HEMs, which leverage the diverse atomic radii and electron
configurations of their multicomponent systems, exhibit unique
characteristics such as exceptional thermal stability, synergistically
tuned electronic structure, and abundant active surface sites [114].
It is critical to consider several aspects, such as morphology,
particle size, composition, electronegativity differences between
components, the presence of defects, catalyst support, prediction
of element combinations via theoretical calculations and electronic
structure to attain better electrocatalytic activity and stability
[115,116]. Several innovative strategies have successfully led to
effective and stable HEM catalysts [117]. These strategies include
(i) engineering the catalyst morphology, nanoparticle size, and
shape through the fabrication of highly porous [118], hollow or
small particle structures to generate many accessible active sites
[119-121]; (ii) tailoring the composition to adjust the electronic
structure [122-124]; (iii) engineering strong support-particle
interactions [125]; and (iv) screening and determining the optimal
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combination of elements in HEMs via computational tools [126].
Understanding the intricate relationship between structural
attributes and electrocatalytic performance is essential for
designing advanced electrocatalysts with tailored physical and
chemical properties [127]. The materials, optimization strategies,
and HER/OER performance of the HEM-based catalysts reported
in recent references are summarized in Table 1. From the data
presented, it is evident that optimization strategies for enhancing
the activity of HEMs primarily focus on two key aspects:
microstructure design, including morphology control, and
electronic structure control, mainly from the perspectives of
doping, composition tuning, and defect engineering. Of the two
approaches, electronic regulation is more conducive to stimulating
the active centers of catalytic materials, providing more active sites
to promote water splitting.

While traditional noble metal catalysts such as Pt/N-CoWO,
and Ir@Co;O, (Table 2) represent the current performance
benchmarks for HER and OER under acidic/alkaline conditions,
respectively, HEM catalysts exhibit superior potential. Owing to
their inherent unique multicomponent synergistic effects, HEMs
outperform conventional noble metal-based catalysts in regulating
active sites, structural stability, and cost-effectiveness, with HER
and OER performances even exceeding those of traditional
benchmarks. Future efforts should therefore focus on an in-depth
understanding of high-entropy surface active sites, the

ZhangJ, Sha S, NiJ, et al.

development of scalable synthesis techniques, and the
enhancement of stability under industrial-level current densities.

3.1 Composition regulation

3.1.1 Crystal structure effect

Generally, different crystal structures significantly influence the
activity of catalysts, mainly because activity is often influenced by
the atomic structure within the lattice, and the interactions
between atoms lead to new collective behaviors [68]. Since
compositional tuning directly modifies the atomic arrangement
and bonding environment, it inherently influences the crystal
structure. Furthermore, different crystal phases have different
surface atomic configurations and coordination, which are crucial
in determining surface energy and catalytic performance [138].

Compared with their binary or ternary counterparts, HEMs
exhibit a distinct phase evolution behavior [144]. In binary and
ternary alloys, the compositional elements generally exhibit
significant immiscibility, leading to the formation of phase-
separated  structures or intermetallic compounds. This
phenomenon restricts the precise modulation of the composition
ratio, thereby limiting the optimization of catalytic performance
[62]. In contrast, the higher configuration entropy of HEMs
promotes the alloying process and stabilizes a uniform single-
phase or ideal solid-solution structure [145].

Table1 Materials, optimization strategies, and HER and OER performance of HEM-based catalysts reported in recent references

MHER Tafel HoER Tafel
Material Optimization strategy (mV) at slope (mV) at slope Electrolyte Ref.
10 mA-cm™ (mV-dec™) 10 mA-cm™ (mV-dec™)
PtCoMoPdRh NFs Electronic structure 16.5 26.8 — — 1.0 M KOH [45]
Pt,FeCoCuNi Electronic structure 20 31 — — 1.0 M KOH [128]
Pt,sMogPd,sRh,,Ni, 5 Electronic structure 9.7 25.9 — — 1.0 M KOH [129]
ZnNiColrMn Electronic structure 50 30.6 237 46 0.1 M HCIO, [130]
FeCoNiMnRu Electronegativity difference 71 67.4 308 61.3 1.0 M KOH [108]
Coy6(VMnNiZn), ,PS; Doping 65.9 65.5 — — 1.0 M KOH [54]
P,~Ni;,CosoFe oCrioAl s W, Doping 70 326 251 413 LOMKOH  [131]
PdPtRhIrCu Defect 15 37 — — 1.0 M KOH [110]
(FeCoNiBy 75)9;Pt3 Defect 104 — 301 — 1.0 M KOH [132]
NiCoFeMoMn Morphology control 150 29 243 37 1.0 M KOH [133]
PtPdRhRuCu Morphology control 10 87 — — 1.0 M KOH [134]
IrFeCoNiCu Morphology control — — 302 58 I?I.(l‘,llé)/[‘l [135]
FeCoNiCu Morphology control 42.2 31.7 — — 1.0 M KOH [136]
FeCoNiRu Morphology control 40 84 243 45 1.0 M KOH [137]
Pd,Pt,;CuygNiyg P,y Morphology control 354 34.2 — — 0.5 M H,SO, [138]
FeCoNilrRu Composition regulation — — 241 — 0.5M H,SO, [139]
FeCoNiAlITi Composition regulation 88.2 40.1 — — 1.0 M KOH [140]
(CrFeCoNi),,04 Composition regulation — — 196 29 1.0 M KOH [141]
CuAlINiMoFe Crystal structure 183 60 — — 1.0 M KOH [(87]
FeCoNiCuPd crystal structure 29 47.2 194 39.8 1.0 M KOH [142]
PdMoGalnNi Theoretical prediction 13 — — — 0.5 M H,SO, [143]
Table2 Current best-performing HER and OER catalysts under alkaline and acidic conditions

Reaction Condition Best catalyst Performance Optimization strategy Ref.

Alkaline Ir-Ru@C 13 mV at 10 mA-cm™ Bimetallic electronic synergy [42]

HER Acidic Pt/WO,_, 2.8 mV at 10 mA-cm™ Heterogeneous interfaces [43]

Alkaline Au/NiFe-LDH 209 mV at 10 mA-cm™ Single-atom modification [12]

OER Acidic Ir/Co30, 248 mV at 10 mA-cm™ Surface optimization [14]
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The FCC crystal structure plays a pivotal role in enhancing the
catalytic performance of HEMs, primarily through its unique
atomic arrangement and surface characteristics [109]. As
evidenced by Chang et al’s [146] comparative study of three
FCC-structured catalysts (H-FeCoNiMn, H-FeCoNiW, and
H-FeCoNiMnW), the H-FeCoNiMnW system demonstrated
superior OER Kkinetics compared with those of its counterparts
(Fig. 3(a)). The FCC architecture enables maximized exposure of
active metal sites on densely packed (111) crystallographic planes.
This under-coordinated environment creates more active sites
with unsaturated valence electrons, which are crucial for capturing
and activating reactant molecules. Additionally, the HCP
arrangement of surface atoms in FCC (111) facets matches the
geometric configuration of many reaction intermediates, reducing
steric hindrance during the reaction and facilitating the formation
of transition states with lower energy barriers. Moreover, the
synergistic multicomponent integration of Fe/Co/Ni/Mn/W,
coupled with accelerated electron transport facilitated by its
symmetrical metallic bonding network and lattice distortion-
induced activation achieved through controlled elemental
incorporation, collectively enhances the material’s performance.
Similarly, Chen et al. [147] synthesized a Pt;Fe;NiyCus MogRu
catalyst with an FCC structure for HER. As illustrated in
Fig. 3(b), through a controlled reduction process, the initially
cubic FCC Pty,Fe;NiyCuz;MogRu nanocrystals underwent facet-
selective reconstruction, forming convex cubes characterized by
sharp pyramidal protrusions on each surface [148]. This
morphological transition is attributed to the anisotropic growth
kinetics inherent to FCC systems, where the interplay between
metal precursors and reducing agents preferentially stabilizes high-
index  facets. Moreover, the HER activity order
(Pt;,FesNiyyCuzMogRu > PtFeNiCuMoRu-1 h > PtFeNiCuMo >
Pt/C) indicates that the synergistic effect of multiple metal
components enhances the catalytic activity for HER (Fig. 3(c)).
The close-packed FCC lattice facilitates efficient electron transfer
while accommodating multiple alloying elements (Fe, Ni, Cu, Mo,
and Ru) through substitutional solid-solution formation.
Moreover, He et al. [149] noted the precipitation of numerous
rhombohedral-structured nanoparticles within the FCC matrix of
a FeCoNiMoW HEA. By optimizing and synergistically
integrating these five metallic elements, an optimal balance was
established in terms of the M-H bond strength and thus the free
energy required for hydrogen production. Moreover, the results of
characterization combined with theoretical calculations revealed
that this remarkable behavior is due to the rhombohedral crystal
structure and the self-sustaining “eco-system” enabled by the
selective substitution of metal atoms. This structure facilitates
efficient electron transfer and significantly lowers energy barriers.

In summary, the effect of the crystal structure is intrinsically
linked to composition regulation, as tailoring the elemental
composition directly governs the formation and stability of
specific crystalline phases. The FCC structure significantly
influences the catalytic performance through multiple aspects. Its
unique electronic structure, characterized by a symmetrical
metallic bonding network, facilitates accelerated electron
transport. The surface atom arrangement of the FCC structure,
such as the dense packing of (111) crystal planes, maximizes the
exposure of active metal sites. Furthermore, the thermodynamic
stability of the FCC structure, which is conducive to the formation
of a uniform single-phase or ideal solid-solution structure,
provides a stable environment for catalytic reactions. These factors
collectively contribute to the superior catalytic performance of
HEMs with FCC structures.
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3.1.2 Element modulation engineering

The multi-element composition of HEMs is proposed as a
promising platform for catalyst optimization because of its ability
to enhance catalytic effects through the influence of synergistic
interactions between the various elements on the surface and
electronic properties. The inherent electrocatalytic qualities of
HEMs are essentially dictated by the controlled elemental
composition, and certain specific metal element groups can
provide corresponding adsorption/activation sites, thereby
resulting in excellent catalytic activity [68,150]. However, the
constraint lies in the limited availability of specific metal elements
that provide optimal adsorption/activation sites for intermediates,
hindering the systematic tuning of catalytic activity in HEMs
[151,152]. To overcome this constraint, designing a rational
element composition that facilitates the optimal adsorption of
crucial intermediates on the catalyst surface and thus maximizes
catalytic activity is imperative [87,153]. To achieve these goals,
Jia et al. [140] synthesized high entropy intermetallic (HEI)
materjals with an Ll,-ordered structure, employing a FeCoNi
transition metal combination as the active site and utilizing Al and
Ti to refine the ordered atomic configuration. Within this L1,
arrangement, Al and Ti atoms are located at the vertices of the
unit cell while the Fe, Co, and Ni atoms are positioned at the face
centers, collectively modulating the atomic distribution (Fig. 3(d)).
The synergistic chemical interactions and structural site-isolation
effects among the various elements within the HEI significantly
improve the electrocatalytic performance. The results of density
functional theory (DFT) calculations reveal that Ti atoms exhibit a
more favorable E,4 for H,O than the other elements, with all the
metal sites in the L1, HEI presenting higher E 4 values than those
of Pt (Fig. 3(e)). Furthermore, following H,O adsorption, the
results revealed that the single Al coordination site (denoted by
weak red shading in Fig. 3(f)) exhibites significant electron
depletion, which is attributed to enhancing electron transfer
processes during the catalytic reaction.

In PtRuRhCoNi, the interactions among various elements
strengthen the coupling between bonding and anti-bonding
orbitals, facilitating efficient electron transfer between atomic sites
and offering diverse active centers for various electrocatalytic
reactions [150]. Such interactions optimize the electronic
structure, enabling bifunctional (i.e, oxidation and reduction)
activity. In contrast, the bonding and antibonding orbitals on a
pure Pt surface are highly ordered (Fig. 3(g)) [150]. This
uniformity limits the versatility of Pt as a multifunctional catalyst
because of the fixed nature of the active sites. For the
PtRuRhCoNi HEM, overlap among the different elements
amplifies orbital coupling via a self-complementary effect
(Fig. 3(h)), maximizing electron transfer efficiency across sites and
allowing for superior catalytic performance.

Shaikh et al. [154] synthesized RulrFeCoNiO, with abundant
grain boundaries (GB), achieving an impressively low
overpotential of 189 mV at 10 mA-cm™ for the OER under acidic
conditions. Their research revealed that incorporating multiple
atoms, such as Ir, Fe, Co, and Ni, stabilizes surface oxygen during
the OER (Fig. 3(i)). Microstructural analysis and DFT calculations
collectively demonstrate that the high-entropy multicomponent
strategy is conducive to enhanced activity and stability of RuO,-
based catalysts for the OER [155]. Similarly, Cui et al. [69]
synthesized  (Cr,MnFe,Co,Ni,)S; featuring multi-elemental
synergistic sites close to the peak of the volcano with nearly
neutral adsorption energy, which represents a highly effective
choice for the OER. This optimal adsorption energy, a key factor
influencing catalytic performance, enables the catalyst to achieve a
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Fig.3 Effects of crystal structure, element composition, and doping on catalytic activity of HEMs. (a) OER performance of H-FeCoNiMnW, M-FeCoNiMn, and M-
FeCoNiW under acidic conditions. Reproduced with permission from Ref. [146], © Elsevier B.V. 2022. (b) TEM image of Pt;,Fe;NiyCu; MogRu. (c) Comparison of
HER performance for Pt;,Fe;Ni,(Cus MogRu, PtFeNiCuMo, and PtFeNiCuMoRu-1 h. Reproduced with permission from Ref. [147], © Wiley-VCH GmbH 2022.
(d) Schematic model of L1, high-entropy intermetallic (HEI) with A sites occupied by Al and Ti and B sites occupied by Fe, Co, and Ni. (e) E,4 of H,0O molecules on
various exposed surfaces. (f) 2D electron density differences after H adsorption, where red and blue regions indicate areas of electron depletion and accumulation,
respectively. Reproduced with permission from Ref. [140], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020. (g) 3D contour plot of electronic distribution
near Fermi level for Pt (blue iso-surface corresponds to bonding orbitals, whereas green iso-surface denotes antibonding orbitals). (h) Projected density of states (PDOSs)
of PtRuRhCoNi-HEA. Reproduced with permission from Ref. [150], © Elsevier B.V. 2022. (i) Formation energies of surface and subsurface oxygen vacancies (O, and O,
respectively) in RuO,-based catalysts obtained via density functional theory (DFT) calculations. Reproduced with permission from Ref. [151], © 2023 The Authors, some
rights reserved; exclusive licensee American Association for the Advancement of Science. (j) An illustration depicting surface atomic arrangement of V, (CuCoNiFeMn
with adsorbed and dissociated H,O and adsorbed H. (k) Proposed effect of incorporating V on HER mechanism on a V,CuCoNiFeMn electrode. (I) Correlation between
metal oxidation state, electrochemical surface area (ECSA), and V content in V,CuCoNiFeMn. Reproduced with permission from Ref. [152], © Wiley-VCH GmbH
2023. (m) Model of P doping in Nis;CosoFe;(Cr;oAlgW, HEA. (n) Calculated lattice expansion rates resulting from P doping. (o) Changes in Gibbs energy during HER
for undoped (OP-HEA) and P-doped (1P-HEA) Nis,Cos,Fe;(Cr;pAl sW,. Reproduced with permission from Ref. [131], © Elsevier Ltd. 2023.
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balance between reactant binding and product release. The
synergistic regulation of multi-element interactions in high-
entropy metal sulfides leads to a change in the surface charge of
the catalyst and hence the binding of adsorbents, significantly
enhancing the OER activity of (Cr,MnFe,Co,Ni,)S; nanoparticles.
In addition, Yang et al. [156] reported chemical short-range order
(CSRO) in Fe ;CosNi,Cu,5Alg, which was driven by the magnetic
properties of the constituent elements. This non-random atomic
arrangement resulted in an exceptionally low overpotential for
dual-functional water splitting under alkaline conditions.
Transmission electron microscopy (TEM) imaging and DFT
calculations demonstrated that the CSRO originated from the
preferential pairing of M-Cu (M = Fe, Co, Ni, or Al) and the
repulsion between identical atomic pairs (Fe-Fe, Co-Co, Ni-Ni,
Cu-Cu, or Al-Al). These tailored atomic configurations optimize
H* adsorption and desorption during the HER and reduce the
energy barrier for the RDS in the OER, leading to a remarkable
overall water-splitting performance.

In conclusion, synergy among elements is crucial for
optimizing the performance of HEMs during catalytic reactions.
The unique combination of elements promotes the formation of
diverse active sites, which synergistically increase the density and
activity of the reactive centers. This enhanced catalytic activity can
be attributed to the tailored electronic environments and surface
structures enabled by the multielement composition.

3.1.3 Metal element modification

The catalytic performance of HEMs can be further optimized by
strategically tailoring the electronic structure through doping with
new elements. Heteroatom doping stands out as a particularly
effective strategy to modulate the electronic configuration and
catalytic behavior of host materials by promoting charge
redistribution [123,157,158]. In particular, by introducing
heteroatoms with varying electronegativities, the charge
redistribution can significantly improve the electrochemical
activity of a catalyst without altering the fundamental composition
of the host materials [159—-161]. Recent studies have demonstrated
that doping appropriate elements can also finely tune the lattice
parameters and interatomic interactions of catalysts, which can
lower the reaction activation energy and facilitate charge transport
by introducing lattice distortions and altering the local electronic
structure [162,163]. Metal element doping, involving elements
such as Co, Ni, Na, Zn, La, and V, has been shown to markedly
enhance the electrochemical properties of HEMs. Specifically, the
introduction of metal elements can optimize the charge
distribution, regulate the electronic structure, and increase the
number of active sites of HEMs. This can optimize ion
conduction pathways and enhance the electronic conductivity,
thereby improving the electrochemical performance [164].
Sivanantham et al. [152] explored the impact of V
incorporation on the physicochemical characteristics and
electrochemical performance of CuCoNiFeMn with an FCC
structure. The addition of V significantly reduced the Gibbs
energy associated with both water dissociation and hydrogen
adsorption (Fig. 3(j)), thereby accelerating hydrogen adsorption
(H*) and H, formation for efficient water splitting. Importantly, V
incorporation modifies the electronic configuration of
neighboring elements, especially Cu and Fe, through electron
sharing with high-valence V. This mechanism facilitates water
adsorption and dissociation on adjacent Fe sites, lowering the
binding energy barrier via efficient electron transfer (Fig. 3(k)).
Additionally, the incorporation of V alteres the preoxidation state
of Co, Ni, Fe, and Mn (Fig. 3(I)), accompanied by significant
changes in the surface elemental composition. These alterations

https://doi.org/10.26599/JAC.2025.9221152

9221152-9

reduce the binding energy barrier of intermediates and increase
the charge transfer efficiency during the water splitting process.

3.1.4 Anion modification

Numerous studies have demonstrated that anion modifications
lead to better adsorption properties than metal cation
modifications for specific reaction intermediates. While metal
atoms are often considered the primary active sites, the
surrounding anions play a role in controlling the electronic
structure of the metal atoms and hence the inherent catalytic
activity [58,165,166]. Li et al. [58] introduced an innovative class
of high-entropy electrocatalysts based on non-noble metals,
achieved by incorporating a P-modified CoFeNiCrMn alloy on
nickel foam (NF). The strategic synergy between the P anions and
the five metal elements significantly accelerated the reaction
kinetics, particularly for the HER. For the HER, the
CoFeNiCrMnP/NF  catalyst ~ demonstrated  remarkable
performance with a low overpotential of 51 mV at 100 mA-cm™, a
small Tafel slope of 48 mV-dec”, and excellent stability under
alkaline conditions. Previous studies have indicated that the
incorporation of P anions tunes the electronic structure and
optimizes the adsorption free energy of reaction intermediates on
the catalyst surface, which in turn significantly enhances the
catalytic activity [167-169].

Chen et al. [131] reported that incorporating P atoms into a
Niz,CosoFe;CripALgW, HEA could introduce lattice strains,
effectively tailor the intrinsic electronic structure, and significantly
enhance the catalytic performance (Fig. 3(m)). The larger atomic
radius of the P atom, in comparison with the octahedral interstice
in the FCC lattice, causes a substantial expansion of the lattice
when P occupies interstitial sites. In contrast, substitutional P
atoms cause only a relatively modest expansion (Fig. 3(n)). This
disparity gives rise to a nonuniform distribution of lattice strain
throughout the depth profile. As depicted in Fig. 3(0), the HER
Gibbs energy profiles for the P-doped and undoped systems reveal
that the P-doped Ni;,CosoFe,,Cr;yAl;sW, demonstrates a reduced
Gibbs energy change for the rate-limiting step (H* > }:H,)
compared with that of the undoped HEA. Therefore, the
optimized P-HEA electrode, featuring the highest dopant
concentration (2.88 at%) and maximum lattice strain (1.13%),
exhibits remarkably low overpotentials of 70 and 211 mV at
10 mA-cm™ for the HER and OER, respectively. The significant
improvement in HER efficiency is predominantly ascribed to
electronic coupling between the P atoms and the HEA surface.
Specifically, electrons from the P atoms partially occupy the
bonding orbitals on the surface and establish a strong =
interaction with the d orbitals of the metal atoms. This interaction
attenuates the o bonding strength between hydrogen and the
metal, facilitating more efficient hydrogen desorption.

In addition to P doping, the introduction of orbital
contributions from other nonmetallic elements (e.g., N, P, S, Se,
and Te) into HEMs has been shown to significantly increase
catalytic activity by inducing new phases or modifying existing
phases [170-172]. This improvement stems from the versatile
chemical design offered by multi-component systems. In a notable
study, Jo et al. [173] strategically employed Co, Fe, and Ni as
catalytically active 3d transition metals, Mo and W as passivating
metals, and Te as a nonmetallic component to engineer OER
electrocatalysts with an optimal balance between activity and
durability. Compared with amorphous CoFeNiMoW, the
incorporation of Te into CoFeNiMoW nanosheets results in the
formation of crystalline structures with more diverse electronic
states. Among the chalcogen elements, Te stands out because of its
exceptionally rich electronic states and diverse coordination
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numbers, both of which are crucial for enhancing the catalytic
performance. Jo et al’s study [173] has revealed that amorphous
nanosheet arrays of CoFeNiMoWTe as electrocatalysts exhibit a
higher density of active sites and promote elevated metal valence
states, in contrast to the spherical-shaped CoFeNiMoW
electrocatalysts lacking Te. These phase changes directly impact
the active site density and metal valence state, thereby increasing
the catalytic activity.

In summary, the doping strategy can further increase the
adsorption capacity and intermediate activation of catalysts by
tuning the electron density and lowering the energy barriers,
thereby resulting in a marked increase in catalytic performance.
Furthermore, the introduction of foreign elements into HEMs
promotes substantial variation in the electronic properties of the
surface metal atoms. This facilitates an enhanced redistribution of
charge atoms and hence adsorbed molecules, offering improved
catalytic activity. Metal element doping mainly alters the host
material’s electron density, optimizing the adsorption/desorption
free energy of reaction intermediates (e.g., *OH, *O, and *OOH
for the OER; *H for the HER), whereas anion doping works by
adjusting the surrounding environment or forming a new active
site. Anion doping can also stabilize the valence state of the
hypervalent metal, reducing the activation energy of reactions to
form a more stable intermediate product and thereby increasing
the reaction kinetics.

3.2 Strain engineering

Compared to heteroatom modification, strain engineering
emphasizes tuning the intrinsic physiochemical properties of
HEMs rather than introducing foreign elements [174,175]. Strain
engineering serves as a pivotal strategy for modulating the
interactions between catalytic surfaces and adsorbate molecules,
achieved by modifying the electronic and geometric structures of
the metal active sites. This approach provides an effective
mechanism for tailoring the electronic structures of HEM-based
catalysts [85,176]. The substantial intrinsic lattice strain in HEMs
endows them with elevated potential energy, surpassing that of
their binary or ternary counterparts [85]. This unique feature
results in reduced energy barriers during HEM-catalyzed
reactions, facilitating the desired chemical transformations [177].
The core principle of strain engineering lies in strategically
inducing compressive or tensile atomic arrangements, which
induce the shifts in the d-orbital density centers relative to the
Fermi level [176]. Moreover, in HEM, the interplay among the d-
bands of constituent metal elements modulates the d-band centers
of the active sites, effectively tuning the binding energy of critical
intermediates and significantly improving the catalytic efficiency
toward the intended product [80]. The distinct electronic
modifications in HEMs suggest the presence of “hidden” factors
that determine the relationships between catalytic functionalities
and the structures and properties of materials.

Catalytic activity is predominantly dictated by the intrinsic
electronic structure of a material. Hence, d-band theory has
emerged and has been progressively refined to provide insights
into this phenomenon. The d-band center (g4) denotes the average
energy level of the d-orbitals relative to the Fermi level (E),
offering a predictive framework for the adsorption energies of
reactants and intermediates on a catalyst surface [101]. It serves as
a critical descriptor for adsorption energetics in catalysis. Central
to this theory is the principle that the d-band center location
governs the interaction strength between adsorbates and the
catalyst surface, thereby shaping its catalytic performance. A
higher &, typically strengthens adsorbate binding, while a lower ¢,
weakens it [178,179]. In the context of electrocatalysts, surface
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strain alters the interatomic spacing and electronic structure,
thereby shifting the d-band center. Strategic modulation of the d-
band center and hence the reaction barriers on the catalyst surface
can be achieved by manipulating the surface strain and enabling
fine-tuning of the electrocatalytic properties [180].

Kwon et al. [130] studied the impact of d-band center shifts in
ZnNiColrX (X = Fe, Mn) (Fig. 4(a)) by examining alterations in
the Ir electronic structure resulting from the incorporation of Mn
atoms. As the number of metal elements increases, electron
transfer from 3d transition metals to Ir significantly alters the
electron density distribution around Ir within ZnNiColrX. The
incorporation of Mn results in a pronounced shift in the Ir 4f peak
in the XPS spectra, surpassing that observed with Fe incorporation
in ZnNiColrMn, indicating pronounced electron redistribution.
Additionally, the incorporation of Mn shifts the d-band center of
ZnNiCoIrMn to a more negative value (Fig. 4(b)), resulting in
weaker hydrogen bonding than that of ZnNiColr. This facilitates
the desorption of hydrogen, thereby enhancing the HER activity
(Fig. 4(c)).

Similarly, the results reported by Wang et al. [128] also
demonstrated that a substantial improvement in HER
electrocatalytic performance is intricately linked to a downward
shift in the d-band center. As shown in Figs. 4(d) and 4(e), highly
ordered Pt,FeCoCuNi has a d-band center that is closest to the
Fermi level, which leads to weaker adsorption energies for HER
intermediates than those of their more disordered counterparts.
Consequently, highly ordered Pt,FeCoCuNi displays superior
HER activity compared with commercial Pt/C and more
disordered Pt,FeCoCuNi, achieving an overpotential of 20 mV at
10 mA-cm™ (Fig. 4(f)).

Hu et al. [181] reported the in situ reconstruction of non-noble
HEA-HEO FeCoNiMnCr heterostructures, achieving remarkable
stability for the OER. The HEA-HEO catalyst was fabricated by
an in situ phase transition process of the HEA triggered by early
transition metals, which generates abundant HEA-HEO
interfaces. These heterostructures improve the stability of metal
particles during the OER process by leveraging the robust
interactions between the alloy and the oxide components. For the
HEA, strong d-d coupling arises from overlapping 3d orbitals of
the various metals (Fig. 4(g)). However, the transition to HEO
induces a reduced overlap of the 3d orbitals (Fig. 4(h)). Notably,
the upward shifts of the Ni 3d and Co 3d orbitals, relative to their
positions in the HEA, correspond to an increase in electroactivity.
Concurrently, the peaks of the Fe 3d and Mn 3d orbitals narrow,
whereas the Cr 3d orbitals exhibit a relative shift with respect to
Mn 3d. These orbital adjustments not only increase the electron
density near E; but also preserve the stability of the Ni and Co
valence states, thereby contributing to durable OER performance.
Furthermore, it has been proposed that the repulsive interactions
between oxide species in HEO and oxygen-containing
intermediates weaken their binding to adjacent active metal sites,
accelerating OER kinetics [181].

Thus, the d-band centers of the metals in electrocatalysts play a
critical role because orbital hybridization between the adsorbate
and the metal center governs the adsorption/desorption behavior.
However, the manipulation of 3d electron energies in transition
metals in HEMs has received limited research attention because of
the inherent challenges in precisely controlling their coordination
environments. Further research is essential to unravel the unique
electronic structure of HEMs.

3.3 Electronegativity difference

A substantial electronegativity difference between atoms can
reduce the miscibility of constituent elements in a HEM, thereby
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Fig.4 Effects of d-band center shift, electronegativity differences, and defects on catalytic performance of HEMs. (a) Computational models of ZnNiColr and
ZnNiCoIrMn. (b) Projected d-band partial density of states for Ir in both ZnNiColr and ZnNiColrMn. (c) Correlation between d-band center and hydrogen binding
energy. Reproduced with permission from Ref. [130], © Wiley-VCH GmbH 2023. (d) Schematic representation illustrating alteration in atomic arrangements of
Pt,FeCoCuNi between ordered and disordered samples. (e) XPS valence band spectra for highly ordered, partially ordered, and disordered Pt,FeCoCuNi catalysts and Pt
foil. (f) Linear sweep voltammetry curves for Pt,FeCoCuNi and Pt/C showing a difference in overpotentials. Reproduced with permission from Ref. [128], © Wiley-VCH
GmbH 2023. PDOS of (g) FeCoNiMnCr HEA and (h) HEA-HEO. Reproduced with permission from Ref. [181], © Wiley-VCH GmbH 2024. (i) XRD patterns of
FeCoNiMnRu/CNFs. (j) Bader charge analysis of FecCoNiMnRu system. (k) Relationship between OER overpotential and electronegativity of metal X in FeCoNiXRu
(X = Cr, Mn, or Cu). Reproduced with permission from Ref. [108], © The Author(s) 2022. (1) Electronegativity rankings for Mn, Fe, Co, Ni, and Cu. (m) PDOS for d
orbitals of Fe, Co, Ni, Cu, and Mn, along with total DOS for FeCoNiCuMn. Reproduced with permission from Ref. [182], © Royal Society of Chemistry 2023.
(n) HAADF-STEM image with lattice distortion, (o) extent of lattice distortion (Ad) in FCC and SF structures for (FeCoNiBs)s;Pt; HEMG, both in presence and
absence of B, and (p) 2D electron density differences following OOH* adsorption on different Pt active sites. Reproduced with permission from Ref. [132], ©Wiley-VCH
GmbH 2023.

affecting phase stability or encouraging phase separation
[177,183,184]. In a pioneering investigation, researchers explored
how the electronegativity disparities among multiple metals in
HEMs affect the competitive adsorption of intermediates involved
in the alkaline HER and OER. Hao ef al. [108] studied the charge
transfer dynamics among the surface atoms in FeCoNiMnRu
HEAs, which are composed of five principal elements with
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various electronegativities, synthesized on carbon nanofibers
(CNFs). The supporting evidence from the X-ray diffraction
(XRD) analysis confirmed the development of a single-phase HEA
structure in the FeCoNiMnRu NPs (Fig. 4(i)). Relative to the
standard diffraction patterns of the FeNi alloy (PDF#47-1417), the
diffraction peaks corresponding to the FCC phase of the
FeCoNiMnRu HEAs were slightly shifted to lower angles, which
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was attributed to lattice distortions induced by the introduction of
the Ru, Mn, and Co atoms. In the FeCoNiMnRu HEA, the
varying electronegativity values of Fe(1.83), Co(1.88), Ni(1.91),
Mn(1.55), and Ru(2.20) drive substantial charge redistribution
(Fig. 4(j)). This redistribution results in the activation of Co and
Ru sites, which feature optimized energy barriers that efficiently
stabilize OH* and H* intermediates, thereby significantly
enhancing the catalytic efficiency. Considering the OER activity of
FeCoNiXRu/CNFs (X = Mn, Cr, and Cu) (Fig. 4(k)), the
comparatively low electronegativity of Mn (1.55), compared
with that of Cr (1.66) and Cu (1.90), facilitates exceptional OER
performance, as evidenced by the minimal overpotential at
100 mA-cm™.

Building upon these insights, Zhu et al. [182] presented an
innovative strategy for regulating the electrocatalytic behavior of
FeCoNiCuMn HEA NPs by leveraging an electronegativity-driven
approach to optimize competitive adsorption sites. By
incorporating Fe, Co, and Ni as primary components, alongside
low-electronegativity Mn and high-electronegativity Cu, a single-
phase FCC HEA was successfully synthesized via a polymer fiber
nanoreactor method (Fig. 4(I)). Both experimental data and
theoretical analyses reveal that significant local electron
interactions, driven by variations in electronegativity among the
constituent metal atoms, result in an increase in electron density at
the Ni and Cu sites while simultaneously depleting it at the Mn,
Co, and Fe sites (Fig. 4(m)). This electronegativity-driven
redistribution of local electrons converts inert Cu into electron-
rich active sites for the HER and OER, effectively lowering the
adsorption energies of the reactants, intermediates, and products
and significantly increasing the electrocatalytic performance.
Leveraging its competitive preferential adsorption capabilities, the
HEA demonstrates exceptional catalytic efficiency for both the
HER and OER, coupled with remarkable cycling stability.

3.4 Defect engineering

To optimize the catalytic activity of multi-element systems,
introducing defects to create synergy with the multiple metals
present has proven to be effective. Defect engineering has emerged
as a compelling approach to enhancing electrochemical reactivity
by tuning the electronic structure of materials [164]. Structural
defects, including dislocations, vacancies, and grain boundaries,
serve as catalytically active sites by modifying the adsorption
characteristics of reactants and providing alternative reaction
mechanisms [139,185,186]. Zhang et al. [132] engineered a
nanoporous, defect-enriched nanocrystalline surface in a high-
entropy metallic glass (HEMG) of (FeCoNiB,,s)s,Pt;. The partial
dealloying process led to the formation of nanocrystals distributed
along the nanopores, with the resulting materials characterized by
pronounced lattice distortion (LD) and a high density of stacking
faults (SFs) due to the incorporation of interstitial B atoms. This
distinctive architecture not only maximizes the specific surface
area but also offers an abundance of active sites, significantly
enhancing the water electrolysis efficiency (Fig. 4(n)). Notably, the
insertion of B into the FCC and SF regions substantially increased
the degree of LD (Ad) (Fig. 4(0)), indicating that the increased LD
observed in the nanocrystals originates from the formation of an
interstitial solid solution of B. DFT calculations revealed that the
Fe and Co sites in the SF structure presented the highest H,O
adsorption energies (AEy,0) of —0.70 and —0.44 €V, respectively,
significantly exceeding the benchmark value for Pt (111). Notably,
Pt and Ni sites with B coordination display higher AEy,o values
than those without B coordination, indicating that the LD induced
by interstitial B atoms is a contributing factor to the increase in
AEy,o. These structural defects also influence the OER activity. A
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comparative analysis of the AG values at the active sites of SF-Pt
and SF-Pt(B) indicates that the RDS (AG; = AGpop+ — AGo+) for
the SF-Pt(B) site results in a lower AG; value of 1.84 eV than the
value of 1.92 eV for SF-Pt. These findings highlight the enhanced
electron-transfer capability of the SF-Pt(B) site toward the
OOH*intermediate in the OER (Fig. 4(p)).

The introduction of oxygen vacancies (Oy;) has also emerged as
a key strategy for enhancing electrocatalysis in HEMs. Liao et al.
[77] highlighted the crucial role of Oy in regulating the catalytic
performance of HEMs. They synthesized HEOs with up to 35.3%
Oy via resin templating and precise thermal treatment, forming
nanosphere-like structures with stable crystallinity. Oy, was
characterized by EPR (characteristic signal at g = 2.002) and XPS
(O 1s spectra fitting to quantify vacancy oxygen), confirming their
high abundance. Mechanistically, high-degree Oy, modulate metal
activation states, enhancing both HER and OER activities by
optimizing electronic structures and increasing the number of
active sites. The presence of Oy, along with the key roles of Fe and
Cr, enables efficient overall water splitting, underscoring the
importance of Oy, in tuning the catalytic properties of HEMs.
High-oxygen vacancies (35.3%) in high-entropy oxides enhance
HER and OER activity by modulating the metal states and
electronic structure, enabling efficient water splitting.

Overall, defects are not only prevalent but also often inevitable
in fabricated electrocatalytic materials. During the process of water
electrolysis, these defects serve as active sites and nucleation
centers, facilitating the construction of highly active components.
Surface defect sites can effectively capture and anchor metal
species, ensuring the uniform distribution and stability of metal
sites in electrocatalysts. Specifically, the introduction of defects
significantly modulates the local electronic structure, promotes
synergistic interactions, and generates additional active sites.

3.5 Morphology regulation

3.5.1 Morphology effect

In addition to the factors discussed above, the morphological
structure can significantly influence the catalytic performance
[85,187]. The focus of morphological regulation typically lies in
two key aspects: reducing the particle size and increasing the
specific surface area [120,188,189]. Previous studies have shown
that microscale porous materials, characterized by large surface
areas and tunable structures, are pivotal in enhancing the electron
transport process during electrocatalysis, as more active sites are
exposed on the surface area [136,165]. Recently, Huang et al. [137]
devised a FeCoNiRu electrocatalyst synthesized from high-
entropy metal-organic framework (HEMOF) precursors. The
substantial porosity and accessible surface area of the MOFs
minimize the required diffusion distances for charge carriers
during electrocatalysis [190]. As depicted in Figs. 5(a) and 5(b),
FeCoNiRu-450 nanoparticles (heat treated at 450 °C during
synthesis) are uniformly distributed across the carbon skeleton.
The porous carbon framework derived from the MOF precursor
not only facilitates the rapid transport of reaction species but also
inhibits excessive nanoparticle growth [137]. Under an applied
external potential or current, the hollow active sites within the
spinel structure, which maintain the initial characteristics, further
contribute to this enhanced performance (Fig. 5(c)). Thus,
employing morphology structural engineering of HEMs at
mesoscopic and microspatial scales effectively enhances their
electrochemical surface areas, improves their ion and electron
transport kinetics, and ultimately increases their charge transfer
efficiency in electrocatalytic applications [164,191].

Wang et al [192] developed FeCoNiCuAlLLMn materials
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Fig.5 Impact of morphological structure on catalytic performance of HEMs. (a, b) High-magnification STEM images of FeCoNiRu HEA. (c) Model of spinel oxide.
Yellow triangle indicates hollow site of FeCoNiRu-450. Reproduced with permission from Ref. [137], © The Authors 2023. (d) Size distribution histogram, (e) Fourier-
filtered image, and (f) simulated crystal structure representation of NiCoFePtRh us-HEA NPs. Reproduced with permission from Ref. [195], © American Chemical
Society 2021. (g) HAADF-STEM image of NiCoMoPtRu HEANC:s. (h) Nitrogen adsorption-desorption isotherms for HEANC/C and Pt/C catalysts. Reproduced with

permission from Ref. [196], © Wiley-VCH GmbH 2023.

featuring a hierarchical porous sandwich-like configuration. This
architecture enhances surface hydrophilicity and mass transfer
efficiency during electrocatalysis [176,193]. The hydrophilicity was
evaluated via water contact angle measurements, which revealed a
significant reduction from 84.4° to 63.1°, 57.7°, 39.2°, 25.4°, and
25.7° after 100, 200, 300, 400, and 500 h of dealloying, respectively.
The FeCoNiCuALLMn-400 sample exhibited exceptional
hydrophilicity. This innovative design significantly improves
surface hydrophilicity and facilitates efficient mass transfer during
electrocatalytic processes. Cui et al. [194] also presented a
core-shell FeCoNiMoAl HEA as a promising OER electrocatalyst.
DFT calculations revealed that the crystalline-amorphous (c-a)
heterostructure of the shell reduces the electron transfer resistance,
whereas the crystalline core enhances the conductivity and self-
supporting ability. Notably, the crystalline-amorphous interface in
the shell facilitates charge redistribution, optimizes the adsorption
energies of oxygen intermediates, and provides abundant active
sites. The HEA electrodes exhibited superior OER performance,
with an overpotential of 470 mV at 2 A-cm™ and excellent stability
for 330 h. This core-shell strategy design represents a promising
strategy for developing efficient and durable electrocatalysts for
industrial water electrolysis.

3.5.2 Nanosizing effect

Decreasing the particle size has been extensively investigated as a
strategy to expose more active sites and increase both the specific
surface area and surface free energy, thereby lowering the catalytic
reaction barriers and improving catalyst utilization in reactions
[197,198]. The central challenge lies in precisely controlling the
nanoscale dimensions of active materials and ensuring the optimal
distribution of nanoparticles within composites [199]. Unlike
conventional bulk alloys, Feng et al. [195] demonstrated that
ultrasmall NiCoFePtRh high-entropy alloy particles (us-HEA)
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loaded on carbon supports exhibit significantly enhanced HER
activity (Fig. 5(d)). Fourier-filtered and simulated crystal structure
images (Fig. 5(e) and 5(f)) show that the us-HEA NPs have an
edge length of merely 4-5 atoms, underscoring their ultrasmall
scale. This nanostructure notably enhances the efficiency of
utilizing noble Pt atoms. Moreover, the altered electronic structure
of Pt in the us-HEA results in an optimized Pt-H binding value,
facilitating rapid H* adsorption and H, desorption and ultimately
accelerating HER performance. The same group also synthesized
ultrasmall NiCoMoPtRu alloy nanoclusters (HEANC:s) (Fig. 5(g)),
which require an exceptionally low overpotential of merely
95 mV at 10 mA.cm? for the alkaline HER [195]. An
investigation of the origins of such superior catalytic activity, using
the Brunauer-Emmett-Teller (BET) technique combined with
the electrochemical double-layer capacitance (Cy) method,
unequivocally demonstrated that HEANCs exhibit an
exceptionally high active surface area along with remarkable atom
utilization efficiency (Fig. 5(h)), both of which contribute to their
outstanding performance in the HER. Similarly, Hu et al. [200]
also confirmed that ultrasmall PtRhNiFeCu HEA nanoparticle
catalysts exhibit outstanding catalytic efficiency for the HER. For
the alkaline HER, PtRhNiFeCu/C achieves an impressively low
overpotential of just 13 mV at —10 mA-cm™ and an exceptionally
low Tafel slope of 29.8 mV-dec™, both of which surpass those of
PtRhNi/C and Pt/C. These findings underscore the necessity of
reducing the particle size through appropriate modification
techniques to maximize the catalytic performance. In addition,
Chang et al. [91] synthesized ultrasmall (FeCoNiRuMn);0,_, NPs
supported on a carbon substrate, which exhibited remarkable
electrocatalytic performance characterized by a low overpotential
of 230 mV at 10 mA-cm™ for the OER, along with remarkable
long-term stability over 100 h. The nanosizing effect can not only
increase the availability of active sites but also accelerate the
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reaction kinetics in HEMs, making it a pivotal approach for
advancing HER catalysis.

Overall, the microstructure and morphology of materials
significantly affect their electrocatalytic performance. Generally,
porous structures are more conducive to catalytic reactions. This
design not only enhances the permeation and diffusion of
electrolytes into the electrocatalyst, ensuring optimal contact
between reactants and active sites within the materials, but also
provides additional and shortened pathways for charge transport
during water splitting. Furthermore, the development of small
particles often increases the density of active sites on HEMs. From
a kinetic perspective, minimizing the particle size significantly
expands the specific surface area, providing a greater abundance
of reactive sites for the HER and OER. Within a certain small size
range, a decrease in material size markedly increases atomic
exposure, which can lead to notable alterations in the electronic
structure. Exploiting the small-sized morphology and the potential
synergies of multiple components can lead to enhanced catalytic
properties.

3.6 Interaction between HEMs and supports

In electrocatalysis, high conductivity is essential. However, the
interaction between HEMs and their supports extends
significantly beyond this [201]. Crucially, a robust interface
enhances catalyst stability by strongly anchoring nanoparticles,
preventing detachment, migration, and agglomeration under
dynamic conditions [162,202]. More importantly, this interface
facilitates electronic modulation. The intimate contact enables
charge transfer between the HEM nanocrystals and the support,
potentially altering the electronic structure of HEM and
optimizing the adsorption/desorption behavior of key
intermediates at the active sites [203]. This synergistic interaction
not only ensures long-term durability but also actively contributes
to improving the intrinsic catalytic activity [162,204].

3.6.1 Carbon substrate loading

In nanoparticle catalysis, supports serve a dual function. They not
only enhance stability through charge transfer but also serve as
promoters or even take on roles as catalytically active components
[205]. For optimal interaction with HEMs, support materials
should possess surface chemistries that are compatible, a well-
defined pore architecture, and high thermal stability. Carbon-
based materials are the most widely utilized supports in
electrochemical reactions owing to their outstanding electrical
conductivity and widespread availability. Wang et al. [23]
developed an FeCoNiAlMo alloy integrated with carbon
nanotubes (CNTs) as the supporting framework. In the
FeCoNiAIMo/CNT composite, the CNT's serve not only as inert
carriers but also as active contributors to the system’s
functionality. The CNTs effectively prevent aggregation of HEA
nanoparticles during synthesis, ensuring uniform distribution and
stabilization of the quinary FeCoNiAlMo nanoparticles on their
surface. Moreover, electronic interactions between the HEA and
CNT support modulate the surface chemical states of the HEM.
X-ray photoelectron spectroscopy (XPS) analysis revealed that Al
and Mo in the FeCoNi lattice, combined with the CNT support,
redistributed local charges and increased the ratios of oxidized Co,
Ni, and Fe species. This electronic modulation strengthens the
adsorption of reaction intermediates, as supported by DFT
calculations showing more negative adsorption energies.
Consequently, FeCoNiAIMo/CNT exhibited remarkable OER
performance, characterized by a low overpotential of 311 mV at
100 mA-cm™® and a Tafel slope of 429 mV-dec’. These
outstanding metrics can be ascribed to the synergistic effects of
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reduced charge transfer resistance and accelerated reaction
kinetics.

3.6.2 Functional group-modified carbon carrier loading

Carbon substrates can be tailored by incorporating functional
groups such as NH, or N, imparting positive charges that enhance
the dispersion of catalysts on the carbon framework [206-208].
For example, functionalizing CNTs with pyridine or
hydroxyproline groups establishes robust - interactions, thereby
improving both electron transfer efficiency and operational
stability [118,209]. Recently, Wang et al [210] successfully
synthesized PdPtRhIrRu HEA nanocrystals supported on N-
enriched graphene (HEA/HNG), which are rich in M-pyridinic
N-C bonds (Fig. 6(a)). This configuration facilitates the
generation of a directed electron flux at the metal-carbon
interface, driven by the disparity in Fermi energy levels between
the metal nanoparticles and the N-doped carbon substrate.
Notably, the increase in pyridinic N content further intensifies
charge redistribution at the interface (Figs. 6(b) and 6(c)). These
findings provide strong evidence of significant electronic
interactions between N-enriched graphene and HEA nanocrystals.
Furthermore, the surface Bader charge distributions of the HEA
on N-doped graphene (Fig. 6(d)) were calculated and analyzed. A
higher density of M-pyridinic N-C bonds significantly facilitates
surface charge redistribution within the HEA, intensifying the
electron-deficient state of the nanocrystals. This intensified
electron deficiency promotes more efficient H,O adsorption at the
Pd/Ru/Rh sites, whereas the Ru/Ir/Rh sites exhibit a remarkably
low energy barrier for H,O dissociation [210].

There is no doubt that the electronic conductivity of materials
is a crucial determinant of high electrocatalytic efficiency in water
splitting. While HEMs inherently demonstrate considerable
activity even without a substrate, their catalytic performance can
be markedly improved by dispersing them on a suitable support.
Broadening the range of available conductive substrates for HEMs
is essential for unlocking diverse catalytic pathways in water-
splitting reactions, encompassing both HER and OER processes.

3.7 Prediction and analysis of element combinations

To scale up water electrolysis via HEM catalysts, identifying
electrocatalysts with exceptional efficiency is essential. While the
intrinsic compositional complexity of HEMs presents remarkable
opportunities for the advancement of high-performance catalysts,
it simultaneously poses considerable challenges in pinpointing
optimal compositions via traditional trial-and-error approaches.
Given the impracticality of exhaustive manual screening,
developing a strong foundational understanding of the
mechanisms and intricate relationships among composition,
structure, and activity to guide rational selection is vital for
identifying the most promising compositions for HEM catalysts.
Theoretical calculations are indispensable for helping achieve this
goal and for uncovering the catalytic mechanisms and their
relationships with electronic structures [164]. Thus, integrating
cutting-edge  computational methodologies with advanced
experimental characterization techniques is crucial for advancing a
deeper and more fundamental understanding of HEM systems
[211]. Widely utilized computational methods, including DFT
and molecular dynamics (MD), have proven indispensable for
investigating HEMs [154,211,212]. By evaluating parameters such
as adsorbate binding energies, electronic states, electric field
distributions, ion migration energies, and surface charge
distributions, these approaches provide atomic-level insights into
charge transfer and catalysis mechanisms, thereby accelerating the
advancement of HEMs [164].

However, the intricate and numerous possible atomic
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HEA systems supported by various materials. Reproduced with permission from Ref. [210], © Science China Press 2022.

configurations characteristic of high-entropy catalysts not only
complicate composition optimization through conventional
methods but also impose substantial burdens for computational
screening. The advent of advanced computational technologies,
such as high-throughput screening and machine learning (ML)
algorithms, offers considerable potential for accelerating the
discovery of novel catalytic materials [62]. These techniques
enable the rapid identification of high-activity HEM
electrocatalysts with optimal adsorption energies. Notably, the
integration of these computational strategies can also efficiently
pinpoint elemental combinations capable of forming stable single-
phase solid solution HEAs, thereby facilitating the efficient
discovery of optimal HEM compositions for catalytic applications
[213]. Perumal et al. [214] leveraged a Bayesian optimization (BO)-
driven ML model employing Gaussian process regression (GPR)
to predict the optimal octonary compositions (Al Sn, Co, Ni, Cu,
Ir, Ce, and Rh) of high-entropy nanoparticles for the HER and
OER. The GPR model, trained on an initial dataset of 70
experimental samples, iteratively proposed new compositions via
the upper confidence bound (UCB) acquisition function over 200
iterations. Shapley additive explanation (SHAP) analysis revealed
that the Rh, Cu, and Al contents significantly influenced HER
activity, whereas t-stochastic neighbor embedding (t-SNE) was
used to visualize compositional clustering for performance
optimization. After 10 BO-guided experiments, the optimized
catalyst achieved an exceptionally low overpotential of 12 mV at
10 mA-cm?, outperforming commercial Pt/C (16 mV). For the
OER, initial ML predictions have shown limited accuracy, which
is attributed to dynamic in situ activation processes disrupting
composition-activity relationships. This finding underscores the
need for expanded datasets and feature vector refinement.

As an example of this approach applied outside the field of
catalysis, Rao et al. [215] introduced an active learning system for
efficiently discovering HEAs via sparse experimental datasets
(Fig. 7(a)). This iterative approach refines the experimental design
on the basis of models trained with prior results, continuously
improving the data quality (Fig. 7(b)). By systematically evaluating
17 novel alloys from millions of potential compositions, the team
identified two high-entropy Invar alloys exhibiting remarkably
low thermal expansion coefficients (TECs) of 2x10° K™ at 300 K
(Fig. 7(c)). Conclusively, active learning provides a method for
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comprehending the fundamental physics that governs the
relationship between composition and properties and identifying
new, promising compositions. Kim et al. [216] carried out detailed
calculations of the elastic constants for an FCC AlCoCrFeNi HEA,
focusing specifically on the influence of lattice distortion
(Fig. 7(d)). They reported that incorporating lattice distortion
effects into DFT models brings the calculated elastic constants
closer to the experimental values (Fig. 7(e)).

Fu et al. [143] utilized advanced computational algorithms to
systematically explore and identify optimal Pt-free element
combinations for HEAs with favorable hydrogen binding
energies, with a focus on metals from periods 4-6. From this
comprehensive screening process, elements such as Fe, Co, Nij,
Cu, Zn, Ga, Mo, Ry, Pd, Ag, Cd, In, Sn, and Au were selected for
further investigation. HEA configurations featuring randomized
atomic distributions were subsequently constructed and
investigated via ab initio molecular dynamics (AIMD) simulations
and DFT calculations. This automated process identified
combinations with AGp« values near zero, which were
subsequently analyzed and are depicted in the volcano plot shown
in Fig. 7(f). Among the identified systems, the Pd-Mo-Ga
combination emerges as a particularly promising candidate,
exhibiting superior hydrogen binding energy compared with that
of Pt. In this ternary system, the quaternary alloy PdMoGaln
exhibited the best performance. After the introduction of a fifth
element, PdAMoGalnNi is determined to be the most effective
composition. These findings underscore the need for more precise
simulation methods capable of providing theoretical guidance and
predictions at the atomic and molecular scales, which will be
instrumental in optimizing electrode design and exploring novel
HEMs for future applications [164].

Despite the significant advancements in HEM-based
electrocatalysts, the pursuit of novel strategies remains imperative
to further increase the catalytic efficiency of HEMs and expedite
their practical implementation. Although the compositional
diversity of HEMs offers tremendous potential for designing high-
performance catalysts, it simultaneously poses enduring challenges
in identifying the optimal composition without exhaustive trial-

and-error experiments. Thus, theoretical calculations are
increasingly indispensable in the design of advanced
electrocatalysts.
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3.8 Summary of optimization strategies for HEMs

To improve the electrocatalytic efficiency of HEMs, the primary
focus is on simultaneously enhancing the inherent activity and
increasing the density of active sites, which can be approached
from several key perspectives: component design, reaction kinetics
optimization, and electronic structure regulation. The component
design mainly includes changes in the crystal structure and doping
effects. The crystal structure of materials affects their catalytic
performance. Notably, HEMs with an FCC structure exhibit
higher density active site exposure and better electron transport
capacity, rendering them more favorable for facilitating catalytic
reactions. The doping strategy can improve the adsorption
capacity and degree of activation of intermediates by adjusting the
electron density and activation energy of catalysts. Additionally,
the kinetics of catalytic reactions are often influenced by catalyst
morphology. Among the diverse morphological architectures,
porous layered configurations and ultrasmall nanostructures offer
large specific surface areas and an abundance of exposed
catalytically active sites, significantly improving catalytic efficiency.
In addition, the adjustable electronic structures of HEMs are
crucial for further improving their catalytic performance.
Advanced design methodologies, such as strain modulation, defect
tailoring, and conductive carrier integration, can induce charge
redistribution across the HEM surface. This redistribution
promotes selective electron accumulation or depletion, influencing
the adsorption and desorption behavior of reaction intermediates.
More importantly, shifts in the d-band center can alter the
binding energies of adsorbates on the catalyst surface, thereby
impacting the catalytic performance.

However, key challenges remain, including the development of
effective synthesis strategies capable of precisely controlling
surface and electronic structures to further enhance catalytic
performance. Processing strategies for engineering the surfaces
and internal electronic structure of HEM-based catalysts often
involve ~ complex, multistep  procedures and  costly
instrumentation, presenting significant challenges in producing
catalysts with precisely designed and controlled surfaces [217].
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Consequently, further advancements in HEM processing are
required to enable precise control over morphology, surface states,
and electronic structure, along with the adoption of targeted
strategies to simultaneously improve both their activity and
stability. To advance the development and practical application of
HEM-based catalysts, efforts are also needed to develop practical
and scalable methods for the controlled large-scale fabrication of
electrode materials.

Additionally, theoretical and computational methods can play a
key role in optimizing HEM electrocatalysts, particularly in terms
of understanding reaction mechanisms, tuning active sites to
optimize intermediate binding strength at each reaction step, and
guiding composition selection from the vast compositional space.

Furthermore, a comparative analysis of the differences between
strategies aimed at enhancing catalyst stability and those aimed at
improving activity was conducted, the results of which are
presented in Table 3. According to Table 3, it can be concluded
that activity enhancement strategies are focused primarily on
improving the intrinsic reactivity of the active sites and the
accessibility of the reactants. Specifically, by optimizing electronic
structures (such as d-band center modulation and multielement
synergy) and accelerating reaction kinetics (such as employing
ultrasmall nanoparticles and constructing porous frameworks),
these approaches aim to improve intermediate adsorption and
maximize the exposure of active sites. In contrast, stability
enhancement focuses on suppressing the degradation pathways of
catalysts, including aggregation, leaching, and phase
transformation.

4 Stability optimization

In addition to exhibiting high catalytic activity, stability is a critical
parameter for heterogeneous catalysts, particularly in industrial
applications [218,219]. HEMs generally exhibit exceptional
stability, attributed to the high-entropy effect combined with
synergistic interactions [95]. In contrast, commonly employed
noble-metal-based catalysts, such as those derived from Pt, Au,
and Ru, often exhibit inferior stability under catalytic conditions,
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Table3 Comparative analysis of optimization strategies for determining catalytic activity and stability of HEMs

Strategy

Activity enhancement mechanism

Stability enhancement mechanism

Composition regulation
Strain engineering

Defect engineering

Morphology control atomic utilization

S t int ti L. .
upport interaction transfer and redistribution

Computational prediction

Coordinated optimization of multiple active sites

Regulating the adsorption strength of intermediates

Increasing the exposure of active sites and enhancing
Enhancing electrical conductivity and optimizing charge

Exploring optimal composition

High-entropy effect suppresses phase separation

Heterogeneous interfaces

Increasing active sites and optimizing charge transfer —

Preventing particle agglomeration

Strong interface anchoring to prevent particle detachment

significantly restricting their industrial viability [220]. For
example, Pt NPs frequently aggregate during the OER due to
Ostwald ripening, resulting in a gradual decline in catalytic
performance during extended operation [115]. Furthermore, in Pt-
based binary or ternary alloys, the constituent metals are prone to
leaching into the reaction medium, potentially compromising the
structural integrity of the catalysts [98].

While the structural stability of HEMs is governed by the Gibbs
energy of mixing, as described by Eq. (3). The high level of
disorder existing in the distribution of elements maximizes
entropy and maintains the materials in a stable state [221]. To
further improve the stability of HEM catalysts, many strategies,
such as conductive carrier loading, d-band center adjustment, size
control, and element regulation, have been proposed. Recently,
Gao et al. [222] prepared ultrasmall and highly distributed
FeCoPdIrPt HEA-NPs on graphene oxide granular supports. The
stability of the FeCoPdIrPt@GO catalyst was markedly enhanced
because of the entropic stabilization, which produced a
thermodynamically stable state and prevented the HEA-NPs from
degrading. Zhang et al. [144] successfully synthesized a Pd-based
HEA, specifically PdFeCoNiCu NPs, via the oil-phase method at
relatively low temperatures (< 250 °C). The resulting nanoparticles
had a small average size of approximately 34 nm, making them
effective for the alkaline HER. Notably, when combined with
carbon black, the PdFeCoNiCu/C electrocatalyst exhibited
remarkable stability, maintaining its electroactivity even after
continuous testing for half a month, and its structure was
effectively preserved. DFT calculations indicate that Fe maintains
considerable electrical activity throughout the HER process by
promoting d-d electron coupling and compensating for electron
deficiencies at Co sites. Moreover, Cu, as an electron-rich species,
facilitates general electron transfer between metal sites. The
stabilization of the electroactive Co sites is beneficial for water
splitting, whereas neighboring Ni sites further stabilize *OH
intermediates during the reaction.

Abdelhafiz et al. [148] investigated ternary to secondary HEO
catalysts (converted from HEAs) deposited on carbon fiber
substrates (Fig. 8(a)). The XRD patterns of a FeNiCoCr HEO after
OER testing (Fig. 8(b)) reveal the emergence of new peaks and
variations in the peak intensity ratio, indicating the presence of
oxyhydroxide and carbide phases in addition to the original spinel
phase and suggesting that the interfacial reconstruction of carbon
atoms between the FeNiCoCr HEO nanoparticles and the carbon
fiber substrate under reaction conditions facilitates the formation
of carbide phases. Consequently, owing to the strong carbide-
mediated intimate relationship between the HEO particles and the
carbon substrate, the catalyst nanoparticles are mechanically
stable. This is consistent with previous work that has shown high
stability during the OER for single-atom catalysts on carbide
supports [223].

To assess the stability of their electrocatalyst relative to recently

https://doi.org/10.26599/JAC.2025.9221152

reported counterparts, Kwon et al. [130] utilized the stability
number (S-number), a standardized parameter for evaluating
catalyst stability. The S-number, which represents the ratio of the
generated gaseous product to the amount of dissolved catalyst,
serves as an indicator of active site durability. As shown in Fig. 8(c),
ZnNiColrMn results in significantly greater S-numbers for both
the HER and OER when contrasted with ternary, quaternary, and
other quinary systems, such as ZnNiColrFe. The remarkable
stability can be ascribed to the high-entropy stabilization effect,
which is fundamentally dictated by the thermodynamic principle
AG = AH,;, — TAS,,,. The inherent lattice distortion, arising
from variations in the lattice parameters of the constituent
elements, leads to a sluggish diffusion phenomenon that mitigates
element dissolution and improves stability. Moreover, the stability
of the ZnNiColrMn HEA is strongly influenced by the specific
alloying elements. For example, Mn incorporation results in
superior stability compared with Fe incorporation in quinary
HEAs, as evidenced in Fig. 8(d). This can be attributed to the fact
that Mn has greater cohesive energy than Fe, which suppresses
element dissolution (Fig. 8(e)). The dissolution of Ir, which has a
high cohesive energy, is significantly affected by the adsorption
energy of the oxygen species (AEg). Metals with a higher AE,, are
prone to forming thicker oxide layers during adsorption,
generating uncoordinated metal sites upon desorption, thereby
accelerating the dissolution of metallic species. The integration of
Mn into the ZnNiColrMn alloy addresses this challenge by
effectively suppressing the AE at the Ir sites. This suppression of
Ir dissolution during the adsorption and desorption of oxygen
intermediates underscores the critical role of Mn in enhancing
stability [130].

In conclusion, the choice of appropriate HEM composition and
support materials is imperative for achieving high stability and
hence for the practical application of HEMs.

5 Conclusions and perspectives

HEMs have gained prominence as innovative catalysts for water
electrolysis, offering unparalleled versatility in their compositions
and structures, leading to catalysts with inherently high catalytic
activity and exceptional stability. This paper focuses on design
strategies aimed at developing high-performance and stable
electrochemical HEMs for water splitting. Catalyst design
strategies for improving HEM performance, such as component
regulation, the introduction of defects, strain engineering,
morphological engineering, and the use of conductive carrier
supports, have been reviewed, alongside the role of computational
methods in predicting optimal compositions. A comparison of
different strategies for optimizing HEM catalysts is shown in
Table 4.

Despite the achievements to date in HEM catalysis and
successful improvement through various optimization strategies,
there are still limitations and challenges. On one hand, HEMs
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possess intrinsic complexity due to their extensive compositional
diversity and randomly mixed multielement structures, making
their understanding and rational design extremely challenging. On
the other hand, the targeted reactions are typically intricate and
involve numerous intermediates and multiple reaction pathways.
Consequently, research into HEM electrocatalysts for driving the
HER and OER remains in its early stages, presenting both
significant opportunities and considerable challenges, as shown in
Fig. 9:

(1) Rational element selection. The selection of elements is
initially informed by their intrinsic activity in specific catalytic
processes. Subsequent optimization can then be achieved by
tailoring the electronic structure of the HEMs, including adjusting
the d-band center and charge transfer characteristics. By tuning
the elemental composition and concentration, it is possible to
modulate the d-band center, thereby influencing the catalytic
activity. Additionally, electron transfer between distinct elements
induces surface charge redistribution, which subsequently governs
the adsorption behavior of reactants and intermediates at the
active sites. In addition, element selection is also important
because it governs the amount of lattice strain. This is primarily
due to the differences in the atomic radii, electronegativity, and
bonding characteristics between the chosen elements. When
elements with significantly different atomic sizes are introduced
into a crystal lattice, they can cause local distortions and strain, as
the lattice adjusts to accommodate the size mismatch. Optimal
element combinations balance lattice distortion, chemical
compatibility, and synergistic effects to achieve enhanced catalytic
activity and stability. Thus, strategic element selection is vital for
enhancing the performance of HEMs. Furthermore, it is essential
to evaluate the compatibility of elements, with particular emphasis
on the feasibility of forming a homogeneous single-phase solid
solution or compound under defined conditions. Through the
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systematic analysis of physical and chemical parameters, such as
the atomic radii, electronegativities, and valence electron
configurations, as well as the mixing enthalpy and entropy, it
becomes possible to predict the optimal element combinations.
This approach provides a robust foundation for strategic material
design.

(2) Advanced characterization techniques. A comprehensive
grasp of the complex connection between the structure and
catalytic performance of HEMs is essential for advancing highly
efficient catalysts. This relationship is further obscured by the
inherent complexity of redox processes, necessitating the use of
advanced high-resolution in situ characterization techniques.
These methods are invaluable for tracking structural evolution
and elucidating reaction mechanisms. In particular, in situ
techniques enable the evaluation of the stability and dynamic
monitoring of interface evolution. By integrating multiple
characterization approaches, particularly in situ methods, surfaces
and interfaces, and their evolution during reactions can be
comprehensively analyzed in terms of morphology, composition,
structure, and chemical environment, revealing both surface active
sites and structural features. Consequently, the advancement of
more sophisticated in situ approaches is indispensable for
unraveling the behavior of HEM catalysts during electrocatalytic
processes.

(3) Indispensable theoretical and computational techniques.
HEMs have gained recognition as potential candidates for efficient
electrocatalysis, driving intensive research efforts to identify active
centers and optimal compositions. Theoretical modeling has
proven to be invaluable for probing the electronic properties of
catalysts, alongside elucidating reaction intermediates and
mechanisms. With advances in computational methods,
simulation and modeling tools are increasingly being utilized to
predict the structure formation rules and attributes of HEMs, thus
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Table4 Comparison of different strategies for optimizing HEM catalysts
Material Op Sttl;ggg;wn Advantage Disadvantage Ref.
Composition Regulating the atomic arrangement with a
Pt;,Fe;Ni, Cuz; MogRu e Lrl)lation Nanocrystals with high-index facets chemically ordered distribution and optimizing [140]
8 structural site-isolation effects
FeCoNiCu Porous morphology offers an effective surface Controlling ligament size length and mesopore
area and accelerates charge transport dynamics diameters [136]
M The hollow active sites allow for the fast charge _— .
. orphology o Considering agglomeration phenomenon and
FeCoNiRu transfer and mitigate the growth of . > .
control nanoparticles ensuring the integrity of carbon skeleton (137]
NiCoFePtRh Ultrasmall nanostructure can afford ultrahigh Being difficult to control synthesis of ultrafine
atom utilization HEA NPs without separate phases [195]
The incorporation of anions into transition
P-Ni;CosoFe;oCryoAl s W, P doping-induced lattice strain metals typically results in the creation of their ~ [131]
Dobi compounds
opin,
pig Optimizing the mole fraction of V in
V,CuCoNiFeMn The V incorporation can increase active sites ~ CuCoNiFeMn HEA within an appropriate [152]
range
ZnNiColrMn Electronic d-band center downshifting weakens Preventing elements dissolution into corrosive [130]
structure adsorption energy solutions
FeCoNiMnRu The electronegativity differences induce charge  Accurately identifying active centers and [128]
. redistribution activity origins
Electronegativity The local electron interact Tl
difference e local electron interaction among multiple . . . .
FeCoNiCuMn metal sites caused by electronegativity Excesswelmj 1nsufgc1e1_1t mplecujfr adsorption [108]
differences can result in a reduction in catalytic activity
Optimizing atomic confieuration and Focusing on strategies to optimize surface
(FeCoNiB, ;5)q;Pt5 Defects P g g ] defects in materials for enhanced [182]
modulating electronic interaction .
electrocatalytic performance
FeCoNiCrCu Determining the optimal combination Considering compositional information rather [132]
through active learning calculation than the alloy production process
Al .CoCrFeNi Theoretical Studying the correlation between the elastic ~ Being difficult to construct subminiature cell
03 prediction properties and lattice distortion models [219]
PdMoGalnNi Determining the optimal combination via The alloying strategy remains restricted by [148]
computer-facilitated screening conventional synthesis techniques
PAPRAIrR/N-C Carrier supports  Lromoting the optimization of the electronic ~ Adjustment of the electronic state of metal [210]
PP states of metal centers
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guiding efficient exploration of the vast HEM compositional
space. Innovative computational techniques, including DFT,
molecular dynamics, machine learning, and neural networks, have
significantly advanced the identification and evaluation of active
sites and expedited insights into adsorption energy modulation as
a function of HEM composition and structure. Consequently, an
integrative strategy that fuses theoretical modeling with
experimental validation is crucial for driving the continued
progress of HEM electrocatalysts.

(4) Extension of applications. While research into HEM
catalysts is still at an early stage, they hold tremendous potential
across a broad array of applications, including not only
electrocatalytic water splitting, which has been the focus of this
review, but also electrocatalysis of other reactions, as well as
photocatalysis, thermal catalysis, supercapacitors, energy storage,
and batteries. The unique structural characteristics and vast
compositional versatility of HEMs offer opportunities to advance
all of these applications. Future research should focus on
designing novel compositions and structures tailored to each
specific application, alongside improving the fundamental
understanding of how HEMs function. Such efforts will be critical
for unlocking their superior performance across a wide range of
fields. Interdisciplinary approaches—such as integrating HEMs
with photoelectrochemical systems or employing atomic layer
deposition (ALD) for precise surface engineering—will be
essential to overcome existing challenges. Furthermore, the
concept of HEMs has broadened to encompass a diverse array of
systems, such as high-entropy metal organic frameworks,
MXenes, oxides (e.g., perovskites and spinels), fluorides, borides,
phosphides, and nitrides. While these materials hold significant
potential across diverse fields, their role in emerging applications
(e.g, CO, reduction and biomass valorization) merits focused
exploration. Further research is needed to explore their
applications and capabilities.
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