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A B S T R A C T

High-entropy alloys (HEAs), which are characterized by the inclusion of five or more elements in nearly 
equiatomic configurations, have garnered increasing attention due to their distinct characteristics, including 
exceptional physical strength, superior corrosion resistance, outstanding microhardness, and long-lasting dura
bility. The existence of multi-constituent elements in HEAs opens up unique possibilities for the development of 
compatible and innovative electrocatalytic active sites. Through careful selection of elements in terms of their 
combination and proportions, these electrocatalytic active sites demonstrate the potential of fine-tuning for 
numerous technical goals. Current studies have demonstrated the promising activities of HEAs into electro
catalytic areas. However, further enhancements in their activity explore interactions among component elements 
and require a deeper understanding of electrocatalytic active sites, as well as a deeper comprehension of the 
underlying electrocatalytic mechanisms. This review aims to provide an analysis of the four core characteristics 
(the high-entropy effect, the severe lattice distortion effect, the sluggish diffusion effect, and the cocktail effect) 
associated with electrocatalysts based on HEAs. Additionally, we delve into the various applications of HEAs 
related to electrochemical energy transformation reactions, which encompass both the hydrogen evolution and 
oxygen evolution reactions. The purpose of the review is to unravel the inherent complexities associated with 
electrocatalytic active sites, the interactions among component elements, and the mechanisms governing re
actions in HEAs. Lastly, we highlight the urgent challenges and stress the importance of theoretical and exper
imental research, along with the underlying raison d’être of HEAs in electrocatalysis for supplying future energy 
needs. It is our expectation that this review will inspire additional investigation and advancement of HEAs in 
relevant electrocatalysis applications, particularly in the context of water splitting processes.

1. Introduction

The increasing global requirements for fossil fuels as populations 
increase globally, has given rise to profound climate and environmental 
challenges [1,2]. In response, there is a growing emphasis on 
researching eco-based technologies that aim for sustainable, 
eco-friendly energy sources [3,4]. A significant portion of recent 
investigation is dedicated to advancing electrochemical approaches 
related to water, which play a crucial role in efficiently harnessing and 
storing regenerative energy [5–7]. The effectiveness of these methods 
hinges on electrocatalytic water splitting, including the hydrogen evo
lution reaction (HER) and the oxygen evolution reaction (OER). 

Nevertheless, the widespread application of precious metals and their 
derivatives in these processes is hindered in terms of their relatively 
minor natural abundance, limited commercial availability, and huge 
economic cost [8–10]. Furthermore, operating instability in severe sit
uations could cause some issues such as agglomeration, dissolution, and 
undesirable hazard tolerance based on precious electrocatalytic mate
rials [11–13]. Hence, there is a pressing need to conceive and engineer 
affordable transition metal electrocatalysts that are outstanding in their 
effectiveness, naturally abundant, and economically viable, with the aim 
of comparing with or even surpassing the electrocatalytic activities of 
the known precious metal based rivals (see Table 1).

Alloys that are composed of both precious and non-precious metals 
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form an important category of uniform electrocatalysts as they demon
strate excellent durability, various and beneficial selectivities, as well as 
enhanced electrocatalytic performances compared to that exhibited by 
materials composed of only single metals. This improvement could be 
ascribed to the synergistic effects and alterations in d-band centre po
sitions resulting from the alloying process [14–17]. Alloying introduces 
various changes in the thermal and physical features of the metal 
compositions, with electrocatalytic efficacy primarily influenced 
collectively by strain, ensemble, and ligand effects [18,19]. The classi
fication of these alloys is associated with the number of compositions, 
ranging from binary and ternary to quaternary and high-entropy alloys. 
Despite their potential, the development of traditional alloy electro
catalysts faces diverse significant challenges. This is because the phase 
diagrams of bimetallic alloys often exhibit substantial immiscibility gaps 
which restricts the adjustment of component mole ratios and 
well-optimised electrocatalytic performance [20–22]. Additionally, the 
inadequate corrosion resistance of the majority of transition metals 
presents massive barriers for actual realisation of practical use under 
both alkaline and acidic conditions [23,24].

High-entropy alloys (HEAs) typically consist of five or more elements 
associated with varying atomic ratios, exhibiting an unsorted nano
structure that imparts superior properties compared to conventional 
alloys [25–27]. Primarily, HEAs demonstrate exceptional physical and 
thermal attributes, including excellent durability, heightened strength, 
and considerable corrosion resistance, which enables them to be highly 
useful as functional materials [28–33]. The distinctive features of HEAs 
can be attributed to four core effects: the high-entropy effect, the severe 
lattice distortion effect, the sluggish diffusion effect, and the cocktail 
effect [34]. The high-entropy effect is central to HEAs, resulting from the 

inclusion of multiple near-equimolar compositions. This results in the 
formation of a simple solid solution (SS) phase such as body-centred 
cubic (BCC), face-centred cubic (FCC), and hexagonal close-packed 
(HCP) phases instead of intermetallic components [27,35,36]. This en
hances microstructural stability and configurational entropy [37]. The 
presence of numerous primary elements triggers sluggish diffusion rates, 
facilitating the straightforward formation of nanoprecipitates. This 
property is particularly crucial for applications in energy preservation 
and transformation [38–40]. In addition, the lattice distortion in HEAs 
contributes to the creation of strains and defects, known to significantly 
boost the electrocatalytic performance of alloys. Consequently, this 
aspect makes high-entropy alloys promising candidates for electro
catalysis applications. The cocktail effect of high-entropy alloys high
lights their potential as electrocatalysts, where the synergistic 
interactions among the various compositional elements led to favour
able activities as sustainable materials in electrochemical applications. 
This is ascribed to their diverse components, stabilized nature, and su
perior electrocatalytic capabilities of HEAs, positioning them as prom
ising materials for future applications in electrocatalysis [41,42].

As stated earlier it is the intention of this review to provide a 
comprehensive overview of recent advances in the electrocatalytic ap
plications of high-entropy alloys. We will start by delving into the four 
core characteristics defining these alloys. Subsequently, an exposition of 
the mechanistic understandings gleaned and the reported electro
catalytic activities of the recent breakthroughs regarding HEAs elec
trocatalysis will be covered. These will encompass both the HER and 
OER processes. Our discussion involves the impact of the element syn
ergy inherent and multiple active site nature in HEAs on electrocatalytic 
performance, elucidated via both experimental evidence and through 

Table 1 
Summary of electrochemical activities for HEAs and other state-of-the-art catalysts under diverse conditions.

Reaction type Electrode material Electrocatalyst 
structure

Electrolyte Activity Stability Ref.

HER FeCoPdIrPt@GO Nanoparticles 1.0 M KOH η10 = 42 mV 150 h at 10 mA cm− 2 [65]
PdFeCoNiCu NPs Nanoparticles 1.0 M KOH η10 = 18 mV 15 h at 10 mA cm− 2 [67]
FeCoNiMnRu/CNFs Nanoparticles 1.0 M KOH η100 = 71 mV 600 h at 1.0 A cm− 2 [68]
CuAlNiMoFe Porous bulk 1.0 M KOH η100 = ~56 mV 200 h at 50 mA cm− 2 [70]
NiFeCoCuTi Porous bulk 1.0 M KOH η1000 = ~134 mV 240 h at 50 mA cm− 2 [71]
FeCoNiCuMn HEA/CNF Nanoparticles 1.0 M KOH η100 = 281 mV 20 h at 170 mA cm− 2 [110]
RuRhPdAgOsIrPtAu NPs Nanoparticles 0.15 M H2SO4 η10 = ~60 mV – [111]
PdMoGaInNi Nanosheets 0.5 M H2SO4 η10 = 13 mV 12 h at 10 mA cm− 2 [112]
NiFeMoCoCr Bulk 0.5 M H2SO4 

1.0 M KOH
η100 = 281 mV 
η10 = 172 mV

~8 h at 100 mA cm− 2 

–
[113]

FeCoNiMnRu HEA/CNF Nanoparticles 1.0 M KOH η10 = 37 mV 36 h at 100 mA cm− 2 [114]
RuNi/ZrNiNx Bulk 1.0 M KOH η2000 = 392.8 mV 1000 h at 500 mA cm− 2 [115]
Co(OH)2@Co2Mo3O8 Bulk 1.0 M KOH η10 = 85 mV 30 d at 100 mA cm− 2 [116]
NiCoFeMnCrP Nanoparticles 1.0 M KOH η10 = 220 mV 24 h at 220 mA cm− 2 [117]
(MoWVNbTa)C Nanoparticles 0.5 M H2SO4 η10 = 156 mV 48 h at 225 mA cm− 2 [118]
(Fe0.27Ni0.35Co0.24Cr0.10Mn0.04)2O3- 

δ

Nanoparticles 1.0 M KOH η10 = 60 mV 20 h at 10 mA cm− 2 [119]

CoZnCdCuMnS@CF Nanoarrays 1.0 M KOH η10 = 173 mV 70 h at 10 mA cm− 2 [120]

OER AlNiCoIrMo Porous bulk 0.5 M H2SO4 η10 = 233 mV 7000 cycles [98]
FeCoNiIrRu/CNFs Nanoparticles 0.5 M H2SO4 η10 = 241 mV 14 h at 10 mA cm− 2 [100]
FeCoNiRu Nanoparticles 1.0 M KOH η10 = 243 mV 40 h at 10 mA cm− 2 [101]
np-AlNiFeCoMo Porous bulk 1.0 M KOH η10 = ~243 mV 40 h at 10/20 mA cm− 2 [104]
MnFeCoNiCu@NPC/CC Nanoparticles 1.0 M KOH η10 = 263 mV 24 h at 10 mA cm− 2 [106]
FeNiMnCrCu Bulk 1.0 M NaOH η 40 = 466 mV 10 h at 438 mV [107]
CrMnFeCoNi HEA/NF Bulk 1.0 M NaOH η10 = ~280 mV 300 h at 10 mA cm− 2 + 60 h at 100 mA cm− 2 [109]
FeCoNiMnW/CP Bulk 0.5 M H2SO4 η10 = 512 mV 60 h at 50 mA cm− 2 [121]
FeNiMoCrAl Thin film 1.0 M KOH η10 = 220 mV 50 h at 10 mA cm− 2 + 50 h at 100 mA cm− 2 [122]
CoCrFeNiMo Porous bulk 1.0 M KOH η 10 = 440 mV 24 h at 100 mA cm− 2 [123]
CoFeGaNiZn Nanoparticles 1.0 M KOH η10 = 370 mV 10 h at 10 mA cm− 2 [124]
Ni0.24Co0.23Cu0.24Fe0.15Cr0.14/CP Nanoparticles 1.0 M KOH η10 = 232 mV 50 h at 10 mA cm− 2 [125]
MoZnFeCoNi Porous bulk 1.0 M KOH η10 = 221 mV 1500 h at 100 mA cm− 2 [126]
NixFe1-xS2 Bulk 1.0 M KOH η10 = 120 mV 550 h at 1.0 A cm− 2 [127]
Zn–NiOOH Subnanowires 1.0 M KOH η10 = 179 mV 800 h at 200 mA cm− 2 [128]
NiCoFeMnInS Nanocrystals 1.0 M KOH η10 = 313 mV 2200 cycles [129]
(CuNiFeCoZnMnMg)F2 Bulk 1.0 M KOH η10 = 292 mV 6 h at 10 mA cm− 2 + 6 h at 50 mA cm− 2 [130]
CoFeCuMn–CNO Porousnanocube 1.0 M KOH η10 = 328 mV 72 h at 400 mV [131]
(Y0.2Ho0.2Dy0.2Gd0.2Pr0.2)2Ru2O7 Bulk 0.5 M H2SO4 η10 = 200 mV 50 h at 10 mA cm− 2 [132]
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theoretical simulations. Last but not least, we highlight the persistent 
issues and the future potential in the evolution of HEA electrocatalysts 
for energy storage and electrochemical transformations. The review, it is 
hoped, will serve readers working in this area as an inspiration for the 
field which will aid in the selection of elements and assist the design 
strategy of HEAs tailored for particular reactions. Furthermore, it pro
vides insights into the optimization of HEA compositions to amplify 
their intrinsic performance.

2. Properties of high-entropy alloys

The significance of high-entropy alloys lies in their strong influence 
on microstructure and properties, as highlighted by the four funda
mental effects introduced in a 2006 publication [34]. These effects 
encompass the high-entropy effect, governing thermodynamic aspects, 
the sluggish diffusion effect dictating kinetic phenomena, the severe 
lattice distortion effect (shaping the structural characteristics), and the 
cocktail effect which underpin the diverse array of properties. Fig. 1
illustrates the interplay of these four core effects, so elucidating their 
impact on the field of physical metallurgy in the context of HEAs [43,
44]. The consideration of high-entropy effects is crucial when assessing 
the free energies of various states in order to establish both the micro
structure and equilibrium structure, as well as to comprehend the 
driving forces leading to the state of equilibrium. Additionally, the 
presence of sluggish diffusion has a significant impact on the rates of 
growth and nucleation during phase transformations. Severe lattice 
distortion has a profound impact on both the mechanical and physical 
properties of materials. This distortion significantly influences charac
teristics such as strength, sensitivity to strain rate, and ductility, while 
also exerting a notable effect on properties like electrical resistivity and 
magnetism. Consequently, these alterations disrupt the established in
terconnections among these properties, microstructure, and applica
tions. Furthermore, this lattice distortion exerts its influence on critical 
thermodynamic and kinetic factors including strain energy, diffusion, 
mixing enthalpy, recovery tendencies, and lattice potential energy. The 
“cocktail effect” represents the holistic influence on material properties, 
encompassing a combination of factors including composition, struc
ture, and microstructure. In addition to adhering to the mixture rule 
dictated by composition, this effect is amplified by the interplay be
tween constituent elements, lattice distortions, and phase distribution, 

which collectively contribute an excess amount to each property. While 
it is worth noting that external variables like temperature, stress, and 
strain rate encountered during processing or field applications can also 
impact the microstructure, crystal structure, and properties, it remains 
that these four fundamental effects still maintain firmly at the core.

3. Electrocatalytic applications of high-entropy alloys (HEAs)

HEAs possess distinctive physical and chemical characteristics that 
render them appealing for use in electrocatalytic applications. The 
diverse composition within HEAs facilitates the customization to adjust 
surface nanostructure, creating electrocatalytic reaction sites that in
fluences the chemical adsorption energy of intermediates and reactants. 
This, in turn, leads to enhanced electrocatalytic activities. Furthermore, 
the enduring durability conferred by the sluggish diffusion effect and 
high-entropy effect within HEAs makes them well-suited for various 
applications. This section delves into the potential uses for HEAs in 
electrocatalytic water splitting process including the hydrogen evolu
tion reaction (HER) and oxygen evolution reaction (OER). The discus
sion aims to provide design strategies and to highlight recent 
advancements in water-splitting research for HEAs.

3.1. High-entropy alloys (HEAs) for the hydrogen evolution reaction 
(HER)

3.1.1. Introduction to the HER
The HER concerns two-electron transfer processes taking place above 

the surface of electrocatalysts, which can manifest via the Volmer-Tafel 
or Volmer-Heyrovsky mechanisms [47,48]. The binding affinity of cat
alytic reaction species holds pivotal importance in dictating electro
catalytic performances of the HER process. The Tafel slope, as 
determined via linear sweep voltammetry (LSV), determines the po
tential speed-controlling step [49,50]. The reaction pathway of the HER 
process exhibits variability determined by the pH value of the solution 
(Fig. 2) [51]. Under acidic conditions, the process begins with the for
mation of H* intermediates from proton donation by the acidic aqueous 
electrolyte. The prevalence of hydronium ions (H3O+), substantially 
enhances the rate of proton transfer, thereby fostering rapid electro
catalytic kinetics [52,53]. Hence, the Gibbs free energy associated with 
hydrogen adsorption (ΔGH*) emerges as a crucial criterion governing the 

Fig. 1. The scheme of physical metallurgy and the influence from the four core effects. Solid arrows show that the effect is direct while dashed arrows represent that 
the effect is an indirect one [45,46]. Copyright 2024 Nature Publishing Group.
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efficacy of reaction of the HER process in an acidic medium [54]. 
Conversely, in alkaline electrolytes, HER progresses via the Volmer 
stage, which involves the dissociation of water, the generation of active 
hydrogen intermediates, as well as subsequent Tafel or Heyrovsky 
reorganization stage [55,56]. Contributors such as H* intermediates 
adsorption on the electrocatalyst surface, kinetic obstacles during water 
dissociation, and the aggregation of OH* intermediate adsorption pre
dominantly dictate the HER performance under alkaline conditions. The 
relevant reaction equations are listed below:

Overall reaction: 

2H2O → 2H2 + O2 (1a) 

Cathode reaction under acidic situations: 

2H+ +2e− →H2 (2) 

HER mechanism under acidic situations: 

Volmer step : H3O+ + e− →Had + H2O (3) 

Heyrovsky step : H3O+ + e− + Had→H2O + H2(g) (4) 

Tafel step : 2Had→H2(g) (5a) 

Cathode reaction under alkaline situations: 

2H2O+2e− → H2 + 2OH− (6) 

HER mechanism under alkaline situations: 

Volmer step : H2O + e− →Had + OH− (7) 

Heyrovsky step : H2O + e− + Had→OH− + H2(g) (8) 

Tafel step : 2Had→H2(g) (5b) 

While electrocatalysts based on Pt exhibit superior efficiency in the 
HER process, the prohibitive expense of Pt poses sustainability and 
economic viability challenges [57]. A promising technique lies in the 
doping of noble metal alloys comprising Ir, Pd, Ru, and Pt in conjunction 
with non-precious metals [58]. The advent of HEAs provides a pro
spective and facile pathway to crafting alloy electrocatalysts based on 
noble metals featuring reduced proportions of the precious elements. 
This approach holds potential for facilitating application effectiveness, 
curtailing costs, and concurrently upholding, if not enhancing, the su
perior electrocatalytic durability and activity characteristics compared 
to just using the pure Pt catalysts alone.

3.1.2. Design strategy for better HER electrocatalysts
The HER process involves both proton (H+) and hydroxide (OH− ) 

intermediates, and with the aim of enhancing electrocatalytic perfor
mance, can be accomplished by tailoring catalytic active sites on sub
strates to favour one species over the other. Improving the 
thermodynamic properties of the reaction is achievable via lowering the 
activation energies for hydrolysis, and improving the catalysis kinetics 
requires a favouring of the particular adsorption process of the H atom 
on the surface of electrodes. Conversely, in the hydrolysis reaction, OH 
adsorption can also compete strongly with the adsorption of H* at an 
individual electrocatalytic active site, thereby diminishing the release of 
H2 [48,59]. Moreover, it is challenging to establish or control the bal
ance of adsorption of H*, OH*, as well as other reaction species at an 
individual electrocatalytic active site. To address the competition be
tween H* and OH* species at electrocatalytic active sites in the HER, 
some strategies have been suggested to design these active sites with 
distinct functionalities [60–62]. These strategies can modify single cat
alytic species and regulate the d-band centre of the H* binding active site 
via optimizing multi-compositional metal choices. Incorporating 
precious metals into non-precious metals has already been demonstrated 
to strengthen HER activity. The fundamental technique for enhancing 
the performance of HER electrocatalysts involves achieving an optimal 
balance of water dissociation and hydrogen adsorption processes on the 
surfaces of the electrocatalysts [63,64]. HEAs, characterized by tunable 
constitutions with multiple components, provide a promising pathway 
which could be broadly applied with numerous metal elements under 
specific ratios to modulate reaction species adsorption on electro
catalytic active sites, thereby enhancing electrocatalytic performance 
while decreasing cost.

3.1.3. Precious-metal based HEAs for the HER
The incorporation of Pt alongside other metal elements into HEAs 

gives enhanced electrocatalytic efficacy for the HER process in terms of 
the synergistic interplay amongst the multiple metal constituents. This 
methodology provides for the application of minimal quantities of 
precious Pt but at the same time upholding or even elevating electro
catalytic durability and efficiency of the electrocatalyst. This hence 
leads to greater effectiveness and reduced expense. Gao and colleagues 
have illustrated the promise of nano-structural HEAs based on Pt as very 
useful electrocatalysts during the HER process [65]. Through the 
fast-moving bed pyrolysis (FMBP) process, they were able to make a 
series of multi-compositional HEAs for the purpose of investigating the 
electrocatalytic behaviours of various HEAs (Fig. 3a). Specifically in 

Fig. 2. Mechanism of hydrogen evolution reaction on the surface of an electrode in acidic (left) and alkaline (right) solutions [51]. Copyright 2020 American 
Chemical Society.
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their systems studied, the quinary FeCoPdIrPt HEA nanoparticles 
(HEA-NPs) displayed very promising activities with a mass activity of 26 
times greater than that observed industrial Pt/C, as well as very good 
catalyst stability lasting longer than 150 h (Fig. 3b and c). This exem
plifies the advantages emanating from the component synergistic 
interaction within HEAs, highlighting their promise in advancing elec
trocatalytic technologies. The investigation also revealed the potential 

for finely tuning the ΔGH* of HEAs through the incorporation of Ir and 
Co metals, while Pd played a pivotal role in influencing the hydrogen 
binding energy (HBE) above its surface. Moreover, the presence of Fe, Pd 
and Co metals was observed to diminish the anti-bonding energy of 
elemental Pt, consequently promoting the desorption reaction of H* 
intermediates and the subsequent production of H2. Furthermore, Feng 
et al. fabricated minimal sub-2 nm FeCoNiRhPt HEA nanoparticles and 

Fig. 3. (a) Schematic diagram of the FMBP experimental setup for synthesis of HEA-NPs. (b) The activities toward HER of the prepared FeCoPdIrPt, Pt/C, and pure 
CP through the FMBP strategy allows electrodes. Linear sweep voltammetry (LSV) curves were conducted to evaluate the activity toward HER at a scan rate of 5 mV 
s− 1 with iR correction. (c) Chronopotentiometry curve for FeCoPdIrPt. Reprinted with permission from Ref. [65]. N.B. In this copyrighted image, it should be noted 
that “precursors” has been misspelt and is written as “precusors”. Copyright 2020 Nature Publishing Group.

Fig. 4. (a) Representative high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of ultrasmall (around 1.68 nm) FeCo
NiRhPt ultra small high-entropy alloy (us-HEA) nanoparticles (NPs). (b) HER polarization curves of us-HEA/C, the precursor, Ketjen-black carbon (C), commercial 
Rh/C, and commercial Pt/C electrocatalysts in 0.5 M H2SO4 solution. (c) Quantitative comparisons of the mass activities of us-HEA/C, commercial Rh/C, and 
commercial Pt/C at different potentials. (d) Calculated hydrogen-adsorption free energy (ΔGH*) profiles for three representative sites on the us-HEA (111) surface and 
Pt site on pure Pt (111) surface at monolayer hydrogen coverage (θH* = 1). Reprinted with permission from Ref. [66]. Copyright 2021 American Chemical Society.
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also suggested the remarkable electrocatalytic efficiency in the HER 
process under 0.5 M H2SO4 solution (Fig. 4a–b) [66]. These fabricated 
nanoparticles exhibited an exceptionally superior mass activity with the 
value of around 28.2 A mg− 1 under − 0.05 V, surpassing the performance 
of industrial Pt/C electrocatalysts by 40.4 times (Fig. 4c). Experimental 
observations showed that Pt and Rh served as the principal electro
catalytic active sites, with Co, Ni, and Fe productively optimizing the 
electronic configurations of Rh and Pt elements, ultimately increasing 
the system’s overall entropy (Fig. 4d). These investigations underscore 
the potential of HEA nanoparticles to be effective and efficient HER 
electrocatalysts, which leverage the synergistic interplay between the 
diverse constituents.

Likewise, the nanoparticle HEAs based on Pt are garnering research 
attention for their remarkable catalytic abilities in the HER process. A 
recent study demonstrated that PdFeCoNiCu HEA nanoparticles fabri
cated via a one-pot method could reveal the relevant reaction mecha
nisms associated with the exceptional HER activities (Fig. 5a) [67]. 
Notably, surface-activated bonding and anti-bonding orbitals near the 
Fermi level predominantly cluster around the Ni and Co sites, suggesting 
their significance as electrocatalytic active sites of relevance for the 
main stage of water splitting during the HER process. The Projected 
Density of States (PDOS) analysis reveals charge-abundant characteris
tics at the Cu and Pd sites (Fig. 5b), whereas superior electrical perfor
mances are observed at the Co and Ni sites. Additionally, Pd facilitates 
proton adsorption activity crucial for the HER process, while Co majorly 
functions as the centre for an electron sink, enabling water adsorption 
and subsequent dissociation (Fig. 5c–d). The proximity of Ni contributes 
to stabilizing hydroxide ions (OH− ) in water splitting and aids in proton 
capture at Pd positions, promoting hydrogen gas production. Fe plays a 
significant role in compensating for charge deficits into adjacent Co 
sites, ensuring sustained excellent performances throughout the HER 
process. Lastly, the charge-abundant nature of Cu facilitates efficient 
electron delivery among the diverse transition metal active sites. The 
exceptional HER activity displayed is ascribed to the finely tuned elec
tronic structures and synergistic relationships in quinary HEA materials, 
highlighting the significance of their favourable interplay.

Research findings indicate that HEAs based on elemental Ru have 
demonstrated good efficiency in the HER process. Hao et al.’s 

investigation revealed that within FeCoNiMnRu nanoparticles, Co sites 
exhibit the highest activity for water splitting with the minimum energy 
barrier recorded at 0.34 eV. In contrast, Ru sites display the minimal 
Gibbs free energy of activation (ΔGH* = − 0.07 eV) for the adsorption 
and desorption processes of H* (Fig. 6a–c) [68]. This suggests a mech
anism where H* intermediates are generated from Co sites and subse
quently adsorbed onto the Ru sites (by migration on surface), so 
facilitating a variety of interactions related to electrocatalytic reaction 
species. This mechanism presents a broad strategy to address challenges 
posed by the association of different atoms sizes and scales among 
various species. Hence, the deliberate engineering of electrocatalytic 
active sites above HEA surfaces based on their multifunctionality 
emerges as a viable strategy to strengthen HER activities significantly. 
Such endeavours hold promise for the improvement of HEA catalysts.

3.1.4. Non-precious metal based HEAs for the HER
The exploration of economical alternatives to precious metal ele

ments (as are normally used in electrocatalysts) has spurred research 
into examining multi-component alloy materials integrating cheaper, 
non-precious transition metals as promising electrocatalytic candidates. 
Nonetheless, the application of electrocatalysts based on different 
transition metals when used under alkaline and acidic conditions faces 
constraints due to their low resistance to corrosion. This challenge stems 
from the accumulation and consumption of electrons based on transition 
metals and their related compounds, owing to the presence of partially 
filled d orbitals. The distinctive attributes of HEAs, however, present 
significant promise for facilitating the HER process for applications 
spanning a broad pH range. Efficient regulation of the interactions 
across electrocatalyst active sites in materials is essential for improving 
their electrocatalytic activities. Unfortunately, our understanding of the 
surface chemistry around the relevant reaction species and catalytic sites 
on HEAs is still restricted. This has limited the development of HEAs in a 
wider sense. Zhu et al. suggested a novel approach in thinking domi
nated by electronegativity considerations to make structural adjust
ments to the HEAs (Fig. 7a) [69]. This innovative strategy utilized Mn, 
Co, Cu, Ni, and Fe as the fundamental raw materials to fabricate a simple 
FCC-based HEA via the polymeric nanoreactor. Through this method, 
the internal charge density was found to be higher at Cu and Ni active 

Fig. 5. (a) HER polarization curves of PdFeCoNiCu/C, Pt/C, and Pd/C in 1.0 M KOH solution (Potassium hydroxide (KOH, 90 %) was purchased from Aladdin). (b) 
The PDOSs of the HEA surface. (c) The energetic route of the HER process in alkaline environments. (d) The activation barriers of water splitting during the HEA 
process. Reprinted with permission from Ref. [67]. Copyright 2021 Royal Society of Chemistry.
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sites, while being lower at Co, Fe, and Mn catalytic sites. Moreover, 
inactive Cu sites were converted into active sites with enriched charge in 
the HER process, which led to decreased adsorption energies for all 
electrocatalytic species, original reactants, and final products. 
Leveraging the competitive priority adsorption, these HEAs displayed 
exceptional catalytic activities during the HER process (Fig. 7b), along 

with notable cycling durability. Density functional theory (DFT) simu
lations related to various electrocatalytic active sites based on the 
FeCoNiCuMn HEA further confirmed that Cu sites emerge as catalytic 
active sites with abundant electrons in the HER process (Fig. 7c–d).

Electrode materials employed with microstructures have an inter
action with insulating polymers to preserve electric connectivity, which 

Fig. 6. (a) The atomic configurations on catalytic sites of FeCoNiMnRu HEA at the four stages during H2O dissociation. (b) Reaction energy profile for water 
dissociation on various catalytic sites of the FeCoNiMnRu HEA surface. (c) Gibbs free energy (ΔGH*) profiles on various catalytic sites of the FeCoNiMnRu HEA 
surface. Reprinted with permission from Ref. [68]. Copyright 2022 Nature Publishing Group.

Fig. 7. (a) The electronegativity order of Mn, Fe, Co, Ni, and Cu metals. (b) Polarization curves of the FeCoNi, FeCoNiMn, FeCoNiCu, and FeCoNiCuMn HEA catalysts 
in a 1.0 M KOH aqueous electrolyte (KOH was purchased from Sigma-Aldrich) for the HER process. (c) The calculated energy barriers of water dissociation (ΔG*H2O - 
ΔG*OH) and (d) Gibbs free energy (ΔGH*) profiles in the HER process on Fe, Co, Ni, Cu, and Mn active sites. Reprinted with permission from Ref. [69]. Copyright 2023 
Royal Society of Chemistry.
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frequently yields suboptimal electrocatalytic activities in terms of con
straints in charge transfer and mass transport capabilities. In response to 
these challenges, a modifiable and simple alloying & dealloying 
approach for HEA materials presents a broad pathway into the large- 
scale manufacturing of self-supported electrodes based on these nano
porous HEAs. For example, a multi-component CuAlNiMoFe HEA ma
terial with a microporous surface integrated onto a Cu framework, has 
been devised as a superior catalyst in the alkaline and neutral HER 
process (Fig. 8a–b) [70]. This experiment was conducted through 
arc-melting pristine elemental Cu and Al combined with equimolar 
quantities of Fe, Ni and Mo metals. A sequential engineering dealloying 
process in KOH electrolyte yielded a stratified microstructural nano
porous Cu framework via a two-stage etching method. The sequential 
dealloying method involved dissolving the α-Al phase from the Al5Mo, 
Al13Fe4, and Al3Ni deposits, along with the etching of Al2Cu. Conse
quently, an in situ outer layer HEA composed of CuNiMoFe was simul
taneously synthesised on the surface. The resulting CuAlNiMoFe 
electrode demonstrated exceptional electrocatalytic efficiency in the 
acidic-free HER process which was attributed to the reconstructed HEA 
nano-surface. The integration of diverse metals such as nickel, molyb
denum, iron, and copper into HEAs facilitated the creation of multi
functional catalytic active sites to allow water dissociation and for the 
adsorption & desorption of activated hydrogen reaction species 
(Fig. 8c–d). Moreover, the stratified microporous Cu framework served 
as a support, facilitating swift charge transfer and effective delivery of 
various atoms and ions. The manufactured CuAlNiMoFe electrode 
exhibited notable electrocatalytic ability, achieving (at different pHs) 
very low overpotentials of roughly 183 and 240 mV at current densities 
of around 100 and 1840 mA cm− 2 in a buffer solution at pH = 7 and 1.0 
M KOH, respectively for the HER process. These results surpassed the 
electrocatalytic activities of numerous, reportedly cutting-edge non-
noble catalytic materials. Utilizing their fabrication of the CuAlNiMoFe 
HEA material as a foundation, this research team proceeded to expand 
their methodology to produce a self-supported integral nanoporous 

NiFeCoCuTi HEA, which was embedded into a multi-porous Ni frame
work via an alloying and dealloying technique (Fig. 9a–b) [71]. This 
innovative electrode design capitalizes on the existence of numerous 
electrocatalytic active sites which are designed to improve water 
dissociation and accelerate the interaction of H* catalytic intermediates 
to ultimately produce H2. Consequently, the NiFeCoCuTi HEA electrode 
exhibited remarkable electrocatalytic efficacy in the HER process under 
alkaline conditions. It demonstrated a minimal overpotential value of 
only 209 mV and attained a substantial current density of 2 A cm− 2 

(Fig. 9c), while retaining remarkable durability over a prolonged usage 
time of 240 h in a solution of 1.0 M KOH (Fig. 9d). These studies un
derscore the promising prospects of the HEA electrode based on NiFe
CoCuTi which emerges as a very productive and long-lasting 
electrocatalyst when used in alkaline-based HER reactions.

3.2. High-entropy alloys (HEAs) for the oxygen evolution reaction (OER)

3.2.1. Introduction to the OER
The electrocatalytic reaction of water splitting has the OER process 

as one of the half-cell reactions. This proton-electron conversion process 
involves the generation and desorption of various oxygen-related reac
tion species, as illustrated in Fig. 10a [72–74]. The relevant reaction 
equations are listed below:

Overall reaction: 

2H2O → 2H2 + O2 (1b) 

Anode reaction under acidic situations: 

2H2O(l) → 4H+ +O2(g) + 4e− (9) 

OER mechanism under acidic situations: 

M+H2O(l) → MOH+H+ + e− (10) 

MOH → MO+H+ + e− (11) 

Fig. 8. (a) X-ray diffraction (XRD) patterns of as-dealloyed nanoporous Cu, CuAlNi, CuAlNiMo, and CuAlNiMoFe electrodes, where there appear newly formed 
diffraction peaks of BCC phase in the three multielemental alloys and their intensity decreases with the addition of Mo and Fe atoms. (b) Polarization curves for 
nanoporous Cu, CuAlNi, CuAlNiMo, CuAlNiMoFe, CuAlNiFe electrodes, comparing with that of nanoporous Cu supported Pt/C (Pt/C/Cu) in 1.0 M KOH electrolyte. 
Scan rate: 1 mV s− 1. (c) Reaction energy chart of water dissociation on surface CuNi, CuNiFe, CuNiMo, and CuNiMoFe alloys at different stages of the reaction, 
wherein the high-entropy CuNiMoFe alloy shows the lowest energy barrier for water dissociation. (d) Surface configuration of high-entropy CuNiMoFe alloy at the 
four different stages during the dissociating process of H2O to H* and HO*. Reprinted with permission from Ref. [70]. Copyright 2020 Wiley.
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Fig. 9. Representative SEM image (a) and TEM image (b) of column-structured nanoporous high-entropy NiFeCoCuTi electrode. (c) Typical HER polarization curves 
for nanoporous NiFeCoCuTi, NiFeCoCu, NiFeCo, NiFe, and bare Ni electrodes, as well as commercial Pt/C nanocatalysts immobilized on nanoporous Ni (Pt/C/Ni). 
Electrolyte: 1.0 M KOH solution. Scan rate: 0.5 mV s− 1. (d) Long-term stability of nanoporous high-entropy NiFeCoCuTi electrode at overpotential of 80 mV for 240 h 
in 1.0 M KOH electrolyte. Reprinted with permission from Ref. [71]. Copyright 2023 Wiley.

Fig. 10. (a) OER mechanism under acid (blue route) and alkaline (red route) situations. Reprinted with permission from Ref. [80]. Copyright 2017 Royal Society of 
Chemistry. (b) XRD patterns of the different alloys. The standard positions of Al and Al3Ni are included for comparison. (c) OER polarization curves of all fabricated 
alloys and IrO2. (d) The distinction of the d-band centre of metal Ir and the p-band centre of element O for every condition, demonstrating the strength of the 
covalency of the metal-oxygen bond. Reprinted with permission from Ref. [98]. Copyright 2019 Wiley. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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2MO → 2M + O2(g) (12) 

MO+H2O(l) → MOOH+H+ + e− (13) 

MOOH → M+O2(g) +H+ + e− (14) 

Anode reaction under alkaline situations: 

4OH− → O2 +2H2O(l) + 4e− (15) 

OER mechanism under alkaline situations: 

M+OH− → MOH + e− (16) 

MOH+OH− → MO+H2O(l) + e− (17) 

2MO → 2M + O2(g) (18) 

MO+OH− → MOOH + e− (19) 

MOOH+OH− → M+O2(g) +H2O(l) + e− (20) 

A significant obstacle during this reaction is the substantial over
potential required for the OER, which acts as a bottleneck and hampers 
the efficiency of water decomposition. The development of strongly 
effective catalysts necessitates a comprehensive understanding of the 
OER mechanism. Traditionally, there were two different mechanisms 
have been taken into account: the lattice oxygen-mediated mechanism 
(LOM) and the adsorbate evolution mechanism (AEM) [75–77]. The 
inherent bond interactions (M− O) among species (M-OOH, M− OH, and 
M− O) are pivotal in identifying the whole of the electrocatalytic per
formance related to the OER process [78–80]. In alkaline-media-based 
electrolysis, the hydroxyl group undergoes oxidation, leading to the 
conversion of the hydroxyl group into O2 and H2O. In contrast, the OER 
process under acidic conditions involves the challenging task of 
breaking the robust covalent O–H bond in H2O, leading to the conse
quently sluggish reaction kinetics [81,82]. Alkaline OER electrocatalysts 
commonly employ oxides and hydroxides based on transition metals, 
whereas acidic OER electrocatalysts typically rely on alloys which 
contain two or three elements, primarily composed of non-precious 
metals along with other costly metals such as Ru and Ir [83,84]. 
Nevertheless, employing multi-compositional alloys has shown promise 
in improving the durability and efficiency of the OER electrocatalysts. 
Particularly, HEAs with nanostructures stand out as favourable candi
dates, benefiting from the abundant electrocatalytic active sites and 
substantial reaction surface areas. The different composition enables for 
fine-tuning of the electronic features above the surface of HEAs, ulti
mately affecting electrocatalytic performance [85].

3.2.2. Design strategy for better OER electrocatalysts
The OER process in electrochemical science is complex encompass

ing various reaction intermediates. When catalysed via conventional 
catalytic materials available, the performance of these materials can be 
constrained due to the size of various reaction species [86–88]. Hence, 
for the effective improvement of the OER processes, it is essential to 
judiciously tune the composition and proportion of the HEA electro
catalysts to regulate the concentration of catalytic active sites. Attaining 
superior OER performance necessitates the application of multifunc
tional electrocatalytic active sites capable of interacting with a variety of 
reaction intermediates. Through optimizing the adsorption distributions 
of HOO* and HO*, a strengthening of OER activities can be realised [89,
90]. The synergies realisable with HEAs are able to modify charge dis
tribution environment and hence influence bonding, which results in an 
ideal binding energy for reaction active species which positively in
fluences OER performance [91–94]. Although Ru, Ir, and their oxide 
catalysts exhibit outstanding electrocatalytic abilities in the OER pro
cess, their application is constrained due to their high expense. Notably, 
metal oxides or hydroxides, instead of other unstable reaction 

intermediates, contribute to the exceptional observed OER electro
catalytic activities [85,95]. Given that alloyed electrocatalysts generate 
reaction active species via surface reconstruction, overall binding en
ergies of oxygen-related catalytic intermediates can be decreased, so it 
becomes significant to the exploitation of durable and effective elec
trocatalysts used on the OER process [96,97]. Thus, when considering 
the design of HEAs for OER processes, there could be a potential option 
for some specific elements to undermine the size of different reaction 
species.

3.2.3. Precious-metal based HEAs for the OER
Several research works have shown that OER electrocatalytic per

formance containing Ir-related alloys give very good results. However, 
due to the expense and other limitations associated with Ir, there is a 
growing interest in expanding the suite of multi-metallic electrocatalysts 
which have a decreasing amount of Ir in them with the aim of main
taining the electrocatalytic activity or even improving it in order to 
achieve cost advantages. In a study by Jin et al., a controlled doping 
technique was utilized to fabricate a range of high-entropy alloys with 
multi-porous microstructures, specifically focusing on quinary AlNi
CoIrX compositions, where X represents various elements such as Cr, Nb, 
V, Mo, and Cu (Fig. 10b) [98]. Of specific note was the multi-porous 
AlNiCoIrMo HEA, which indicated excellent catalytic performance in 
the OER experiments. It showed an overpotential of about 233 mV at a 
current density of 10 mA cm− 2, surpassing other HEAs such as AlNi
CoIrCr, AlNiCoIrNb, AlNiCoIrCu, and AlNiCoIrV (Fig. 10c). The 
enhanced OER performance were ascribed to the doping of V and Mo in 
the HEAs which improved activity. In contrast, the inclusion of Cr and 
Nb had a detrimental effect on electrocatalytic activity. Computational 
studies through DFT also confirmed these experimental results 
(Fig. 10d), which indicates that doping with metals X (especially Mo) 
strengthened the covalent Ir–O bond present, leading to remarkable 
oxygen evolution abilities.

When comparing with alkaline conditions, acidic environments 
without hydroxyl ions were shown to contribute to a heightened energy 
demand for disrupting the robust covalent bonds within H2O that leads 
to the release of OH− [99]. Consequently, a substantial energy input is 
required to activate the OER process in acidic solutions. However, 
studies have demonstrated that catalysts based on Ru display 
outstanding activities, promoting the OER process even within acidic 
environments. In line with this, Zhu et al. conducted a series of experi
ments revealing that modifying the temperatures of crystallization and 
varying metal components can enhance OER effectiveness. Under their 
investigation, they fabricated microstructural FeCoNiIrRu high-entropy 
alloy nanoparticles on the surface of electro-spun carbon nanofibres 
(CNFs) through an in situ synthesis (Fig. 11a) [100]. By employing in situ 
analysis approaches, they also suggested a robust thermodynamic force 
of these electrocatalysts which could accelerate phase transitions, 
thereby improving OER performance. This study achieved an extremely 
low overpotential of 241 mV at a current density of 10 mA cm− 2 in a 0.5 
M H2SO4 solution (Fig. 11b). Furthermore, the sluggish diffusion effect 
of HEAs contributed to superior durability through the considerable 
restriction of metals dissolution and leaching (Fig. 11c). DFT simulation 
illustrated the increase of charge density from lower electronegativity 
elements (Ni, Fe, and Co) to higher electronegativity elements (Ru and 
Ir) in the FeCoNiIrRu nanoparticles. This phenomenon accelerated the 
conversion from intermediate *OOH to oxygen along with improving Ru 
and Ir performance during the OER process (Fig. 11d).

More importantly, electrocatalysts (especially HEAs) can employ 
several self-reconstruction techniques in durability experiments such as 
in situ oxidation, surface dissolution, dissolution & redeposition, and a 
mix of these above processes. The challenging issue is how HEAs retain 
their remarkable effectiveness, although there is a formation of the oxide 
layer (by the self-reconstruction approach) on HEAs surfaces. In an 
investigation by Huang et al., a series of experiments of the FeCoNiRu 
HEA with a long-lasting OER durability test at 10 mA cm− 2 for 40 h were 

Z.Y. Fan et al.                                                                                                                                                                                                                                   International Journal of Hydrogen Energy 134 (2025) 64–83 

73 



Fig. 11. (a) Typical synthesis procedure for the FeCoNiIrRu/CNFs by combining the electrospinning and graphitization process. (b) OER polarization curves at 
geometric current density of 20 mA cm− 2 of prepared electrocatalysts obtained in 0.5 M H2SO4 solution. (c) Chronoamperometry (i–t) curves of FeCoNiIrRu/CNFs, 
FeCoNiIr/CNFs, FeCoNi/CNFs and Ir/CNFs obtained at current density of 10 mA cm− 2. (d) The adsorption states of *OH, *O, and *OOH of the OER process on Ir site 
of FeCoNiIrRu HEA nanoparticles. Reprinted with permission from Ref. [100]. Copyright 2021 Elsevier.

Fig. 12. Field-emission SEM (FESEM) (a), and high-resolution TEM (HRTEM) images (b) and (c) of FeCoNiRu electrocatalysts after the OER durability experiments. 
(d) OER energy illustration of hollow sites with various tetrahedron metal elements. Reprinted with permission from Ref. [101]. Copyright 2023 Wiley.
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explored [101]. After these long-lasting tests, surface analysis of the 
HEAs using SEM and TEM unveiled the formation of a thin oxide layer 
that seems to be covering the whole FeCoNiRu HEA surface (Fig. 12a–c). 
High-resolution TEM (HRTEM) was used to show that the oxide layers 
were spinel oxide nanostructures of (Ni, Fe)(Co, Fe, Ru)2O4. DFT cal
culations clarified that the outstanding OER activities of these spinel 
oxide nanostructures resulted from inherent hollow electrocatalytic 
active sites that were distributed over the surface of the catalysts 
(Fig. 12d). Moreover, these hollow electrocatalytic active sites still 
persisted in the spinel oxide microstructures when exposed to outside 
current. Thus, these catalytic reaction sites retained receptiveness to 
hydroxide ions and benefited the OER process in the durability 
experiments.

3.2.4. Non-precious metal based HEAs for the OER
The effectiveness of electrocatalysts in the OER process is affected by 

a number of factors, such as elemental composition, morphology, ox
ides/hydroxides nanostructures, surface atom binding energy, and d- 
orbital electron numbers in the transition metal elements used [102,
103]. To explore the range of economical and durable electrocatalysts 
available it is necessary to consider a large range of transition metal 
elements in order to make HEAs that hold promise. In a study by Qiu 
et al., a simple technique was employed to generate a series of homo
geneous nanoporous HEAs (np-HEAs), with a particular focus on AlNi
CoFeX compositions (X = Cr, Mo, Nb) (Fig. 13a). These np-AlNiCoFeX 
HEAs were found to exhibit superior OER performance (with lower 
overpotentials) when used in 1.0 M KOH, surpassing those of ternary or 
even quaternary alloys that had been used previously (Fig. 13b) [104]. 
The enhanced OER performance observed in the AlNiCoFeX HEAs was 
attributed to more an electronic influence rather than the high-entropy 
effect. The electronic influence was suggested by spin-dependent Partial 
Density of States (PDOSs) calculations carried out in accordance with 
the eg-orbital filling rule (which describes the order in which electrons 
populate atomic orbitals) as used for rationalising why oxygen evolution 
processes occur (Fig. 13c). This implies that the multi-compositional 
transition metal oxides provide more scope for catalytic surface 

reaction variety, which surpasses the restrictions associated with com
mon binary and ternary alloys. This factor therefore boosts electro
catalytic performance in the OER processes [105]. Aside from the 
influence of electronic structure, lattice distortion was also identified as 
a considerable factor in enhancing the electrocatalytic activity of OER 
on the HEAs. Huang et al. confirmed this effect through the research of 
MnFeCoNiCu HEA nanoparticles [106]. A large degree of lattice 
distortion was caused via lattice mismatch which benefitted OER ac
tivities (Fig. 14a–f). This underscores the significance of surface recon
struction for HEA-based electrocatalysts and so provides valuable 
insights for advancing the field.

Cui and colleagues conducted a series of experiments on the OER 
process of two different HEAs, FeCoNiCrAl and FeNiMnCrCu. The aim of 
the research was to assess how the constituents of these alloys affect OER 
performance [107]. The research revealed that Cu, with a fully-filled 
d orbital, acts to accelerate charge transfer to that of other component 
elements, ultimately reducing the number of defects and whole bonding 
energy. Meanwhile, Mn exhibited a favourable affinity to O atoms due to 
its large atomic radius, promoting charge transport and enhancing the 
OER performances by matching defect numbers. The FeNiMnCrCu HEA 
displayed a notable abundance of surface active sites, which promoted 
efficient reactant adsorption and exhibited a substantial residual strain 
so contributing to enhanced OER performance at lower overpotential 
values (Fig. 14g). Experimental outcomes also validated the theoretical 
calculation, which further confirmed the superior OER performance of 
FeNiMnCrCu alloy (Fig. 14h). Specifically, these results showed the 
improved adsorption of catalytic intermediates and strengthened charge 
transfer effectiveness on the HEA surface.

In relation to HEAs, the scientific understanding of the surface 
reconstruction methodology in the OER process remains an under
studied topic compared to that of the more broadly investigated mate
rials [108]. In research by Chen et al., the influence of an electrocatalytic 
cycling approach based on surface reconstruction was demonstrated 
[109]. In this work, the CrMnFeCoNi HEA films were deposited onto 
both Ni foam (NF) and carbon cloth (CC) through pulsed laser deposition 
techniques (Fig. 15a). The findings revealed that the cyclic voltammetry 

Fig. 13. (a) Plane-view and section-view SEM image (inset in panel a) of the nanoporous AlNiCoFeMo. (b) LSV curves showing the oxygen evolutions of different 
nanoparticle HEA electrodes. The PDOSs onto the d states of single Ni element on the octahedral site close to the dopant (c) for Mn, Cu, and Mo, respectively, from 
bottom to top. Reprinted with permission from Ref. [104]. Copyright 2019 American Chemical Society.
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(CV) method (which involves potential cycling between two voltage 
limits) brought about the surface reconstruction of the HEA films, 
resulting in the generation of intense active hydroxide or oxyhydroxide 
reaction intermediates on the surface of the HEAs (Fig. 15b–c). The 
CV-activated HEA/NF and HEA/CC electrodes were found to demon
strate outstanding electrocatalytic performance in the OER progress 
which consequently occurred with very low overpotential values (287 
mV and 315 mV at a current density of 10 mA cm− 2, respectively). 
Additionally, these HEA films (after CV-assisted surface reconstruction) 
exhibited notable durability when subjected to a chronoamperometric 
(CP) characterization, lasting for 360 h in total (300 h at a current 
density of 10 mA cm− 2 and an extra 60 h at a current density of 100 mA 
cm− 2) and 300 h (at a current density of 10 mA cm− 2) was observed 
based on the HEA/NF and HEA/CC materials, respectively (Fig. 15d). 

Electrochemical impedance spectroscopy (EIS) outcomes suggested that 
HEA/CC-a1 (the 1st CV-activated HEA film) displayed a smaller inter
facial resistance (Rint) value (0.1 Ω cm2) than that of HEA/CC, implying 
faster OH− adsorption and reaction species formation in the interfaces 
between electrodes and electrolyte. The heightened activities observed 
in this system could be ascribed to the occurrence of the reactive hy
droxide or oxyhydroxide reaction intermediates which would have been 
generated as a result of the surface reconstruction, offering extra cata
lytic active sites during the OER process and facilitating relevant reac
tion species to form which would aid the OER process.

Fig. 14. (a) A bright-field TEM image showing the dispersion of HEA nanoparticles at a low magnification. (b) Zoom-in TEM image taken from the squared area 
marked in (a). High-resolution TEM images showing the atomic lattice of particle A (inset: FFT pattern) (c), particle B (inset: FFT pattern) (d), particle C (inset: FFT 
pattern) (e), and particle D (inset: FFT pattern) (f). Reprinted with permission from Ref. [106]. Copyright 2020 Royal Society of Chemistry. The Tafel slopes (g) and 
the OER polarization curves (h) of FeCoNiCrAl and FeNiMnCrCu electrodes, respectively. Reprinted with permission from Ref. [107]. Copyright 2018 Springer.
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4. Challenges and limitations of HEA electrocatalysts

4.1. Stability issues

As a green and renewable energy, hydrogen energy has a sustainable 
development future, which can reduce the carbon emission and the use 
of fossil fuels. Currently, there has been considerable attention on water 
electrolysis for the eco-friendly manufacturing of hydrogen energy. 
Nevertheless, water splitting is severely constrained due to the inherent 
energy barrier, which results in a low effectiveness of hydrogen gener
ation. Thus, developing durable, effective, and corrosion-resistant HEA 
catalysts is crucial for the stable hydrogen production at high current 
densities and industrial-scale applications in water electrolysis [133]. 
Among many catalysts, HEA electrocatalysts displayed exceptional 
catalytic performance, which surpasses many state-out-of-art catalysts. 
Nevertheless, the long-term electrochemical durability for water split
ting is still hard to meet the demands for industrialization [134]. The 
stability challenges for HEA electrocatalysts mainly include the element 
leaching, the structure degradation, the phase segregation, and the 
peeling on the surface of the electrode [135,136].

Recently, the majority of research is focused on enhancing the per
formance of HEA electrocatalysts while ignoring the significance of 
improving long-term stability. Therefore, to further explore the long- 
term electrochemical stability of HEAs, we suggest the following per
spectives which needs attention: (i) It is significant for HEA 

electrocatalysts to indicate their charge and mass transfer effects, 
particularly for porous electrodes which can trap bubbles and cover the 
reaction sites. During the water splitting progress, the electrocatalytic 
efficiency is considerably affected through the gas evolution and the 
mass transfer at the interface of catalytic reactions [137]. The evolved 
gas sticks to the surface of electrodes, which forms bubbles that gradu
ally cover a large part of active sites. This restricted mass transfer rate 
severely hinders the interactions of ions and charge at the interface, 
consequently lowering the catalytic kinetics. The water electrolysis rate 
can be improved via tuning fabrication strategies of HEA electro
catalysts, which further promotes the gas evolution on the surface of 
catalysts and accelerates the mass transfer at the interface. (ii) 
Long-term electrochemical durability mechanisms have not been well 
elucidated. The structure evolution and phase changes of HEA electro
catalysts are still a critical issues since these challenges restrain their 
commercial values in industrial applications [138]. Hence, it is neces
sary to explore advanced characterization techniques that can monitor 
local environmental changes and analyse the structure-performance 
relationship on the surface of HEA electrocatalysts such as phase tran
sitions, nano-scale morphology changes, compositional element leach
ing, and catalyst degradation [139]. Employing in situ characterization 
techniques like in situ XRD, in situ TEM, in situ Raman spectra, and in situ 
infrared spectroscopy, suggests a pathway for further detection and 
analysis of the catalytic reaction mechanisms based on HEA electro
catalysts. These advanced techniques present a significant means to 

Fig. 15. (a) The schematic diagram of deposition process of HEA films on CC. (b) SEM image of HEA/CC. (c) SEM image of HEA/CC-a1. (d) Long-term CP durability 
test of CrMnFeCoNi HEA working electrode for OER at 10 mA cm− 2 for 300 h with periodic activation step. Reprinted with permission from Ref. [109]. Copyright 
2022 Elsevier.
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demonstrate the complicated reactions in real time during the electro
catalytic progress, which improves our ability to establish a compre
hensive understanding of HEAs’ behaviour in long-term stability tests.

4.2. Scalability concerns for real-world electrolysis applications

To date, HEA electrocatalysts have indicated exceptional catalytic 
activities compared with that of commercial precious metal-based cat
alysts, which gains increasing attention for their potential to favour 
water electrolysis and thus deserves further exploration to meet sus
tainable and renewable energy requirements. Despite these great ad
vancements, these is still a considerable gap between current research 
progress and demands from industrial applications [140]. The intrinsic 
ability to be scaled up and catalytic activities are both significant goals if 
industrial applications are to be realised from use of HEA electro
catalysts. There have been many publications where HEA electro
catalysts are stated as achieving superior catalytic activities (over 1 A 
cm− 2) in laboratory-scale tests. However, laboratory-scale HEA elec
trocatalysts are normally synthesised using limited electrode sizes (on 
small scale of 1 cm2 or smaller), which makes it difficult to predict what 
is needed for industrial applications (where electrodes need to be on the 
square metre scale) [141,142], and the close control of conditions 
achievable at laboratory scale cannot represent the real activities that 
are experienced under actual commercial/industrial operations. In order 
to achieve transfer of HEAs electrocatalysts technology to industrial 
applications in environment protection and practical production, the 
development of fabrication approaches with high efficiency and repro
ducibility is also crucial. Current synthesis conditions of HEA electro
catalysts normally include high temperature, high pressure, inert gas 
atmosphere, and other factors which greatly restrict their industrial 
applications. Specifically, the casting procedure employed in the deal
loying technique needs high temperatures in an inert atmosphere, which 
leads to more energy consumption and hence inherently higher fabri
cation costs. Conversely, the electrodeposition method products only a 
small amount of alloy powders, despite being more energetically 
favourable in its synthesis under room temperature conditions without 
an inert environment. Hence, the drive to develop highly efficient 
fabrication methods for HEA electrocatalysts with well-designed 
composition, morphology, and homogeneity has become essential for 
this technology to become practically useful [143].

In addition, for the industrial production of clean hydrogen, water 
splitting is typically conducted in water electrolysers at large current 
densities. However, the deployment of water electrolysers is signifi
cantly hindered due to poor activities and sluggish catalytic kinetics of 
the two half-reactions involved: HER and OER. Promising strategies 
have been proposed to solve these issues, but challenges still exist, which 
severely constrains industrial-scale applications based on this technol
ogy [144,145]. Firstly, although some excellent HEA electrocatalysts 
have already been published with fast catalytic rate and low over
potentials, most of their current densities are still lower than 300 mA 
cm− 2, which is far below the high current densities (normally over 0.5 A 
cm− 2) of satisfying industrial requirements [146]. Moreover, the severe 
reaction conditions of water electrolysers including the large amount of 
hydrogen and oxygen bubbles produced, high reaction temperatures 
(from 40 ◦C to 80 ◦C), and high concentrations of electrolytes, inevitably 
lead to the degradation of electrocatalysts and the decrease of catalytic 
activities in long-term industrial generation. Therefore, the better way 
to handle these challenges is to explore high-performance HEA elec
trocatalysts with industrial application potential, which further facili
tates the industrialization for water electrolysis.

4.3. High synthesis costs and mass production difficulties

Numerous research has been reported on the preparation of different 
HEA catalysts in both precious and non-precious electrocatalytic sys
tems. Especially, the interaction of various compositional elements in 

HEAs leads to the formation of active sites, which is significant in 
electrocatalysis [147]. The distinctive synergistic interactions between 
compositional elements can generate active sites, which promotes effi
cient bonding and anti-bonding of reaction species in water-splitting 
applications for both HER and OER [148,149]. In the context of 
precious electrocatalytic system, metals like platinum (Pt) suggests 
excellent catalytic performance in the HER progress due to the edge sites 
of the intrinsic FCC structure [150,151]. Conversely, in non-precious 
electrocatalytic system, the major mechanism for this system is to 
regulate the d-band centres to further optimize the electronic structures 
and catalytic activities of these HEA electrocatalysts [152].

Till now, most published HEAs include precious metals to increase 
the catalytic performance. Nevertheless, these employed precious 
metals like ruthenium (Ru), iridium (Ir), and platinum (Pt), just account 
around 10− 7 % of earth’s crust, which are far less abundant compared 
with non-precious metals. Thus, the scarcity not only leads to the cor
responding high cost (e.g. Pd $38,400,000/T and Pt $28,800,000/T), 
but it also raises concerns regarding the sustainability of the supply for 
wide-scale applications. Moreover, the mining and refining progress of 
precious metals has detrimental effect on environment. These 
mentioned factors greatly constrain the industrial-scale applications of 
precious metals, whereas non-precious metals (such as Co (2.5 × 10− 3 

%), Ni (8.4 × 10− 3 %), and etc.) are relatively more abundant and cost- 
effective (e.g. Co $33,420/T and Fe $120/T), which makes them more 
attractive for commercial uses. Additionally, some precious metals are 
more sensitive to be corroded, which further decreases their potential as 
stable components of HEAs in the long-term electrolysis [153]. Precious 
metal-free HEAs can be regarded as promising materials to ultimately 
substitute precious metals used in electrocatalysis. Hence, introducing 
non-precious metals into HEA electrocatalysts has drawn a considerable 
attention in the hydrogen production area.

5. Summary and outlook

In this review, we provide a concise overview of the fundamental 
characteristics and recent advancements in research on catalysts 
composed of high-entropy alloys. We delved into the electrocatalytic 
water splitting applications of HEAs, which focuses on the HER and 
OER. The remarkable electrocatalytic performances exhibited by HEAs 
can be ascribed to the synergistic influences arising out of the combi
nation of multiple transition metals into an alloy which results in the 
creation of diverse and well-optimised active sites that act to enhance 
efficient electrocatalytic reactions. Despite their promising potential, 
the widespread utilization of HEAs into electrocatalysis face challenges 
stemming from the complex nature of their multi-element composition 
and the interactions that occur on their surfaces as a result. Therefore, 
further advancements in the applications of high-entropy alloys for 
electrocatalysis require careful consideration of these aspects. In light of 
this, we propose several achievable recommendations for future 
research in this field which are aimed at overcoming the challenges and 
maximising the promising applications HEAs have towards being effi
cacious electrocatalysts for the OER and HER.

(i) While notable advancements have been achieved in crafting HEA 
nanocatalysts, there exists a deficit of knowledge with respect to the 
precise control of constituent atom arrangements within the alloy. 
Furthermore, there is room for improvement in enhancing both the scale 
and yield of production of the HEAs. To address these challenges, the 
pursuit of carefully studied innovative synthetic approaches is crucial. 
These approaches will refine the nature of the electrocatalytically active 
sites, the porous distribution, and the morphology of the HEA nano
structures, ultimately leading to increased scalability and higher yield in 
manufacturing processes. Moreover, it is imperative for researchers to 
explore various preparation techniques, to go beyond the confines of 
HEA nanostructures to see if other HEA morphologies could be consid
ered such as wires, bulk materials, powders, and films. HEA coatings as 
electrocatalytic materials should also be thoroughly investigated, 
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broadening the scope of their nature in various contexts. Each synthesis 
technique will have its distinct advantages and limitations. For example, 
the dealloying approach has overcome conventional constraints to 
successfully produce transition metal alloys. The primary benefit of 
dealloying lies in its cost-effectiveness and scalable fabrication capa
bilities. However, its drawback is the involvement of complicated pro
cessing steps, which can cause slower catalytic reaction kinetics [154,
155]. Additionally, a technique termed the solvothermal synthesis 
operates directly through chemical/physical methods, resulting in 
minimal energy loss and more efficiency. Despite this efficiency, con
trolling the morphology and size of the fabricated HEAs remains a 
challenging task [156,157]. Yet another novel method called the 
carbothermal-shock enables the efficient fabrication of compositionally 
homogeneous transition metal HEAs. However, this method involves 
predominantly coating the synthesised HEAs on carbon-based supports 
like carbon paper and good carbon supports must be judiciously chosen 
for this purpose [158,159]. Furthermore, alternative conventional 
techniques for synthesizing alloys also hold promise in fabricating 
high-entropy alloys. Methods like arc melting, laser cladding, and 
thermal spraying offer viable options for the preparation of these ma
terials. For solid samples, the arc melting has often been used as its 
excellent uniformity in ingot size and great production efficiency, while 
it has limited element selection and inevitably needs high temperatures 
and pressure during the process, which causes high energy consumption 
[160,161]. In contrast, the coatings can be produced using such tech
niques as thermal spraying or laser cladding. Laser cladding, known for 
its rapid heating and formation of a compact and homogeneous cladding 
layer, can be susceptible to cracking and lacks reproducibility in its 
formation [162,163]. On the other hand, the thermal spraying approach 
allows for good control of coating degree of thickness and is not con
strained by the morphology and diversity of materials, though it tends to 
produce more porous coatings compared to those prepared by laser 
cladding [164,165]. It is significant for the fabrication of HEAs to 
develop the most effective and practical technique. Thus, it can be 
benefited via considering these diverse approaches (Fig. 16).

(ii) In addition, enhancing the efficiency of theoretical frameworks 
and experimental procedures stands as a potential avenue for expediting 
the identification of effective and enduring electrocatalysts. In essence 
this means that delving further into cutting-edge computer-aided theo
retical computations and predictive methodologies holds considerable 
potential for advancing the field of HEAs in terms of fabrication and 
electrocatalytic applications [166]. The integration of high-throughput 
methodologies, DFT calculations, and internal synergies play a crucial 
role in fabricating more precisely defined HEAs which could be endowed 
with potentially exceptional electrocatalytic attributes [167]. The key to 
water electrolysis research is to illustrate the structure-performance 
relationship via tuning morphologies and electronic structures on the 
surface of electrocatalysts [168]. This point inspires for the unique 
design of electrocatalysts [169]. Theoretical calculation offers deep 
understanding of electronic structures, active sites, and atomic-level 
details of catalysis pathways, while the depth of insights is difficult to 

obtain only by experimental results [170]. Nevertheless, theoretical 
calculations still have their limitations as computational results are just 
abstract models based on real reactions, and oversimplify intricate re
action processes, which makes it difficult to identify the significant value 
of calculated findings. Currently, researchers are increasingly 
acknowledging the significance of employing element composition 
screening approaches for developing the latest electrocatalysts through 
well-optimised materials. Numerous scientific endeavours have been 
dedicated to the experimental and theoretical exploration of HEA elec
trocatalysts, aiding in the identification of HEAs interfaces and elec
trocatalytic active sites [66,68,147,171–176]. Based on their theoretical 
calculation, the most suitable position and ratio of each compositional 
atom in HEAs including the distance of every atom to the active sites and 
surrounding atoms, as well as the Gibbs free energy for reaction in
termediates and pathways can be well evaluated. It also promoted the 
evaluation of electrocatalytically active sites, and a deeper under
standing of mechanisms to optimize the adsorption energy of catalytic 
reaction species.

There is a most dire need from research reviewed to identify a cost- 
effective and time-efficient approach to arrive at realistically optimised 
combinations of component elements and proven interface nano
structure for electrocatalysts based on HEAs. Through computational 
investigations, the electronic status of elements, the extensive propor
tion of atoms, and the precise spatial arrangement of each atom within 
such systems can be clearly analysed [177,178]. Subsequently, by ana
lysing all of the possible screening outcomes inputted, there exists the 
possibility of choosing the most viable elemental compositions for 
further exploration as part of a machine learning-based design strategy. 
A valuable understanding of the design of HEAs in electrocatalytic ap
plications has been obtained based on these theoretical calculations 
[179]. Currently, the compositional elements of HEAs are normally 
selected through trial-and-error methods and DFT calculations based on 
first principles, rather than the predictive models supplied via machine 
learning. However, the exploration of novel HEAs that can surpass the 
inherent performance thresholds for water electrolysis is still slow 
without supporting by machine learning. Therefore, the development in 
this direction can underlying simplify the design of novel HEAs, espe
cially for non-precious metal based HEAs, which further benefits the 
purpose of cost-effective fabrication and commercialization [180,181]. 
To optimize the desired aim of cost-effectiveness, greater emphasis is 
placed on the incorporation of the lower cost transition metal alloys in 
the compositions, where the fabrication of various materials with su
perior electrocatalytic activity can consequently be achieved via a syn
ergistic integration of theoretical simulation and experimental 
validation [182].

(iii) Lastly, the majority of research in high-entropy alloy electro
catalysis predominantly revolves around the processes of HER and OER 
related to water splitting. Nevertheless, there is a notable scarcity of 
water-related studies addressing the hydrogen oxidation reaction (HOR) 
and the oxygen reduction reaction (ORR). Hence, there is a crucial need 
for exploration into the application of HEAs in catalysing the HOR and 

Fig. 16. Comparison of different synthetic methods for HEAs in terms of cost-effectiveness, size uniformity, element applicability, productivity, and substrate 
applicability.
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ORR processes. Simultaneously, it is imperative to broaden the scope of 
HEA electrocatalyst applications beyond just water splitting reactions, 
which could be regarded as another research direction in the future. This 
expansion should also encompass various areas such as metal-air bat
teries and fuel cells. Essentially, this review has shown that the inves
tigation into HEA electrocatalysts, while seemingly extensive, is still, 
after all considerations, in its infancy but remains a promising and fertile 
avenue for future research. It is anticipated that, as exploration pro
gresses, HEAs may play a pivotal role in shaping the future landscape of 
electrocatalysis and so provide a partial replacement for fossil fuels 
which would be a major step in transforming how we achieve our energy 
needs.
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