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entropy alloys are elucidated.
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design and practical application are also 
discussed.
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A B S T R A C T

As a pivotal clean energy carrier with promising efficiency, environmental friendliness, and sustainability, 
hydrogen stands at the forefront of the global energy technology revolution. However, achieving the efficient 
storage, easy separation, and trace detection of hydrogen remain critical challenges. High-entropy alloys (HEAs) 
have garnered attention because of their remarkable attributes, including high stability, single-phase revers-
ibility, and a wide tunable range of composition and electronic structure. Commencing with a succinct back-
ground overview, we explore the pivotal role of theoretical methods in designing the phase structure and 
ensuring the stability of HEAs, focusing especially on diverse element types and contents. We then present a 
summary of prevalent methods for preparing HEAs, followed by a detailed examination of recent advances in 
their hydrogen-related properties, encompassing hydrogen storage, separation, and detection. Finally, we look at 
the existing challenges and offer perspectives on the trajectory of future research and applications in this 
promising technological domain.

1. Introduction

In response to escalating concerns over the energy crisis and envi-
ronmental pollution, the demand for clean, renewable energy has 
experienced a rapid and substantial increase [1–6]. Despite extensive 
research and development on sources like solar and biomass energy, the 
uneven temporal and geographical distribution of these options hinders 
their widespread utilization. As an ideal energy carrier, hydrogen has 
emerged as a key player for energy transition due to its zero-carbon 
emissions and high combustion calorific value [7,8]. The comprehen-
sive utilization of hydrogen energy comprises hydrogen production, 
storage, transport, and application. Achieving a hydrogen economy 
hinges significantly on having secure, efficient, and economically viable 
hydrogen storage techniques. However, a multitude of challenges must 
be overcome to realize these objectives [9–11].

As a versatile energy carrier, hydrogen has garnered significant 
attention in the transportation sector, guided by specific technical tar-
gets outlined by the U.S. Department of Energy (DOE) (Fig. 1) [12,13]. 
At present, high-pressure compression of hydrogen in tanks stands out as 
one of the most technically mature and widely adopted storage methods. 
However, this approach grapples with drawbacks such as low gravi-
metric capacity and high transport cost [14]. Moreover, safety concerns 
inevitably arise due to the potential for hydrogen spillage or hydrogen 
embrittlement as the pressure increases. Storage in the form of liquefied 
hydrogen needs a specialized tank and faces limitations imposed by the 
energy required for liquefaction [15]. An alternative approach involves

efficient hydrogen storage utilizing solid-state materials through phys-
isorption or chemisorption. Hydrogen in the form of molecules is 
physically adsorbed on surfaces, such as inorganic porous materials [16, 
17], carbon-based hydrogen storage materials [1,18,19], metal–organic 
framework materials [20–23], and covalent organic framework mate-
rials [24]. In contrast, atomic or ionic hydrogen is chemically stored in 
solid-state materials and exhibits high stability and promising techno-
logical potential [25,26]. However, research on such hydrogen storage 
materials remains in the exploratory, laboratory stage, and the gap be-
tween experimental findings and commercial applications of hydrogen 
energy is substantial.

Metal hydride-based hydrogen storage materials offer a promising 
avenue to address the recycling challenges inherent in hydrogen storage 
technology [27–29]. Hydrogen can be stored within metal monomers, 
alloys, and complex hydrides under specific temperature and pressure. 
Among the various metal hydrides, MgH 2 has attracted significant 
attention owing to its remarkable hydrogen capacity, excellent revers-
ibility, and recyclability. Furthermore, the abundance of Mg reserves, 
coupled with its high structural stability, position it as a promising 
candidate for hydrogen fuel cells, hydrogen storage systems, and 
hydrogen purification applications [30]. Mg-based materials display 
high hydrogen storage density with a theoretical capacity of ~7.6 wt%, 
but they are limited by high thermodynamics (~573 K at 0.1 MPa) and 
slow kinetics (~75 kJ ⋅ mol − 1 H 2 ) [31]. To overcome these obstacles, 
several strategies have recently been developed, such as particle 
downsizing to shorten diffusion paths, the addition of transition metal 
catalysts to reduce activation barriers, and alloying to tailor thermo-
dynamic properties. Recently, Li et al. emphasized that the above 
various modification strategies serve an essential role in hydrogen ca-
pacity, dehydrogenation enthalpy and temperature, and hydriding/de-
hydriding (H/D) rates in Mg-based hydrogen storage materials [32]. 
Based on this, the hydrogen storage kinetics of a Mg–Ni–Y alloy pre-
pared by the hot-extrusion method was greatly improved due to the 
enlarged grain/phase boundaries and the Mg 2 Ni and YH 2 particles 
generated in situ, offering critical insights into designing Mg-based 
hydrogen storage materials [33]. Mao et al. revealed a 
diffusion-controlled solid-state transformation of In/Ag in MgH 2 @MgIn 
and MgH 2 @MgAg composites. This transformation enhances hydroge-
nation kinetics and thermodynamically destabilizes MgH 2 , lowering 
their desorption peak temperature by 14.5 and 17.8 K, respectively [34]. 
Extensive research studies have demonstrated the effectiveness of alloys, 
composites, and nanocrystallization to improve the thermodynamics 
and kinetics of Mg-based hydrogen storage materials. Nonetheless, the 
realization of large-scale applications requires the resolution of chal-
lenges to achieving reversible hydrogen storage under ambient condi-
tions with long-term cycling stability.

Hydrogen storage alloys, characterized by high volumetric density, 
low energy loss during storage, and excellent safety features, have found 
extensive applications in the field of hydrogen energy [35–37]. Typi-
cally, a combination of hydride elements (A-type) and non-hydrideFig. 1. Comparison of the volumetric and gravimetric densities of various 

hydrogen storage materials, with U.S. DOE technical targets [12,13].
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elements (B-type) is required for the optimal performance of hydrogen 
storage alloys [38], based on which various intermetallic hydrides have 
been explored. Rare-earth-containing alloys stand out for their easy 
activation, flat hydrogen absorbing/desorbing plateaus, moderate 
pressure requirements, low hysteresis, robust resistance to impurity gas 
poisoning, and suitability for room-temperature operation. These alloys 
find widespread use not only as electrodes in nickel–metal hydride 
(Ni-MH) secondary batteries but also as key components in safe and 
efficient hydrogen storage materials for hydrogen–oxygen fuel cells 
[39]. For example, LaNi 5 can absorb hydrogen at room temperature and 
exhibit reversible hydrogen ab/desorption performance. However, the 
relatively low gravimetric capacity and limited cycling lifespan hinder 
its practical application. Moreover, conventional metal hydride-based 
hydrogen storage materials, designed for reversible hydrogen uptake 
and release under moderate conditions, still fall short of the DOE’s 
on-board storage targets for light-duty fuel cell vehicles: 5.5 wt% H 2 by 
2025 and, ultimately, 6.5 wt%. Recent research interest in light metal 
complex hydrides is largely driven by their high theoretical hydrogen 
content, such as NaAlH 4 (7.4 wt%), LiAlH 4 (10.6 wt%), and NH 3 BH 3 
(19.6 wt%) [40,41]. Pioneering achievements by Bogdanovi�c et al. 
demonstrated that NaAlH 4 with a small amount of Ti-containing catalyst 
could achieve reversible de/hydrogenation under mild conditions [42]. 
However, these complex hydrides, although possessing high theoretical 
hydrogen capacity, face several practical limitations, such as high 
desorption temperatures (> 473 K), poor reversibility, and irreversible 
decomposition or side reactions during cycling [43–46]. In addition, 
their high sensitivity to air and moisture increases handling complexity. 
These issues must be well addressed before their large-scale application 
in hydrogen storage systems.

High-entropy alloys (HEAs) have attracted tremendous attention for 
their revolutionary design concepts and exceptional physical, chemical, 
and mechanical properties. HEAs typically consist of five or more ele-
ments in equimolar or near-equimolar ratios (i.e., 5–35%), significantly 
expanding the compositional space and enabling tunable microstruc-
tures for superior performance [47–50]. HEAs combine structural sta-
bility with wide compositional tunability, enabling the precise control of 
catalytic properties. They show excellent activity and durability in 
electrocatalysis (ORR, HER, CO 2 RR) and hold promise for sustainable 
energy technologies [51,52]. Beyond catalysis, HEAs are also attractive 
for advanced energy storage systems such as Li-, Na-, and K-ion batteries 
[53]. Their unique multi-elemental composition enables the tailoring of 
redox activity and ionic transport properties, which are critical for 
enhancing specific capacity, cycling stability, and rate performance. 
Unlike conventional alloys, HEAs can leverage their high configura-
tional entropy to achieve superior wear, oxidation and corrosion resis-
tance, as well as high-temperature strength and long-term structural 
stability. In a word, these attributes underscore the transformative po-
tential of HEAs in next-generation energy conversion and storage 
systems.

Recent reports have indicated the popularity of HEAs for their ability 
to store hydrogen [54–57]. Compared to traditional alloys, HEAs exhibit 
a wider compositional space, allowing for further improvements in 
hydrogen capacity, reversibility, kinetics, thermodynamics, and cycling 
stability. In earlier studies, the hydrogen storage properties of HEAs 
were found to be adjusted by modulation via composition alteration. 
Kao et al. reported the first HEA for hydrogen storage, CoFeMnTiVZr 
[58]. CoFeMnTi x V y Zr z represents a simple C14 Laves phase, with 
modified hydrogen storage properties achieved by tuning the amounts 
of Ti, V, and Zr. The reversible capacity reached 1.8 wt% for CoFeMn-
Ti 2 VZr at 298 K. Cheng et al. investigated the hydrogen storage per-
formance of BCC-structured TiVNbCrNi HEAs with varying Ni contents 
[59]. Their results indicate that Ni addition can effectively shorten the 
activation period, whereas excessive Ni suppresses the intrinsic 
hydrogen absorption kinetics. Furthermore, compositional modulation 
affects the degree of lattice distortion or introduces new alloy phases, 
both of which are crucial for hydrogen ab/desorption [60,61]. In brief,

scientific design and precise control of element ratios in HEAs provide 
flexibility for optimizing hydrogen storage performance.

Although this compositional tunability is advantageous, it also in-
troduces significant atomic-level complexity. The resulting atomic-scale 
disorder presents substantial challenges for their synthesis, character-
ization, mechanistic understanding, and practical application for 
hydrogen storage. In recent years, numerous design strategies have been 
developed for HEAs as hydrogen storage materials. Theoretically, there 
is a range of empirical parametric, multiscale computational simulation, 
and data-based machine learning methods [49,62,63]. On the synthetic 
design aspects of HEAs, effective synthesis methods were explored by 
adjusting process parameters, elemental composition, and morpholog-
ical structure to optimize hydrogen storage properties [64,65]. Re-
searchers are more concerned with HEAs’ hydrogen storage capacity, 
activation energy, hydrogen uptake and release kinetics, thermody-
namics, and cycling properties. However, a unique challenge remains 
for HEAs as hydrogen storage materials. The hydrogen storage capacity 
of most HEAs is limited (typically 1–3 wt%), significantly lower than 
that of complex hydrides or Mg-based systems. Moreover, their 
compositional complexity retards accurate thermodynamic predictions, 
complicating experimental validation and data-driven design [66,67]. 
This complexity not only affects their hydrogen storage behavior but 
also impacts their potential use in other hydrogen-related applications. 

Efficient hydrogen separation and purification are also key steps in 
developing hydrogen-based clean energy. Since hydrogen produced by 
conventional methods is often contaminated with impurity gases such as 
CO, CO 2 , and H 2 S, achieving high selectivity for hydrogen permeation is 
critically important [38,68]. The advancement of a new generation of 
environmentally friendly and efficient separation technologies is of 
paramount significance for realizing applications in hydrogen energy 
[69–71]. Among many technologies for hydrogen purification, membrane 
separation has low energy consumption, continuous operation, low cost, 
and simple operation. In particular, HEAs have recently garnered atten-
tion as a promising class of materials for hydrogen purification mem-
branes. As well, in the field of hydrogen detection, HEAs display great 
potential based on their cocktail effect created by metal elements with 
varying hydrogen affinities. HEAs also offer distinct advantages for 
hydrogen energy applications. The severe lattice distortion and atomic 
size mismatch in HEAs generate abundant interstitial sites, which facili-
tate hydrogen adsorption and diffusion. In addition, their multi-principal 
element design enables tunable thermodynamic properties, allowing for 
precise control of hydrogen ab/desorption enthalpies and equilibrium 

pressures. Moreover, their multifunctionality enables HEAs to function as 
not only hydrogen storage media but also catalysts and sensing materials, 
thereby enhancing their utility in integrated hydrogen systems. Hence, 
HEAs demonstrate significant potential in hydrogen technologies, from 

laboratory to industrial applications. Current research on HEAs is pri-
marily focused on their theoretical and fundamental properties for 
hydrogen storage, separation, and catalysis. Companies are optimizing 
alloy compositions and preparation processes to develop 
high-performance HEAs for solid-state hydrogen storage and related cat-
alysts. HEAs are anticipated to aid in building large-scale hydrogen in-
frastructures, such as pipelines, storage facilities, and refueling stations. 

There are many review articles on HEAs for hydrogen storage. Most 
of them, however, only focus on hydrogen absorption performance. This 
review concentrates on a comprehensive design that encompasses both 
experiment and theory and a broadening of HEA applications. Fig. 2 
shows the primary coverage. We commence by elucidating various 
design methods for HEAs, placing particular emphasis on the contribu-
tions of theoretical calculations and machine learning. The synthetic 
methods for HEAs, such as arc melting and mechanical alloying, are then 
introduced. Subsequently, their performances for hydrogen storage, 
separation, and detection are systematically summarized. To conclude, 
we present a summary and outlook for developing highly efficient and 
practical hydrogen storage, separation, and detection materials for 
HEAs.
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2. Definitions and four core effects of HEAs

HEAs are typically defined from two perspectives, i.e., composition-
based and entropy-based. They are a class of multicomponent metallic 
materials composed of five or more principal elements, each typically 
accounting for 5–35%. Unlike conventional alloys, HEAs have complex 
compositions and high configurational entropy. According to the 
entropy-based definition, an alloy is considered an HEA when its ideal 
configurational entropy exceeds 1.5R (where R is the gas constant). This 
high entropy favors the formation of simple solid-solution phases (such 
as face-centered cubic (FCC), body-centered cubic (BCC), or hexagonal 
close-packed (HCP)) instead of complex intermetallic compounds. The 
concept of HEAs was first proposed by Yeh et al. [47]. Importantly, HEAs 
do not need to be equimolar, and the number of HEAs increases signif-
icantly with the addition of minor elements at concentrations below 5% 

[72]. The term “high entropy” suggests that random solid solutions in 
these alloys outperform intermetallic compounds. In thermodynamics, 
entropy serves as a fundamental state function that characterizes the 
disorder of a system and therefore influences its thermodynamic 
stability.

An alternative definition of HEAs focuses on mixed entropy values. 
Total mixed entropy comprises four components: configurational en-
tropy (ΔSconf

mix ), vibrational entropy (ΔSvib
mix), electronic randomness en-

tropy (ΔSelec
mix), and magnetic dipole entropy (ΔSmag

mix ). In an ideal random
component, the configurational entropy increases with the number of 
elements and their concentrations. For equiatomic alloys in liquid or 
regular solid-solution states, the configurational entropy simplifies 
accordingly, as described in Eq. (1):

ΔS conf = − R 
∑ n

i=1
c i ln c i = R ln n (1)

where R, c i , and n represent the gas constant, molar percentage of each 
element, and total number of components, respectively. This equation 
can be applied to calculate the molar phase transition when the number 
of elements varies. Note that this equation is derived from the regular 
solid solution model, where the stochastic state of the alloy is approxi-
mated to the regular solute to determine the mixing entropy. HEA for-
mation is driven by the balance between enthalpy and entropy, the

mixing Gibbs free energy is:

ΔG mix = ΔH mix − TΔS mix (2)

where ΔH mix , ΔS mix , and T represent enthalpy, entropy, and absolute 
temperature, respectively. In cases where elements of the same kind are 
continuously miscible in the liquid state, the enthalpy of mixing ap-
proaches zero, making changes in enthalpy negligible. Alloys with high 
entropy exhibit much lower free energy under thermodynamically sta-
ble conditions, favoring the formation of solid solutions.

A detailed classification of HEAs based on their entropy values, 
ΔS conf , falls into three categories [73]: (i) HEAs: ΔS conf > 1.5R for alloys 
containing over 5 main elements, (ii) medium-entropy alloys: 
1R ≤ ΔS conf ≤ 1.5R for alloys composed of 2–4 main elements, and (iii) 
low-entropy alloys: ΔS conf < 1R for traditional alloys. However, some 
ternary and quaternary alloys can also exhibit simple disordered 
solid-solution structures [74–76].

HEAs are well known for exhibiting four core effects: the high-
entropy effect in their thermodynamics, significant lattice distortion in 
their structure, slow diffusion in their kinetics, and the cocktail effect in 
their performance [77,78].

High-entropy effect: This primary effect indicates that the mixing 
entropy of alloys gradually increases with the number of principal ele-
ments. As the number of metal elements increases, the alloy tends to 
form a single-phase solid solution. The Gibbs phase rule implies that 
high mixing entropy can enhance compatibility among primary ele-
ments, minimizing the formation of intermetallic compounds or phase 
separation. Increased entropy reduces the electronegativity difference of 
the alloy, facilitating better mixing and discouraging compound for-
mation [79]. Consequently, the Gibbs free energy of an alloy system may 
decrease with increased mixing entropy.

Severe lattice distortion effect: In HEAs, differences in atomic radii 
among the principal elements cause severe lattice distortions, disrupting 
the periodic lattice and weakening the diffraction intensity. Such dis-
tortions influence key physical properties, including diffusion, elec-
trical/thermal conductivity, and magnetism.

Sluggish diffusion effect: HEAs exhibit slower elemental diffu-
sion than conventional alloys. On the one hand, the heterogeneous 
local atomic environment complicates migration pathways and im-
pedes atomic jumps into vacancies. On the other hand, the varying 
diffusion rates of the constituent elements mean that the slowest-
diffusing element serves as the rate-limiting step in the overall 
diffusion process.

Cocktail effect: The presence of multiple principal elements in HEAs 
can yield unique properties that are not present in individual elements. 
The cocktail effect suggests a synergistic interaction, where the 
combined effect may exceed the sum of the individual elements’ 
properties.

The potential application of these four core effects for hydrogen 
adsorption, diffusion, and storage capacity is illustrated in Fig. 3 [80]. 
The diverse active surface sites in HEAs facilitate the adsorption and 
dissociation of hydrogen molecules on their surfaces. Hydrogen reten-
tion on the alloy surface is prolonged, thereby enhancing adsorption 
capacity, selective separation, and sensitivity to low hydrogen concen-
trations. HEAs possess highly stable solid-solution phases, providing 
abundant interstitial sites for hydrogen storage. In addition, the 
numerous defects and irregular grain boundaries in the alloy accelerate 
hydrogen diffusion. In conclusion, these effects synergistically regulate 
hydrogen interactions in HEAs, making them promising candidates for 
hydrogen storage, separation, and detection applications.

3. Theoretical computation and data-driven design

The selection of compositions and synthesis of HEAs involves com-
plex cross-scale physicochemical phenomena. Therefore, relying solely 
on experimental methods to explore the mechanisms of microstructures

Fig. 2. Primary coverage of this review.
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and properties is time-consuming. The overall performance of HEAs is 
influenced by various phases, including intermetallic, nanometric, and 
amorphous phases [81]. To address these challenges, theoretical 
computation and machine learning methods have been increasingly 
integrated into HEA design, thereby providing predictive insights into 
phase formation, stability, and functional performance.

3.1. Empirical parameters

To date, research on HEAs has primarily focused on multiphase al-
loys. The formation of single-phase HEAs relies on calculations that 
incorporate empirical metrics, in line with Hume–Rothery principles 
[49,82]. Factors such as atomic radius and valence electron concentra-
tion (VEC) in alloying elements significantly affect the heat of dissolu-
tion for solid solutions in binary alloys. However, further analysis is 
needed to understand how these factors influence phase stability in 
HEAs. Key parameters affecting phase stability, including mixing en-
tropy (ΔS mix ), mixing enthalpy (ΔH mix ), atomic size mismatch (δ), 
electronegativity difference (Δ χ), VEC, and thermodynamic origin (Ω), 
are presented in Fig. 4a [81,83–86]. The equations to calculate these 
parameters are as follows:

ΔH mix = 
∑ n

i=1;j∕=i

4ΔH mix
ij c i c j (3)

where ΔHmix
ij represents the enthalpy of mixing for binary equiatomic AB

alloys;

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ n

i=1
c i 
( 

1 −
r i 
r

) 2
√ 

× 100% (4)

where r = 
∑n

i=1 c i r i is the average atomic size of the n components in the 
alloy, c i is the concentration of component i, and c j is the atomic radius 
of component i;

Δχ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ n

i=1
c i (χ i − χ) 2

√ 

; χ = 
∑ n

i=1
c i χ i (5)

where n is the number of components, c i is the mole fraction of the i th

element, χ is the mean value of electronegativity for the selected alloy, 
and χ i is the Pauling electronegativity of component i;

Fig. 3. Potential for HEAs in hydrogen technologies.

Fig. 4. (a) Parameters affecting the formation of single-phase HEAs. Reproduced with permission [49]. Copyright 2021, Royal Society of Chemistry. (b) Relationship 
between delta and ΔH mix for HEAs. Reproduced with permission [81]. Copyright 2008, Wiley-VCH.
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VEC = 
∑ n

i=1
c i (VEC) i (6)

where n is the number of components, c i is the mole fraction of the i th 

element, and (VEC) i is the valence electron concentration of component 
i; and

Ω = 
T m ΔS mix

|ΔH mix |
(7) 

where T m = 
∑n

i=1 c i (T m ) i , (T m ) i is the melting point for the ith compo-
nent of the alloy. Ω is defined as a parameter of the entropy of mixing 
timing and the average melting temperature of the elements over the 
enthalpy of mixing.

The findings indicate that HEAs are likely to form solid solution phases 
when the atomic radius difference (δ) is less than 6.5%, the mixing 
enthalpy ranges from − 15 to − 5 kJ ⋅ mol − 1 , and the mixing entropy is 
confined to values between 12 and 17.5 J ⋅ K − 1 ⋅mol − 1 , as illustrated in 
Fig. 4b [81]. Guo et al. introduced the VEC criterion, suggesting that the 
FCC phase is stable when VEC exceeds 8, while the BCC phase is stable 
when VEC is below 6.87 [82]. However, VEC alone cannot determine the 
structure of solid-solution HEAs, indicating a need for further analysis of

phase formation laws. Yang et al. formulated the Ω parameter to predict 
phase formation in HEAs, establishing that solid-solution phases are 
relatively stable for Ω ≥ 1.1 and δ ≤ 6.6% [83]. To date, there are many 
phase formation rules and empirical criteria for HEAs, which may not 
apply to all HEAs. Although empirical methods like calculation of phase 
diagrams (CALPHAD) for HEA design may lack the sufficient precision of 
computational approaches, they remain valuable for the rapid screening
of candidate alloys and preliminary phase prediction, without the need for 
complex calculations or extensive experiments.

3.2. Multi-scale calculation

With the aid of multi-scale computational and simulation methods, it 
is possible to efficiently predict the phase compositions of HEAs and the 
physicochemical properties they inherently possess. As illustrated in 
Fig. 5, different modeling techniques operate across distinct temporal 
and spatial scales. These methods facilitate efficient predictions of phase 
compositions and physicochemical properties, thus allowing for the 
facile optimization of alloy compositions to enhance material properties 
[87,88]. This section highlights the application of representative mul-
tiscale simulation methods for HEA design, spanning from the atomic to 
the macroscopic scale.

Fig. 5. (a) Crystal lattice and unit cell volume of Ti 0.5 Zr 1.5 CrMnFeNi HEA and its corresponding hydride of Ti 0.5 Zr 1.5 CrMnFeNiH 6 . Reproduced with permission [94]. 
Copyright 2022, Elsevier. (b) Evolution of dislocation behavior in a single crystal under plastic deformation at different temperatures. Reproduced with permission 
[102]. Copyright 2022, Elsevier. (c) Phase design via CALPHAD and (d) XRD profile after high-pressure torsion (HPT) processing and hydrogenation of 
TiZrCrMnFeNi. Reproduced with permission [105]. Copyright 2020, Elsevier.
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3.2.1. Density functional theory (DFT) calculations
DFT is an effective and typical approach for investigating hydrogen 

adsorption energies, dissociation pathways, and charge transfer 
behavior on HEA surfaces and within their crystal lattices. Calculations 
based on DFT provide atomistic insights into reaction mechanisms and 
the evolution of electronic structures, playing a crucial role in advancing 
the understanding and development of HEAs [89,90]. For example, Hu 
et al. reported that, based on the DFT results, a BCC-structured alloy of 
TiZrHfScMo can absorb 2.14 wt% hydrogen [62]. Their subsequent 
studies on the TiZrVMoNb HEA emphasized some of the factors influ-
encing hydride stability, presenting advantages for achieving high 
reversible hydrogen storage capacity [91,92]. Li et al. demonstrated a 
54.1% increase in hydrogen storage capacity due to the regulation of 
micro-precious metals in TiZrHfMoNbM x (M = Pt, Pd) [93]. Both the 
destabilization of hydrides and the significant role of electronic struc-
ture were proposed based on their DFT results. The calculated formation 
energies indicate that Pt and Pd preferentially substitute for Ti and Zr in 
TiZrHfMoNb HEA. Furthermore, the adjustment of element content had 
an obvious effect on hydrogen desorption due to the decreased binding 
energy between hydrogen and HEA hydrides. As shown in Fig. 5a, based 
on the DFT method, Mohammadi et al. designed AB 2 -type C14 Laves 
phase Ti x Zr 2-x CrMnFeNi (x = 0.4 to 1.6) HEAs with a VEC of 6.4 and a 
low hydrogen absorption strength (close to − 0.1 eV, which is beneficial 
for room-temperature hydrogen storage) [94]. Both experimental and 
theoretical results exhibit comparable trends, revealing a decrease in 
unit cell volume as the Ti content increases in both alloys and hydrides. 
Facilitating the occupation of interstitial sites by hydrogen atoms is a 
pivotal challenge. Hu et al. identified the primary hurdle of enhancing 
hydrogen occupancy in interstitial positions to boost their capacities 
[95]. The findings indicate that the inherent electron delocalization 
among hydrogen atoms in HEA hydrides significantly differs from that in 
conventional metal hydrides. In addition, higher occupancy of octahe-
dral sites induces structural disorder, which reduces thermal stability 
and facilitates dehydrogenation at lower temperatures. The addition of 
Mg and Al affects the thermodynamics of Ti 0.325 V 0.275 Zr 0.125 Nb 0.275 
hydride, reducing its storage capacity, as demonstrated by analyses of 
the electronic density of states, crystal orbital Hamilton population, and 
electron localization function [96]. In fact, significant research progress 
has been made in elucidating the structural stability, phase formation 
mechanism, hydride thermodynamics, and hydrogen storage capacity of 
HEAs via DFT calculations. However, as the number of constituent ele-
ments increases, modeling the local chemical environments and 
atomic-level disorder requires larger supercells. This will significantly 
raise the computational cost and limit the applicability of DFT across 
broad compositional spaces.

3.2.2. Molecular dynamics (MD) simulation
MD simulation is also widely used to assess the structural stability of 

HEAs. It is particularly effective for investigating hydrogen diffusion 
behavior, including the effects of temperature, lattice defects, and me-
chanical stress. These simulations can examine the internal micro-
structural evolution of alloys during deformation. Kao et al. investigated 
organizational evolution under rapid solidification in equialloys with 
2–8 elements and found that an amorphous structure forms with fewer 
than four principal elements, while a solid-solution structure appears 
with more than five [97]. Choi et al. pointed out that the stable phase of 
equiatomic CoCrFeMnNi HEA is a hexagonal close-packed structure at
0 K, and a significant number of stable vacancy sites may cause sluggish 
diffusion [98]. Furthermore, the hydrogen diffusion effect can be 
explored through a systematic analysis. Ren et al. investigated the cor-
relation between lattice distortion and hydrogen diffusion [99]. 
Hydrogen atoms readily become trapped in low-energy zones, signifi-
cantly retarding long-distance hydrogen migration. In addition, the ab 
initio molecular dynamics method was employed to investigate the 
characteristics of icosahedra within Ni 32 Nb 28 Zr 30 Fe 10 alloy membranes

and their effect on hydrogen absorption [100]. Through Voronoi 
tessellation analysis, icosahedra in the alloy before and after hydroge-
nation were identified. This revealed the presence of only three com-
plete icosahedra and no Ni-centered ones in the unhydrogenated 
amorphous structure, which is believed to contribute to its low crys-
tallization activation energy. However, the accuracy and efficiency of 
molecular dynamics simulations strongly depend on the quality of 
interatomic potential, making the development of reliable potential 
functions essential. Cao et al. reported a potential function for GaMn-
FeNiCu HEA using the machine learning method DeePMD, based on the 
DFT calculation database [101]. Utilizing machine learning potentials, 
the cooling process was simulated, revealing that the crystalline struc-
ture may be maintained throughout the cooling phase. This finding 
agrees with in situ environmental transmission electron microscopy and 
in situ synchrotron radiation X-ray diffraction results. In a recent work, 
Li et al. demonstrated via MD simulation that more stacking faults 
appear in the hydrogen-containing samples, and a high temperature can 
accelerate hydrogen diffusion (Fig. 5b) [102]. However, MD simulations 
are limited by their short time scales (typically in the nanosecond range) 
and the absence of reliable interatomic potentials for complex multi-
component HEAs. These limitations make it difficult to accurately model 
long-term structural or diffusion behaviors.

3.2.3. Calculation of the phase diagram (CALPHAD) approach
Phase diagrams serve as a roadmap for material design, predicting 

composition, phase stability, microstructure evolution, and final prop-
erties. The CALPHAD approach is a computational framework used to 
model phase stability and thermodynamic properties in multicomponent 
alloy systems [103]. At its core, the CALPHAD method describes the 
Gibbs free energy of each phase in a system as a function of temperature, 
pressure, and composition. Under constant temperature and pressure, 
the Gibbs free energy quantifies the stability of a phase. Assessed ther-
modynamic data from binary and ternary systems are extended to 
higher-order multicomponent systems through thermodynamically 
consistent interpolation and extrapolation to predict phase stability and 
phase diagrams [104]. Edalati et al. developed a single-phase stable 
TiZrCrMnFeNi alloy that achieved a reversible capacity of 1.7 wt% 

hydrogen at room temperature, as illustrated in Figs. 5c and d [105]. 
Floriano et al. used CALPHAD to identify potential compositions for 
single C14 Laves phase formation, confirming that the existence of the 
C14 Laves phase is crucial for room temperature applications [106]. 
Similarly, under the guidance of CALPHAD as well as the TCHEA3 
database, a two-phase TiZrNbCrFe HEA with a significant reversible 
hydrogen capacity was designed by using the amount of equilibrium 

phases as a function of temperature to predict the formation of both 
equilibrium and non-equilibrium phases [107]. The experimental results 
show that TiZrNbCrFe HEA crystallizes primarily as a C15 Laves phase. 
The CALPHAD method not only can accurately predict hydrogen storage 
capacity but also allows precise determination of plateau pressure and 
thermodynamic properties, such as enthalpy change. The applicability 
of an alloy as a hydrogen storage medium mostly relies on its pressur-
e–composition–temperature (P-C-T) curve. The CALPHAD method, by 
combining thermodynamic databases, experimental data, and compu-
tational techniques, can predict the P-C-T curves by calculating the 
Gibbs free energies of various phases. For instance, Zeng et al. developed 
a thermodynamic description of the Mg–Ni–H system based on the 
thermodynamically assessed constituent binary systems, which can be 
applied to analyze the hydriding behavior of Mg–Ni alloys [108]. Based 
on the thermodynamic analysis of the Mg-Ni-Nd-H system, the P-C-T 
curves and hydrogen storage capacities were precisely predicted, lead-
ing to the successful design of two new ternary compounds, Nd 4 Mg 80 Ni 8 
and Nd 16 Mg 96 Ni 12 , as promising hydrogen storage alloys [109]. The 
above research work suggests that CALPHAD is an effective tool to guide 
HEA composition design and process optimization, but it is restricted by 
the absence of a reliable thermodynamic database [110].
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3.3. Machine learning

Machine learning has rapidly advanced in the field of hydrogen 
storage in recent years, showing great potential for material screening, 
performance prediction, and mechanism understanding [111,112]. 
High-quality hydrogen storage datasets with informative features are 
key to achieving accurate predictions using machine learning. Typically, 
such datasets are compiled from published experimental data, 
high-throughput computations, and inorganic materials databases. 
Currently, there are two available hydrogen storage datasets: a 
HydPARK database maintained by the U.S. DOE and a high-density, 
composition-rich dataset established by Huang et al. [113,114]. Data 
cleaning and preprocessing are essential steps for effective machine 
learning. Initially, Zhou et al. applied machine learning according to the 
implicit and explicit features of typical metal hydrides, based on a newly 
constructed proprietary dataset [115]. The most critical factors influ-
encing hydrogen storage capacity, such as mean ionic character and Fe 
content, were identified through feature importance ranking. Subse-
quently, by applying composition-property scanning with averaged 
SVM/GBDT models, followed by targeted parameter screening, a 
Ti 0.9 Zr 0.12 Mn 1.2 Cr 0.55 (VFe) 0.25 HEA was successfully designed. This 
alloy demonstrated cost-effective and comprehensive performance, 
achieving 1.9 wt% (127.3 kg H 2 ⋅ m − 3 ) in saturation. In a word, machine 
learning-driven composition customization provides a cost-efficient 
alternative to trial-and-error experiments and offers a promising strat-
egy for developing HEAs as advanced hydrogen storage materials. 

Traditional methods for alloy design often rely on experience or 
limited experimental data, which are inefficient and costly when dealing 
with the vast compositional space of HEAs. As the research on HEAs 
progresses, both experimental and computational data are being 
increasingly utilized to derive insights [116]. Machine learning has 
become prominent in the compositional design of HEAs through the 
prediction of phase structure and target properties [117–119]. For 
instance, Huang et al. used a K-nearest-neighbor algorithm, support 
vector machines, and neural networks to predict the phase structure of 
401 HEAs, achieving a prediction accuracy of 94.3% in classifying solid 
solutions and compound phases [120]. Similar studies on HEAs with 
machine learning were conducted and have contributed to this field 
[121,122]. Qi et al. employed phase parameter information from con-
ventional binary alloys as feature inputs for their machine learning 
models, achieving over 80% accuracy in predicting more than 600 
HEAs’ phase structures [123]. Furthermore, the prediction accuracy of 
phase structure can be improved by a combination of machine learning 
and traditional thermodynamic simulations. Kaufmann et al. con-
structed a random forest model based on 13 features using the 1798 DFT 
calculation results for equiatomic alloy phase structure data [124]. The 
accuracy of the model in forecasting the phase structure of 134 experi-
mental alloys was 100%, surpassing the outcomes of thermodynamic 
simulations and DFT calculations. Although the prediction accuracy 
reported is high, large limitations remain, due to the limitations of 
training samples and differences in the classification of target phase 
structure types.

The application of machine learning also extends to predicting the 
hydrogen storage properties of HEAs; this requires the simple and 
informative descriptors that are vital to achieve accurate predictions. 
Features of hydrogen storage alloys generally fall into two main cate-
gories: input features (e.g., elemental composition, atomic parameters, 
structural parameters, and processing conditions) and target features (e. 
g., hydrogen storage capacity, hydride formation enthalpy, and equi-
librium plateau pressure). Witman and co-workers identified the mo-
lecular volume of alloys as a significant predictor of hydride properties 
to accurately predict hydride thermodynamics and hydrogen storage 
capacity using machine learning [63,125]. It is noteworthy that the 
molecular volume of alloys serves as the most significant predictor in the 
realm of thermodynamics, aligning with the empirically derived model 
established in earlier studies [126]. Strozi et al. employed a

compositional machine learning modeling technique to predict the 
thermodynamics of hydrides and clarify their design principles based on 
physical insights [127]. The experimentally determined maximum 

storage capacity (H/M) shows a slight decrease from 2.0 to 1.9 with 
increasing Cr content up to 30 atom%, and a trend of semi-quantitative 
prediction in machine learning is consistent. Nevertheless, the HydPAPK 
database utilized in the earlier research is limited to only 2004, meaning 
that numerous recent findings have not been included. Zhou et al. pre-
dicted the hydrogen solution energies from local HEA chemical envi-
ronments using machine learning algorithms [128]. Raw data published 
between 1998 and 2019 were collected and organized by Suwarno and 
colleagues [129]. According to their results, the three elements Ni, Cr, 
and Mn play a significant role in influencing the hydrogen properties of 
AB 2 -type alloys. One of the key aspects focused on in this area is the 
predictable determination of P-C-T curves. To address this important 
issue, several machine learning techniques were employed [130]. 
Among the different models, the deep neural network demonstrated 
superior performance, with an impressive average correlation coeffi-
cient (R 2 ) of 0.9307. BCC metals can often store hydrogen through a 
two-phase process, first forming a BCC or body-centered tetragonal 
(BCT) monohydride and then an FCC dihydride. A DFT-informed mul-
ti-objective Bayesian optimization strategy was utilized to design BCC 
HEAs for room-temperature hydrogen storage [131]. In Fig. 6a, a DFT 
procedure for obtaining hydrogen binding energies gives the descriptor 
of the thermodynamics for the first and second stages of absorption as 
bulk modulus and d-band, respectively. Ultimately, the BCC-type 
VNbCrMoMn HEA was found to meet the target values for ΔE mono and 
ΔE di , which can theoretically store 2.83 wt% hydrogen at room tem-
perature (Fig. 6b). In a similar study, the enthalpy of hydride formation 
in HEAs based on 420 datum points was predicted using machine 
learning [132], with the highest R 2 value of 0.68 (Fig. 6c). Taking 
TiZrCrMnFeNi HEA as an example (structure shown in Fig. 6d), the 
prediction of machine learning is consistent with both experimental 
measurements and DFT calculations, which can be used to design new 
HEAs with hydride formation enthalpies in the range of − 25 to
− 39 kJ ⋅ mol − 1 (Fig. 6e). These results suggest machine learning is an 
effective and rapid method for developing high-entropy materials for 
hydrogen storage. Recently, Radhika et al. accurately predicted the VEC, 
phase, and hydrogen-to-metal ratio (H/M) by gathering and examining 
existing HEA data through machine learning techniques [66]. They 
created a database comprising 741 quaternary alloys and 631 quinary 
HEAs. Among them, 774 alloys satisfied the set conditions, showing 
great potential for hydrogen storage applications. Despite significant 
progress, the complexity of HEAs for extensive ingredients is still the 
biggest challenge.

Multi-scale calculation methods are gradually being used for design 
to enhance the hydrogen storage performance of HEAs. These methods 
are conducive to investigating key factors such as the site preference of 
hydrogen atoms, phase transformation mechanisms, thermodynamic 
stability, kinetic behavior, and cyclic stability. This insight provides 
valuable guidance for designing novel hydrogen storage materials based 
on HEAs. DFT provides atomic-level insights into hydrogen adsorption, 
dissociation, and electronic structure in HEAs, while MD captures 
hydrogen diffusion and the effects of defects, temperature, and stress on 
transport behavior. In addition, CALPHAD enables phase diagram pre-
diction and thermodynamic analysis for alloy design. Machine learning 
facilitates rapid property prediction and composition screening based on 
large-scale data. However, these methods often fail to fully capture the 
complex behavior of HEAs in practical applications. For instance, 
theoretical models struggle to accurately predict phase transformation 
behavior and defect evolution in alloys under high temperatures and 
stress, which can lead to significant discrepancies compared to experi-
mental observations. Meanwhile, experimental confirmation often lags 
due to challenges in synthesis reproducibility, phase complexity, and 
high-throughput testing limitations. To address this gap, future research 
should aim to establish a closed-loop framework that integrates
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theoretical design, experimental validation, and iterative optimization. 
This process can be accelerated by automated synthesis and artificial 
intelligence (AI)-assisted testing platforms, enabling efficient coordina-
tion between computational and experimental workflows.

4. Synthetic and morphology design

HEAs can be synthesized using conventional alloying methods; Yan 
and co-workers have systematically summarized the classifications and 
preparation strategies [133,134]. However, their properties are strongly 
affected by composition, particle size, and phase structure, all of which 
are highly dependent on the synthesis methods and experimental con-
ditions employed. It is therefore essential to understand that the inter-
play among these factors is necessary for optimizing HEA performance 
in different applications. For hydrogen storage applications, HEAs are 
often synthesized through arc melting or mechanical alloying, as well as 
other methods like laser engineered net shaping (LENS), melt spinning, 
and HPT.

4.1. Synthetic method for bulk HEAs

The most common method for preparing bulk HEAs is melting fol-
lowed by casting, typically conducted via arc or induction melting. To 
minimize oxidation, the entire process is generally performed under 
vacuum or an inert atmosphere. The cooling rate is also critical for the 
HEA’s phase stability and microstructure, as it must be sufficiently rapid 
to kinetically retain the thermodynamically metastable solid-solution 
phase. In addition, remelting is often combined with recrystallization

to minimize grain boundary formation and enhance crystal quality. This 
process can ensure compositional homogeneity [86,135–138]. Specific 
configurations, such as the sequential melting of elements at varying 
currents, are also employed to avoid oxygen contamination through the 
use of a Ti getter [139]. For example, Sahlberg et al. developed a 
TiVZrNbHf HEA with a BCC structure capable of absorbing more 
hydrogen than the individual element, achieving a H/M ratio of 2.5. 
However, elements are affected by the molecule’s thermal motion and 
easy volatilization, characteristics of a low melting metal, as these lead 
to chemical segregation [140]. Kao et al. discussed the hydrogen storage 
properties of CoFeMnTiVZr HEA produced through vacuum arc melting 
and found that increased levels of Ti and Zr caused significant segre-
gation, reducing the hydrogen storage capacity [58]. After melting, a 
solidified HEA can be shaped into disk samples via suction casting [141] 
or processed into mechanical HEA powders [137,142]. Induction 
melting is another effective preparation method due to the vacuum 

environment employed, as that improves the alloy’s purity and unifor-
mity [143–145]. Montero et al. prepared a Ti 0.325 V 0.275 Zr 0.125 Nb 0.275 
alloy via high-temperature arc melting and compared its hydrogen 
storage performance with a rehydrided sample under Ar and the as-cast 
alloy processed by ball milling under hydrogen [146]. The reversible 
capacity can be maintained at about 2 wt% in the first cycle.

4.2. Synthetic method for powder HEAs

Mechanical alloying is a nonequilibrium synthesis method that pro-
motes intricate physicochemical processes at the atomic level. Zepon and 
co-workers prepared an MgZrTiFe 0.5 Co 0.5 Ni 0.5 HEA using high-energy

Fig. 6. (a) Illustration of DFT procedure for obtaining hydrogen binding energies, and the thermodynamic descriptor for the first and second stages of absorption. (b) 
The distribution of predicted and simulated hydrogen binding energies. Reproduced with permission [131]. Copyright 2024, Elsevier. (c) Predicted formation 
enthalpy versus the measured experimental formation enthalpy, using Gaussian process regression algorithms. (d) Optimized supercells for first-principles DFT 
calculations of TiZrCrMnFeNi and TiZrCrMnFeNiH 6 . (e) Comparison of predicted formation enthalpy of hydride for HEAs, using different approaches. Reproduced 
with permission [132]. Copyright 2024, Elsevier.
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ball milling to probe the phase transition under different atmospheres 
[147]. A single BCC phase was formed under argon but transformed to an 
FCC phase under hydrogen, absorbing 1.2 wt% hydrogen. The effect of 
milling time on MgTiVCrFe HEA phase formation and hydrogen storage 
properties was investigated, during which MgTiVCrFe decomposed after 
hydrogen cycling while MgVCr maintained phase stability, demonstrating 
a reversible hydrogen capacity of 0.9 wt% at 623 K [148]. Synthesis and 
processing techniques are crucial in the research and advancement of 
novel materials such as HEAs. Nonetheless, the existing approach typi-
cally demands stringent conditions, such as elevated pressure, high tem-
peratures, and inert atmosphere safeguards. Mechanical alloying always 
induces severe lattice distortion, high defect density, and nanocrystalline 
structures through repeated cold welding and fracturing. These micro-
structural features facilitate hydrogen diffusion and improve storage ca-
pacity. In contrast, arc melting yields more homogeneous, coarse-grained 
solid-solution phases with fewer defects, providing greater thermody-
namic stability during hydrogen cycling.

As its dimensions are reduced to the nanoscale, the HEA becomes an 
ideal platform for various surface reactions due to the increased specific 
surface area, strong synergistic effects, wide compositional flexibility, 
and significant lattice distortion. Therefore, HEA nanoparticles (HEA-
NPs) show great potential for energy catalysis, but their synthesis is a 
challenging task [52,149]. This is mainly because they contain diversi-
fied elements and require non-equilibrium conditions. The main diffi-
culty results from the different properties of each element, such as 
atomic size, melting point, and chemical reactivity. These differences 
can cause phase separation or uneven distribution during synthesis. It is 
still difficult to control the particle size, shape, and uniform distribution 
of elements inside HEA-NPs.

Carbon thermal shock (CTS) is a burgeoning method for preparing 
HEA-NPs [150]. In a typical CTS process, metal precursors are 
flash-heated and cooled on an oxygenated carbon carrier by adjusting 
the impact duration and slope. The rapid thermal decomposition of 
metal precursors at very high temperatures (2000–3000 K) leads to the 
formation of small droplets containing polymetallic solutions. The sub-
sequent rapid cooling crystallizes these droplets into uniform alloy NPs, 
preventing issues like element aggregation and phase separation. Care-
ful control of CTS parameters such as substrate, temperature, shock 
duration, and heating/cooling rate may help uncover novel HEA-NPs 
with both scientific significance and practical advantages. In addition, 
sputtering deposition works by bombarding the target surface with 
high-energy gas ions, resulting in a physical ejection of surface atoms or 
small clusters [151]. This method is considered a friendly approach for 
preparing metal NPs because it does not require metal precursors or 
additional stabilizers. Similarly, the solvothermal method enables the 
employment of a broad range of metal elements while remaining 
cost-effective [152,153]. This method also enables the precise regula-
tion of HEA-NP size, morphology, and crystallographic facet exposure. 
However, achieving atomic-scale precision in nanostructural control 
remains a formidable task. Recently, Wang et al. synthesized HEA-NPs 
across various substrates by laser scanning ablation (LSA). This pro-
cess involves mixing metal chlorides on a carbon substrate, which is then 
irradiated in hexane with laser pulses at room temperature, achieving 
uniform mixing of up to nine metal elements (Fig. 7a). Moreover, this 
technique is highly versatile, allowing HEA-NPs to be synthesized on 
diverse substrates or as colloidal particles [154].

Gao et al. developed a fast-moving bed pyrolysis (FMBP) technique, 
wherein the synthetic HEA-NPs can be immobilized upon granuliform 

supports [155]. At a temperature of 923 K, the distribution of particle 
sizes for MnCoNiCuRhPdSnIrPtAu HEA-NPs was quite uniform at 
approximately 2 nm (Fig. 7b). Recently, a liquid metal reaction medium 

was used to synthesize HEA-NPs under mild conditions [101], where 
nanoscale dispersed liquid metal served as a reservoir and was mixed 
with different metal salts as precursors (Fig. 7c). The metal salts then 
underwent pyrolysis and hydrogen reduction, resulting in the mixing of 
metal elements with liquid metal to form HEA-NPs at a temperature of

923 K. Furthermore, nanoparticle structures can be precisely produced 
by tuning the mixing enthalpy. The synthesis of HEA-NPs on various 
substrates under mild conditions has important implications in the fields 
of catalysis and energy storage. Identifying HEAs that simultaneously 
exhibit superior target performance and thermal stability within a vast 
compositional space is a formidable challenge, as conventional ap-
proaches are often time-consuming and inefficient. Therefore, the 
implementation of high-throughput strategies is urgently needed to 
accelerate the discovery and development of high-entropy alloys.

4.3. High-throughput synthetic methods

The traditional trial-and-error method for HEA research is ineffi-
cient, costly, and requires long development cycles. High-throughput 
synthetic methods can be used for the highly efficient synthesis of 
both bulk and powder HEAs. High-throughput experiments for HEAs 
facilitate rapid preparation and characterization, enabling the efficient 
screening and validation of new compositions and process combina-
tions. Technological development in this area follows two paths: (1) 
parallel preparation of multiple samples with varying compositions and 
(2) creation of gradient changes in composition or process parameters 
on a single sample. As shown in Fig. 8a, in situ high-temperature syn-
thesis of FeCoNiCrCuAl x was performed using a transmission electron 
microscope (TEM) [156]. The dynamic melting procedure for FeCo-
NiCrCu combined with Al was documented, and the composition of 
FeCoNiCrCuAl x was analyzed using EDS. This method helps solve some 
problems of traditional arc melting and casting methods, i.e., the 
element loss that occurs when low-melting-point metals are melted 
repeatedly. Moorehead et al. employed laser additive manufacturing to 
control the independent feed rates of nanomaterial powders with 
different elements (Fig. 8b) [157]. Based on the four-element MoNbTaW 

refractory alloys, graded samples between a three-component alloy and 
pure metal elements were compounded. The influence of single element 
content on alloys’ microstructure and microhardness has also been 
systematically studied. Moreover, Zhu et al. introduced a rapid and 
high-throughput approach to synthesize bulk HEAs using radio fre-
quency inductively coupled plasma (RF-ICP) (Fig. 8c). Notably, typical 
HEAs can be synthesized in just 40 s per alloy. Elsewhere, an automated 
platform designed to simultaneously process 20 samples significantly 
enhanced the efficiency of HEA synthesis [158]. However, additive 
manufacturing materials are prone to defects, which can severely 
degrade performance. High-throughput synthesis helps speed up HEA 
discovery and improvement, but it still has limits with respect to sample 
size, accuracy of thermodynamic data, and testing speed. To solve these 
problems, we need to combine automated production with real-time 
testing, machine learning, and better process control.

Overall, mechanical alloying facilitates the enhanced solubility of 
alloying elements in the HEA matrix and enables the formation of 
metastable phases, but the long-term and intense nature of the milling 
process may introduce impurities and structural defects. In contrast, arc 
melting provides a simple and efficient route to obtain bulk HEAs with 
high purity, although compositional segregation and inhomogeneity 
may occur, usually during solidification. Although high-throughput 
synthesis can accelerate the compositional screening of HEAs, it faces 
a few challenges, such as data overload, sample heterogeneity, and high 
cost for large-scale implementation. These preparation methods for 
HEAs have been well developed, and some experimental attempts have 
been made to validate theoretical predictions. However, the complexity 
of HEAs presents certain challenges for experimental validation. Varia-
tions in alloy compositions, synthesis method, and external conditions 
inevitably lead to discrepancies in experimental results, making it 
difficult to achieve full alignment with theoretical predictions. More-
over, the synthesis method employed determines the phase formation 
and crystallite size, which directly influences hydrogen solubility and 
hydride stability. Therefore, by adjusting the synthesis parameters, it is 
possible to control the resulting microstructure, which ultimately
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governs key performance indicators such as hydrogen capacity, sorption 
kinetics, and cyclic durability.

5. HEAs for hydrogen storage

The practical application of hydrogen energy is limited by a 
major challenge in the form of efficient storage. HEAs offer a

promising foundation for advancing solid-state hydrogen storage 
materials. These materials exhibit objective hydrogen storage ca-
pacity, extensive composition space, and excellent catalytic perfor-
mance, making them effective for both hydrogen storage and 
catalysis. In this section, we discuss the role of HEAs in hydrogen 
storage, particularly focusing on absorption, electrochemistry, and 
catalysis.

Fig. 7. (a) LSA approach to synthesizing HEA-NPs. Reproduced with permission [154]. Copyright 2022, Springer Nature. (b) FMBP strategy for synthesis of 
HEA-NPs. Reproduced with permission [155]. Copyright 2020, Springer Nature. (c) Synthesis and characterization of HEA-NPs. Reproduced with permission [101]. 
Copyright 2023, Springer Nature.
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5.1. Hydrogen absorption

Due to the high-entropy effect, different metal atoms occupy lattice 
sites in varying ways, influencing hydrogen absorption. As a result, the 
phase structure of HEAs plays a crucial role in determining their 
hydrogen storage capacity [159,160]. Current research has primarily 
focused on HEAs with BCC and the intermetallic C14 Laves phase, these 
are summarized in Table 1. Here, we explore HEAs in the context of 
hydrogen absorption.

Among traditional metals and alloys utilized for hydrogen storage, 
BCC alloys derived from the first 3d transition elements (e.g., Ti, V, and 
Cr) represent the most promising class due to their high hydrogen ca-
pacity (H/M of 2). For many BCC-structured HEAs, the H/M ratio can 
attain a value of 2 or greater. As a successful example, TiVZrNbHf HEA 
achieves an H/M of 2.5, but that corresponds to only 2.7 wt% owing to 
the high atomic weight of the elements [140]. In this HEA, both tetra-
hedral and octahedral interstitial sites are favorable for accommodating 
hydrogen atoms; this is coupled with large lattice distortions. HEAs 
designed with hydrogen-absorbing elements in later research did not 
exhibit a comparable hydrogen storage capacity [161]. However, the 
practical application of BCC HEAs is limited by the high thermodynamic 
stability of their hydrides, which hampers the dehydrogenation perfor-
mance. In addition, the synergistic effect between the main phase and 
the secondary phase may enhance the hydrogen ab/desorption perfor-
mance of BCC-type HEAs. On the one hand, the secondary phase can 
modify lattice parameters and provide favorable interstitial sites, while 
on the other hand, it influences microstructural stability and hydrogen 
diffusion pathways. To reduce the hydride stability, Cheng et al. aimed 
to introduce a new phase in the BCC-type Ti 4 V 3 NbCr 2 alloy by doping 
with transition metals (Fe, Mn, and Ni) [162]. This successfully resulted 
in the precipitation of a secondary phase in the BCC matrix, with the 
largest amount formed in the Ni-containing HEA. Therefore, the lowest 
endothermic peak was observed at 570 K during differential scanning 
calorimetry (DSC) characterization of the Ti 4 V 3 NbCr 2 Ni HEA (Fig. 9), 
corresponding to hydrogen desorption. The presence of the secondary 
phase obviously creates additional pathways for hydrogen desorption, 
facilitating hydrogen release from the HEA hydride. Gaspar et al. reveal 
that Cu substitution in TiZrHfVNb 1-x Cu x alloys induces BCC and C14 
Laves dual-phase formation through microstructural segregation, 
enabling rapid activation and reversible hydrogen storage of ~1.5 wt%

in near-ambient conditions, highlighting their promise for practical 
solid-state hydrogen storage [163]. Similar results were achieved in a 
Cu-doped ZrTiVFe HEA, in which the doping of Cu reduced the residual 
hydrogen from 0.37 to 0.084 wt% [164].

Additionally, intermetallic compounds with the C14 Laves phase 
typically absorb 1 H/M, form hydrides, and maintain the phase un-
changed with expanded lattice parameters after absorbing hydrogen 
[38,105,106]. HEA containing the C14 Laves phase is a promising 
candidate, as it adsorbs large amounts of hydrogen at room temperature 
and has a superior reaction rate, a long cycling lifespan, and easy acti-
vation. Sleiman et al. synthesized the Ti 0.3 V 0.3 Mn 0.2 Fe 0.1 Ni 0.1 HEA with 
a multiphase structure of BCC and the C14 Laves phase [165]. It can 
absorb 1.6 wt% hydrogen within an hour at 298 K. Moreover, XRD re-
sults demonstrated that both phases can absorb hydrogen while main-
taining their crystal structure with increased lattice parameters. 
Chanchetti et al. designed Ti 31 V 26 Nb 26 Zr 12 M 5 (M = Fe, Co, and Ni) 
HEAs and investigated their hydrogen storage properties [166]. A 
multi-step process for hydrogen ab/desorption was confirmed: 
BCC + C14 alloy ↔ intermediate BCC hydride + C14 hydride ↔ 

FCC + C14 hydrides. Xiao et al. proposed a dual-phase synergistic effect 
during the de/hydrogenation process of TiZrCrMnNi(VFe) HEA. It can 
rapidly reach a saturated capacity of 1.83 wt% H 2 at 273 K without any 
activation treatment due to its lower energy barrier [167]. These studies 
suggest that phase engineering is effective for developing pathways to 
optimize HEA-based hydrogen storage. However, the underlying 
mechanisms remain only partially understood.

Beyond phase structural design, phase transition and activation 
behavior are other key factors governing hydrogen storage performance 
[168]. Typically, HEAs show poor hydrogen uptake during initial 
exposure, and repeated hydrogenation/dehydrogenation cycles are 
required to activate the material. For instance, Zhang et al. investigated 
the activation of TiZrNbTa HEA and proposed a two-step activation 
mechanism [141]. As illustrated in Figs. 10a and b, activation behavior 
indicated that the hydrogen absorption temperature dropped signifi-
cantly, to room temperature (300 K) from 715 K, after the activation 
process. That is to say, the kinetics of hydrogen absorption was 
remarkably enhanced for an activated alloy. Upon activation, the ma-
jority of oxides on the surface of the TiZrNbTa HEA were transformed 
into suboxides and subhydroxides, whereas only some of the surface 
oxides on pure metals were converted, forming suboxides. In addition,

Fig. 8. (a) Schematic illustration of the in situ melting process. Reproduced with permission [156]. Copyright 2019, Elsevier. (b) Schematic illustration of the LENS 
MR-7 system, and pictures of the build plates from each printing iteration. Reproduced with permission [157]. Copyright 2020, Elsevier. (c) Schematics of the 
experimental setup of the RF-ICP system for alloy synthesis and the RF-ICP synthesis of HEAs using mixed pure metal powders. Reproduced with permission [158]. 
Copyright 2020, Wiley-VCH.
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vacancy clusters caused by the segregation of H atoms were enriched 
due to sluggish self-diffusion in the TiZrNbTa HEA, and this was 
responsible for a high nucleation rate after activation (see Fig. 10c). 
Sleiman et al. performed a systematic study on the activation process for

the TiVZrHfNb HEA by controlling particle size, hydrogen pressure, and 
operating temperature [169]. They found that activation was quick 
when the particles were less than 0.5 mm in diameter. Moreover, an 
amorphous phase was formed upon hydrogenation, which may have

Table 1
Reported absorption hydrogen storage performance of HEAs.

HEA composition 
(ordered by 
atomic number)

Synthesis
method

Alloy phase Hydride
phase

Hydrogen 
absorption 
capacity (wt%)

Hydrogen absorption 
kinetics

Onset/peak hydride 
decomposition 
temperature (K)

Ref.

MgAlTiFeNi BM a) (H 2 ) BCC g) BCC 1.0 1.0 wt% in 3600 s (598 K, 
1.5 MPa H 2 )

558/598 [184]

MgTiVCrFe HEBM b) (H 2 ) BCC BCC 0.3 0.2 wt% in 3600 s (303 K, 
2.0 MPa H 2 )

483/520 [148]

Mg 0.1 Ti 0.3 V 0.25 Zr 0.1 Nb 0.25 BM BCC FCC h) 2.7 2.7 wt% in 60 s (298 K, 
2.5 MPa H 2 )

523/563 [182]

Al 0.1 Ti 0.3 V 0.25 Zr 0.1 Nb 0.25 AM c) BCC BCT i) 2.6 ~2.6 wt% in 300 s (298 K, 
2.5 MPa H 2 )

383/403 [185]

Ti 0.28 V 0.28 Cr 0.15 Nb 0.28 AM BCC FCC 3.2 3.2 wt% in 60 s (293 K, 
2.5–3.0 MPa H 2 )

325/- [186]

Ti 0.32 V 0.32 Co 0.05 Nb 0.32 AM BCC FCC 3.1 3.1 wt% in 60 s (293 K, 
2.5–3.0 MPa H 2 )

362/- [186]

Ti 0.32 V 0.32 Ni 0.04 Nb 0.32 AM BCC (major) FCC 3.2 3.2 wt% in 60 s (293 K, 
2.5–3.0 MPa H 2 )

409/- [186]

TiVZrNbMo LENS d) BCC (major) FCC 2.3 2.3 wt% in 1380 s (303 K, 
8.5 MPa H 2 )

− /− [187]

TiVZrNbMo LENS BCC (major) BCC 0.6 0.6 wt% in 1380 s (303 K, 
8.5 MPa H 2 )

− /− [187]

TiVZrNbHf AM BCC BCT 2.1 1.7 wt% in 300 s (573 K, 
2.0 MPa H 2 )

623/- [169]

Ti 0.3 V 0.25 Zr 0.1 Nb 0.25 Ta 0.1 AM BCC FCC 2.2 ~2.4 wt% in 120 s (373 K, 
3.3 MPa H 2 )

510/- [188]

TiVNbMo AM BCC FCC ~1.5 H/M – 473/~593 [86]
TiZrNbHf AM BCC BCT ~2.0 H/M – 553/- [86]
TiVNbHf AM BCC FCC ~2.0 H/M – 553/- [86]
TiVNbHf AM BCC FCC 2.0 H/M – ~593/- [189]
TiVNbTa AM BCC FCC (major)

BCT (minor) 
1.9 H/M – ~385/- [135]

TiCrMnFeNiZr AM + HPT e) C14 Laves (major) C14 Laves 1.7 1.6 wt% in 60 s (303 K, 
3.9 MPa H 2 )

303/- [105]

Ti 0.32 Cr 0.43 Mn 0.1 Fe 0.13 Zr 0.02 HFMLM f) C14 Laves C14 Laves 1.6 1.5 wt% in 180 s (293 K, 
8.0 MPa H 2 )

− /− [190]

TiZrNbMoHf AM BCC FCC 1.2 – ~540/575 [136]
Ti 0.4 V 0.3 Cr 0.2 Nb 0.1 AM BCC FCC 3.7 3.7 wt% in 150 s (300 K,

5.0 MPa H 2 )
602/- [162]

TiVCrFeCu AM C14 Laves (major) C14 Laves 1.1 1.1 wt% in 1800 s (473 K, 
1.0 MPa H 2 )

− /− [164]

TiCrFeNiZrNb AM C14 Laves C14 Laves 1.5 – − /− [191]
TiVFeZrNb AM (vacuum) C14 Laves (major) C14 Laves (major) 

FCC (minor)
1.6 1.6 wt% in 100 s (323 K,

1.0 MPa H 2 )
313/448 [142]

Ti 0.31 V 0.26 Fe 0.05 Zr 0.12 Nb 0.26 AM BCC (major)
C14 Laves (minor) 

FCC (major)
C14 Laves (minor) 

2.9 2.9 wt% in 36 s (298 K, 
4.2–4.3 MPa H 2 )

− /− [166]

Ti 0.31 V 0.26 Co 0.05 Zr 0.12 Nb 0.26 AM BCC (major)
C14 Laves (minor) 

FCC (major)
C14 Laves (minor) 

2.9 2.9 wt% in 48 s (298 K, 
4.2–4.3 MPa H 2 )

− /− [166]

Ti 0.31 V 0.26 Ni 0.05 Zr 0.12 Nb 0.26 AM BCC (major)
C14 Laves (minor) 

FCC (major)
C14 Laves (minor)

2.9 2.9 wt% in 60 s (298 K, 
4.2–4.3 MPa H 2 )

− /− [166]

VMnFeNiLa LENS Multiphase Multiphase 0.1–0.8 0.1–0.8 wt% in 600 s (308 K, 
4.5 MPa H 2 )

308/- [192]

V 0.5 Cr 0.5 Mn 0.5 Fe 0.5 Zr 1 AM C14 Laves C14 Laves ~1.6 ~1.6 wt% in 2400 s (323 K, 
4.0 MPa H 2 )

− /− [137]

Ti 25 V 30 Cr 31 Nb 10 Mo 4 AM BCC FCC 2.2 3.5 wt% in 70 s (300 K,
9.0 MPa H 2 )

323/- [193]

Ti 25 V 30 Cr 33 Ni 2 Nb 10 AM BCC FCC 2.2 2.9 wt% in 140 s (303 K, 
1.0 MPa H 2 )

303/- [59]

a) BM ball milling.
b) HEBM high-energy ball milling.
c) AM arc melting.
d) LENS laser-engineered net shaping.
e) HPT high-pressure torsion.
f) HFMLM high-frequency magnetic levitation melting.
g) BCC body-centered cubic.
h) FCC face-centered cubic.
i) BCT body-centered tetragonal.
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been dependent on the hydrogenation temperature and particle size. 
These findings highlight that activation is a process strongly influenced 
by microstructural and processing parameters.

Elemental regulation provides another effective strategy to enhance 
activation behavior and hydrogen storage performance. For example, 
Wen et al. studied the effect of Zr doping on the hydrogen absorption 
and desorption of Ti 35-x V 25 Cr 15 Nb 25 Zr x HEAs [170]. The 
Ti 29 V 25 Cr 15 Nb 25 Zr 6 alloy achieved a hydrogen absorption capacity of 
2.21 wt% at 373 K and 3.1 MPa. Zr substitution for Ti induced signifi-
cant lattice distortion, which enhanced the hydrogen absorption kinetics 
and improved the overall ab/desorption performance. Higher Zr content 
also encouraged the formation of C14 Laves phases along the BCC ma-
trix, providing hydrogen diffusion channels and accommodating more H 
atoms. However, excessive C14 Laves phases decreased the proportion 
of the primary BCC hydrogen-absorbing phase, reducing the hydrogen 
capacity at elevated temperatures. On the other hand, DFT calculations 
for the TiZrHfMoNb HEA revealed that increased H–H bond disorder 
and reduced lattice distortion destabilized the BCC phase, leading to a

BCC → FCC transition [171]. This unique behavior, unlike that of con-
ventional alloys, arises from the severe lattice distortion present before 
hydrogenation. Ma and coworkers studied the effect of lattice distortion 
on the activation behavior of (ZrTiVFe) x Al y HEA. Results show that 
(ZrTiVFe) 0.8 Al 0.2 HEA, with a high Al content, is easier to activate due to 
the refined microstructure [172]. Recently, Cheng et al. designed a se-
ries of HEAs through Cr substitution for Ti in V 30 Nb 10 (Ti x Cr 1-x ) 60 [173]. 
The addition of rare earth (RE) elements is particularly important for 
enhancing the hydrogen storage performance of alloys [174–176]. For 
example, Pr, Sm, and Nd were introduced to reduce the incubation time 
of Ti 1.1− x Fe 0.8 Mn 0.2 alloy [177]. Doping Ho, Ce, and La into 
Ti 1.02 Cr 1.1 Mn 0.3 Fe 0.6 alloy can improve activation and hydrogen storage 
capacity [178]. Zhou and co-workers ingeniously designed Ce-doped 
TiZeCrMn alloys to influence activation [179]. The foregoing studies 
provide a feasible way to develop efficient hydrogen storage alloys. 

Despite these advances, HEAs often have limited gravimetric ca-
pacity due to the heavy elements employed. To address this issue, 
magnesium (Mg), a low-cost metal with high hydrogen affinity and low

Fig. 9. (a) Hydrogen sorption kinetics of TiVCrNb HEAs in the first cycle under 50 bar H 2 at 300 K. (b) Hydrogen sorption kinetics of Ti 4 V 3 NbCr 2 M (M = Mn, Fe, and 
Ni) HEAs. (c) DSC curves of hydrogenated alloys at 10 K ⋅ min − 1 heating rate. SEM for (d) Ti 4 V 3 NbCr 2 Mn, (e) Ti 4 V 3 NbCr 2 Fe, and (f) Ti 4 V 3 NbCr 2 Ni. Reproduced with 
permission [162]. Copyright 2022, Springer.

Fig. 10. Activation behavior of TiZrNbTa HEA: (a) hydrogen absorption versus temperature (heat rate 3 K ⋅ min − 1 ), (b) hydrogen absorption kinetics (at 2 bar), and 
(c) hydrogen absorption mechanism before and after activation. Reproduced with permission [141]. Copyright 2019, Elsevier.
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atomic weight, can be incorporated to both enhance hydrogen storage 
capacity and reduce material cost [180]. However, most reported 
Mg-based high-entropy alloys can only absorb hydrogen at elevated 
temperatures, and the resulting hydrides are too stable to be dehydro-
genated at room temperature (298–373 K). For example, Zepon et al. 
experimentally synthesized a single-phase BCC MgZrTiFe 0.5 Co 0.5 Ni 0.5 
HEA, which required a high temperature of 623 K to absorb hydrogen. 
The alloy exhibited sluggish hydrogen absorption kinetics, reaching its 
maximum hydrogen storage capacity of H/M = 0.67 (corresponding to 
1.2 wt%) only after 1.5 h [147]. Marques et al. synthesized 
MgTiNbCr 0.5 Mn 0.5 Ni 0.5 , which exhibited good hydrogen absorption 
capacity at elevated temperatures of 603–723 K, reaching an H/M ratio 
of about 0.8 (corresponding to 1.6 wt%). However, complete dehydro-
genation could only be achieved at higher temperatures of 623–723 K 
[181]. Furthermore, due to the low melting point of metallic Mg, con-
ventional arc melting leads to non-negligible evaporation, making ac-
curate control of the elemental composition challenging. Based on this, 
Mg-containing HEAs are primarily synthesized via ball milling in an Ar 
atmosphere. A typical Mg 0.1 Ti 0.3 V 0.25 Zr 0.1 Nb 0.25 HEA was prepared 
through this approach by using 10 at% Mg atoms to replace 2.5 at% of 
each refractory metal in Ti 0.325 V 0.275 Zr 0.125 Nb 0.275 . The Mg-containing 
HEA exhibited much higher reversible capacity than the correspond-
ing quaternary alloy, especially from the second cyclic test [182]. 
Theoretically, a BCC Mg 6 Ti 24 V 18 Cr 12 was designed based on DFT cal-
culations, and a gravimetric hydrogen storage capacity of 4.091 wt% 

was predicted [183]. Even with recent advances, though, the gravi-
metric hydrogen storage capacities of HEAs require further enhance-
ment to make practical applications feasible.

In summary, phase structural design and transition behavior are 
pivotal in optimizing the hydrogen storage performance of HEAs. 
Elemental doping and microstructural refinement further expand the 
directions for design. Continued efforts to unravel the atomic-scale 
mechanisms governing these processes will be essential for advancing 
HEAs toward the requirements for practical hydrogen storage 
applications.

5.2. Electrochemical hydrogen storage

Electrochemical hydrogen storage offers a promising approach in the 
context of metal–hydrogen batteries. Ni-MH batteries are widely used 
due to their high power capacity, tolerance to overcharging and dis-
charging, environmental compatibility, and safety. These attributes 
make them suitable for portable power tools and hybrid electric vehi-
cles, although they exhibit a relatively low energy density [194–198]. 
Pan et al. focused on the effect of Co substitution for Ni on the cycling 
stability of Ti–V–Fe-based HEAs. Their optimized Ti 0.8 Zr 0.2 V 2.7 
Mn 0.5 Cr 0.6 Ni 1.15 Co 0.1 Fe 0.2 HEA demonstrated a cycling stability of 
79.8% after 200 cycles [199]. As Ni content increases, both the 
maximum discharge capacity (C max ) and the high-rate discharge ability 
(HRD) gradually decrease. Building on this result, Young et al. explored 
how the addition of elements like La, Nd, and Cu influenced the struc-
tural, hydrogen storage, and electrochemical characteristics [200–202]. 
Sarac and co-workers synthesized CoFeMnTiVZr HEA with a single C14 
Laves phase through rapid solidification [203]. Electrochemical ana-
lyses revealed a maximum reversible hydrogen storage capacity of 
approximately ~1.9 wt% at room temperature. Meanwhile, gas–solid 
reaction experiments conducted at 298 K and 5 MPa H 2 pressure yielded 
a hydrogen uptake of 1.7 wt%, consistent with the electrochemical re-
sults. Fukagawa et al. specifically developed a novel ZrTiNiCrMn HEA 
for Ni-MH batteries [204]. It exhibited enhanced discharge capacity and 
cycling performance that were correlated with an increase in Ni content. 
Liu and co-workers designed a non-noble CuNiMoWCo HEA [205]. As a 
catalyst, this HEA markedly improved the activity of the HER/HOR by 
refining the electronic structure of active sites. Their assembled Ni–H 2 
battery, with CuNiMoWCo grown on Cu foam as the anode, demon-
strated significantly improved rate capability. This innovative design

not only enhanced the battery’s performance during rapid charge and 
discharge cycles but also exhibited remarkable cycling stability. 
Notably, the battery maintained its exceptional performance for 1800 h 
without experiencing any decline in capacity. This work offers a strategy 
for developing efficient metal-based bifunctional non-noble HEA cata-
lysts for hydrogen batteries in large-scale energy storage systems.

The robust stability of HEAs during reversible hydrogen absorption 
and desorption makes them highly suitable for electrochemical storage 
applications. Edalati et al. used Ti x Zr 2-x CrMnFeNi HEA with different Ti/ 
Zr ratios for Ni-MH batteries, as shown in Fig. 11 [206]. These alloys 
were able to hydrate and dehydrate at room temperature, demonstrating 
high storage capacity and rapid activation. Table 2 summarizes the 
electrochemical properties of several HEA electrodes. Superior electrical 
conductivity is crucial for electrochemical reactions, especially during 
battery charging and discharging. In addition to hydrogen storage ca-
pacity and cycling stability, several additional parameters need to be 
considered for HEAs as electrodes, such as equilibrium pressure, con-
ductivity, corrosion/oxidation resistance, crush resistance, and electro-
chemical activity. In Ni-MH batteries, the hydrogen storage alloy is 
crucial in determining the physical and chemical properties. Therefore, 
comprehensive research on advanced, high-performance, and 
cost-effective hydrogen storage alloy electrodes is essential to enhance 
these batteries’ overall efficiency and functionality.

5.3. HEA-catalyzed hydrogen storage

HEAs possess multielement and multivalent structural characteris-
tics, making them promising catalysts for hydrogen storage applications, 
particularly in thermocatalysis and electrocatalysis [218–220]. 
High-capacity hydrogen storage materials, such as magnesium hybrids 
(MgH 2 ), alanates ([AlH 4 ]‾), and borohydrides ([BH 4 ]‾), exhibit signifi-
cant hydrogen densities surpassing those of compressed hydrogen 
[221–227]. However, their practical application is hindered by high 
thermodynamic stability and kinetic barriers for hydrogen absorption 
and desorption. Therefore, effective catalysts for hydrogen storage ma-
terials are essential. In 2018, Meena et al. first studied the catalytic effect 
of NiMn 9.3 Al 4.0 Co 14.1 Fe 3.6 HEA on MgH 2 . As the HEA proportion in-
creases, hydrogen desorption temperature and dehydrogenation acti-
vation energy decrease, but hydrogen storage capacity is significantly 
reduced [228]. This active attempt presents a new way to develop 
solid-state hydrogen storage materials with high capacity and friendly 
reaction conditions. Recently, more and more HEAs are being used as 
catalysts to promote the hydrogen storage performance of MgH 2 , as 
presented in Table 3. These composite materials, consisting of a HEA and 
MgH 2 , display low dehydrogenation temperatures and activation en-
ergies, rapid kinetics, and extraordinary cycling performance.

Table 3 also indicates that the composition and amount of HEAs are 
the key factors affecting their catalytic performance. Until now, the 
equiatomic HEAs have been focused on for catalytic MgH 2 , with the 
most common elements being Mn, Fe, Co, and Ni. A TiVNb-based HEA 
with the C14 Laves phase was designed, and the influence of included 
elements on catalytic performance was systematically studied [229]. 
The catalytic effect follows the sequence: TiVNb–ZrFe > 

TiVNb–ZrNi > TiVNb–CrNi. Therefore, the Mg–Cr system is considered 
unsuitable for hydrogen storage unless a more stable hydride is added. 
Adding Zr results in a more effective catalytic effect than Cr. In com-
parison, Fe is considered destabilizing for MgH 2 due to iron’s moderate 
electron-withdrawing ability. Similarly, Mn added to CrFeCoNi alloy 
significantly improves the catalytic effect, which is attributed to the 
similar atomic size promoting HEA stability and enhancing the cocktail 
effect [230]. Currently, HEA catalysts for MgH 2 are usually synthesized 
by arc melting. To ensure uniform mixing with MgH 2 , pre-ball milling of 
as-prepared HEA is regarded as an effective strategy [79,231,232]. 
Additionally, the amount of HEA catalyst introduced plays a crucial role 
in influencing its catalytic performance. For instance, Zhong et al. per-
formed the dehydrogenation of MgH 2 -x wt% FeCoNiCrMo (x = 6, 9, 12)
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in a non-isothermal setup, finding that this significantly improved the 
dehydrogenation efficiency of MgH 2 [232]. While increasing the HEA 
content improves the dehydrogenation efficiency, it may reduce the 
hydrogen storage capacity, making it essential to balance the catalyst 
amounts.

HEA catalysts primarily enhance hydrogen storage through three 
mechanisms: “hydrogen pump”, phase transitions, and the cocktail 
effect. The “hydrogen pump” mechanism is driven by the reversible 
solid-solution phase formed during the first dehydrogenation process, 
which can simultaneously accelerate the hydrogenation process of Mg 
and the dehydrogenation rate of MgH 2 . In the hydrogenation process, 
the phase formed in situ can more readily capture external hydrogen 
and quickly dissociate into hydrogen atoms that diffuse to the Mg re-
gion, improving the hydrogen absorption kinetics of Mg. On the other 
hand, the phase formed in situ accelerates the cleavage of Mg–H bonds 
in MgH 2 within the surrounding area, rapidly capturing free hydrogen 
atoms and immediately releasing H 2 through a reversible phase tran-
sition. Wan et al. found that the CrMnFeCoNi HEA particles uniformly 
dispersed on the MgH 2 matrix provide numerous diffusion channels for 
the rapid transfer of hydrogen (Fig. 12a). Meanwhile, new reversible 
phases of Mg 2 Co/Mg 2 CoH 5 and Mg 2 Ni/Mg 2 NiH 4 are formed in the first 
re/dehydrogenation process and then act as “hydrogen pump” to 
accelerate hydrogen absorption and release. The same catalytic

mechanism with phase reversibility appears in the MgH 2 –TiCrFeCoNi 
composite [231]. Obviously, HEAs used in the above two studies have 
the same elements: Cr, Fe, Co, and Ni. The phase transition behavior in 
HEAs closely resembles the in situ reversible phase mechanism 

observed during the de/hydrogenation processes of MgH 2 . A previous 
study reported a plausible de/hydrogenation mechanism for 
MgH 2 -(TiVZrNb) 83 Cr 17 (Fig. 12b) [79], in which (TiVZrNb) 83 Cr 17 HEA 
has the capability to absorb hydrogen, leading to a transformation of 
its biphasic structure (FCC + BCC) into a hydrogenated form (FCC). 
The hydrogenated phase can then revert to the original phase after 
hydrogen desorption. This mechanism of phase transition enhances the 
diffusion pathways available for hydrogen and increases the nucle-
ation sites for Mg/MgH 2 , thereby considerably lowering the activation 
energy required for the dehydrogenation and hydrogenation processes 
of MgH 2 .

In the HEA cocktail effect, the elements synergize with each other to 
cause multielectronic states and higher electronic states in the catalyst, 
which are beneficial for achieving a better catalytic effect. The arrange-
ment of various elements on the HEA surface is conducive to providing a 
variety of active sites for hydrogen diffusion, and the multivalent envi-
ronment helps destabilize the Mg–H bonds in MgH 2 , resulting in fast re/ 
dehydrogenation kinetics. This catalytic mechanism can be seen in 
Figs. 12c and d. In summary, HEAs could be considered as potential

Table 2
Electrochemical properties of some HEA electrodes.

HEA composition Maximum discharge capacity (mAh⋅g − 1 ) High-rate discharge ability Capacity retention Ref.

Zr 0.2 Ti 0.2 Ni 0.275 Cr 0.2 Mn 0.2 368.0 – – [204]
Ti 0.8 Zr 0.2 V 2.7 Mn 0.5 Cr 0.6 Ni 1.15 Co 0.1 Fe 0.2 333.4 HRD 600 = 62.5% S 200 = 79.8% [199]
Ti 0.7 Y 0.1 Zr 0.2 V 2.7 Mn 0.5 Cr 0.6 Ni 1.25 Fe 0.2 360.2 HRD 600 = 67.9% S 200 = 69.8% [207]
Ti 0.17 Zr 0.08 V 0.35 Cr 0.1 Ni 0.3 B 0.01 329.0 HRD 800 = 72.5% S 200 = 89.4% [208]
La 0.7 Mg 0.3 Ni 2.9 (Al 0.5 Mo 0.5 ) 0.6 397.6 HRD 1200 = 70.5% S 70 = 70.8% [209]
La 0.4 Nd 0.4 Mg 0.2 Ni 3.2 Co 0.2 Al 0.2 372.0 HRD 1200 = 39.2% S 100 = 82.3% [210]
La 0.6 Pr 0.1 Mg 0.3 Ni 2.45 Co 0.75 Mn 0.1 372.7 HRD 1000 = 70.1% S 200 = 78.4% [211]
La 1.8 Ti 0.2 MgNi 8.7 Al 0.3 339.6 HRD 1400 = 61.1% S 205 = 60.0% [212]
La 0.4 Pr 0.4 Mg 0.2 Ni 3.15 Co 0.2 Al 0.1 Si 0.05 377.5 – S 100 = 95.7% [213]
La 0.6 Gd 0.2 Mg 0.2 Ni 3.05 Co 0.25 Al 0.1 Mn 0.1 391.2 HRD 900 = 75.3% S 200 = 89.8% [214]
La 0.75 Mg 0.25 Ni 3.05 Co 0.2 Al 0.1 Mo 0.15 372.0 HRD 1500 = 60.1% S 100 = 80.9% [215]
LaY 2 Ni 9.7 Mn 0.5 Al 0.3 385.7 – S 300 = 76.6% [216]
La 0.6 Sm 0.2 Mg 0.2 Ni 3.5 Al 0.2 349.0 HRD 1800 = 41.3% S 100 = 84.4% [217]

Fig. 11. (a) Schematic illustration of a three-electrode electrochemical cell for Ni-MH battery, (b) microstructure of a HEA, (c, d) electrochemical performance of 
HEAs as anode materials of a Ni-MH battery. Reproduced with permission [206]. Copyright 2022, Elsevier.
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catalysts for MgH 2 . However, the huge ingredient space poses great chal-
lenges for HEA directional design and catalytic mechanism elucidation. 

HEA catalysts have also been explored to improve the hydrogen 
storage capabilities of complex hydrides. Constructing composite sys-
tems is an effective way to improve their hydrogen storage performance

[238]. In 2018, a combination of metal borohydrides, i.e., 
LiBH 4 –NaBH 4 –KBH 4 –Mg(BH 4 ) 2 –Ca(BH 4 ) 2 , was created utilizing multi-
ple cations in an equimolar ratio, in line with the HEA concept [239]. In 
general, Co-based catalysts play an important role in sodium borohy-
dride hydrolysis [240]. Recently, an Fe 10 Co 10 Ni 10 Cr 10 Mn 60 HEA ribbon

Table 3
Comparison of hydrogen storage properties for MgH 2 catalyzed by various HEAs.

Sample name Addition
amount

Onset dehydrogenation 
temperature (K)

Hydrogen storage 
capacity (wt%)

Dehydrogenation 
activation energy 
(kJ ⋅ mol − 1 ⋅H 2 )

Hydrogen release kinetics Cyclic stability with 
capacity degradation

Ref.

Ball-milled MgH 2 – 581 6.7 153.0 6.0 wt% (20 min, 573K, 
0.002 MPa)

– [229]

MgH 2 –Al 4.0 Mn 9.3
Fe 3.6 Co 14.1 Ni

50 wt% 453 2.0 131.3 – – [228]

MgH 2 –CrMnFeCoNi 5 wt% 482 6.1 90.2 5.6 wt% (10 min, 553 K, 
0.001 MPa)

50 cycles (98.6%) [233]

MgH 2 –CrMnFeCoNi 10 wt% 471 6.5 75.8 6.5 wt% (10 min, 573 K, 
0.003 MPa)

20 cycles (97.0%) [230]

MgH 2 –TiVFeZrNb 10 wt% 482 5.8 63.0 5.7 wt% (5 min, 573 K, 
0.002 MPa)

100 cycles (106.6%) [229]

MgH 2 –CrFeCoNiMo 9 wt% 473 6.7 84.5 6.3 wt% (10 min, 623 K, 
3.2 MPa)

20 cycles (96.2%) [232]

MgH 2 –Al 20 Cr 16 Mn 16 
Fe 16 Co 16 Ni 16

7 wt% 611 6.8 121.2 5.4 wt% (40 min, 573 K, 
0.1 MPa)

25 cycles (98.9%) [234]

MgH 2 –TiCrFeCoNi 10 wt% 472 6.6 76.1 7.1 wt% (5 min, 563 K, 
0.001 MPa)

20 cycles (94.4%) [231]

MgH 2 -(TiVZrNb) 83 Cr 17 6 wt% 475 5.3 90.5 4.1 wt% (60 min, 573 K, 
0.0001 MPa)

10 cycles (98.5%) [79]

MgH 2 –Ti 0.3 V 0.24 Mn 1.12 
Fe 0.24 Ni 2.4 Zr 1.7

10 wt% 513 6.6 94.6 6.5 wt% (9 min, 598 K, 
0.0001 MPa)

30 cycles (92.0%) [235]

MgH 2 –AlTiFeNiCu 7 wt% 473 6.2 91.7 5.8 wt% (3.8 min, 573 K, 
0.01 MPa)

20 cycles (99.2%) [236]

MgH 2 –AlCrFeNiCu 5 wt% 453 7.3 – 5.0 wt% (5 min, 593 K, 
0.01 MPa)

25 cycles (99.0%) [237]

Fig. 12. Schematic catalytic diagram of a HEA on MgH 2 : (a) “hydrogen pump” mechanism. Reproduced with permission [233]. Copyright 2023, Elsevier. (b) The 
phase transition mechanism. Reproduced with permission [79]. Copyright 2023, Elsevier. (c–d) Cocktail effect mechanism. Reproduced with permission [230,234]. 
Copyright 2023, Elsevier and Copyright 2024, Elsevier, respectively.
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was revealed to have dislocation-driven high catalytic performance for 
HF corrosion treatment in NaBH 4 hydrolysis [241]. The change in 
corrosion time increases the content of Ni and Co but does not change 
the phase composition, as shown in Figs. 13a and b. After 120 s of 
corrosion, the depth of the cracks progressively enlarges, evolving into 
crystalline grains, in contrast to the as-cast sample (Fig. 13c). In addi-
tion, the morphology of the HEA ribbon changes into a flocculent 
microstructure (Fig. 13d), which facilitates the catalytic reaction. The 
numerous electron-rich Ni and Co catalytic active sites and defect-rich 
structures are believed to be salient for high catalytic activity. This 
work provides a highly valuable direction for the development of effi-
cient catalysts for NaBH 4 hydrolysis. After 90 s of corrosion, the catalyst 
exhibits outstanding efficiency for NaBH 4 hydrolysis, with a hydrogen 
production rate of 18.46 l ⋅ m − 2 ⋅min − 1 (Figs. 13e and f). Furthermore, 
HEAs have shown remarkable catalytic activity in ammonia borane (AB) 
hydrolysis. A FeCoNiMnRu HEA with a face-centered cubic structure 
was synthesized via the polymer fiber nanoreactor method, where Ru 
incorporation facilitated electron transfer and enhanced synergistic in-
teractions. The Fe 23 Co 27 Ni 27 Mn 12 Ru 11 HEA achieved a low apparent 
activation energy (42.3 kJ ⋅ mol − 1 ) and a high turnover frequency (55.3
mol H2 ⋅molRu− 1 ⋅min − 1 ) at 298 K, offering a promising pathway toward
cost-effective and efficient catalysts for AB hydrolysis [242]. These 
studies broaden the potential applications of hydrogen storage in HEAs.

6. HEAs for hydrogen separation

Hydrogen derived from a variety of sources is expected to play a 
central role in future energy systems. Industrial and by-product 
hydrogen streams often contain impurities, which can significantly 
lessen their practical use. Consequently, purification of crude hydrogen 
is essential to meet application-specific quality requirements, necessi-
tating a focus on both hydrogen permeability (hydrogen permeation 
coefficient, Φ) and resistance to embrittlement [243]. Membrane-based 
material separation has emerged as the most promising technology for 
hydrogen purification. While Pd and its alloy membranes have achieved 
commercial success, their large-scale application is limited by source 
scarcity and the high cost of Pd. Consequently, cost-effective alloys with 
high hydrogen permeability are urgently needed [244,245]. The VB

group metals are potential alternatives due to their exceptional 
hydrogen transport performance. For example, the fabricated Nb 5 Ti 58-
Fe 35 Cu 2 alloy shows a high permeability of 4.32 × 10 − 8 mol 
H 2 ⋅m − 1 ⋅s − 1 ⋅Pa − 1/2 at 673 K, which is 2.7 times that of pure Pd [246]. 
Additionally, substantial variations in permeability and hydrogen 
embrittlement characteristics were discovered based on alloy composi-
tion. Nevertheless, more study is required on how trace elements in al-
loys affect their structure and hydrogen transport behavior. Alloying 
proves to be an effective method for enhancing hydrogen permeability 
by modifying lattice constants.

HEAs provide an excellent platform for achieving high hydrogen 
permeability and brittleness resistance [247]. In an earlier study, Tang 
et al. explored the effects of additional elements on the ductility, 
hydrogen permeability, and embrittlement of Nb 40 Ti 18 Zr 12 Ni 25 Co 5 , 
achieving a very high Φ value of 3.82 × 10 − 8 mol H 2 ⋅m − 1 ⋅s − 1 ⋅Pa − 1/2 at 
673 K [248]. Similarly, Marques et al. investigated the concentration of 
alloy elements’ effect on hydrogen diffusivity and trapping for 
Fe 20 Mn 20 Ni 20 Co 20 Cr 20 and Fe 22 Mn 40 Ni 30 Co 6 Cr 2 HEAs [249]. The H–Cr 
system exhibits low interaction energy compared with Co, Fe, Ni, and 
Mn (Fig. 14a). Through comparative studies of various HEAs, the 
dissolution of hydrogen in nanoscale chemical heterogeneity was further 
elucidated. It was found that the elastic and chemical contributions to H 
dissolution energy are closely linked to the capacity of different chem-
ical environments to undergo local volume expansion [250]. Recently, 
Kashkarov et al. reported the microstructure and hydrogen permeability 
of NbNiTiZrCo HEAs with equimolar and non-equimolar compositions 
at 573–773 K [251]. The equimolar HEA shows lower activation energy, 
higher hydrogen permeability, and higher resistance to hydrogen 
embrittlement due to its lower hydrogen binding energy and finely 
dispersed structure. Moreover, hydrogen isotope permeation and 
retention behavior have been investigated in relation to CoCrFeMnNi 
[252], AlCrTaTiZr [253], CoCrMnFeNi [254], CoCrMnFeNi [255], and 
AlCrFeTiNb [256] HEAs. In situations where equipment services are 
exposed to hydrogen, hydrogen-induced evolution and failure can take 
place, even in the absence of clear corrosion signs [257]. The penetra-
tion of hydrogen is significantly linked to microstructure and nano-scale 
precipitate phases. As shown in Fig. 14b, Feng et al. investigated the H 
atom transfer process of AlCoCrFeNi 2.1 HEA. They found that the growth

Fig. 13. Structure analysis of Fe 10 Co 10 Ni 10 Cr 10 Mn 60 HEA: (a) XRD patterns of as-cast and corroded HEA, (b) components of corroded ribbon, and SEM micrographs 
of (c) as-cast ribbon and (d) ribbon after corrosion for 120 s. (e and f) Hydrogen production properties of Fe 10 Co 10 Ni 10 Cr 10 Mn 60 –NaBH 4 alkaline solution with various 
corrosion times. Reproduced with permission [241]. Copyright 2021, AIP Publishing.
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of nanophases shows a stronger blocking effect, caused by 
hydrogen-induced evolution [258]. Kashkarov et al. synthesized NbNi-
TiZrCo HEAs using arc melting, focusing on the effects of composition on 
microstructure, phase composition, lattice constants, hardness, and 
hydrogen permeability. The prepared Nb 20 Ni 20 Ti 20 Zr 20 Co 20 HEA ex-
hibits a high hydrogen permeability of 1.05 × 10 − 8 mol 
H 2 ⋅m − 1 ⋅s − 1 ⋅Pa − 1/2 at 673 K and superior resistance to hydrogen 
embrittlement, making it a promising candidate for hydrogen purifica-
tion membranes [259]. To elucidate the hydrogen behavior in HEAs, 
Yang systematically investigated the dissolution, diffusion, and 
desorption of hydrogen in equiatomic WTaVCr alloy using DFT calcu-
lations [260]. The results show that the maximum trapping energy and 
accommodation number of hydrogen at a mono-vacancy are much lower 
in WTaVCr than in pure W, which results in weak hydrogen-defect in-
teractions, suppressed hydrogen retention, and hydrogen-induced blis-
tering at high temperatures.

The high thermal stability, complex multi-element structure, and 
wide compositional flexibility of HEAs make them ideal for hydrogen 
separation, enhancing their resistance to embrittlement while opti-
mizing both permeability and selectivity for long-term durability. 
However, an alloy’s microstructure needs to be optimized to achieve a 
balanced relationship between high hydrogen permeability, alloy sta-
bility, and resistance to hydrogen embrittlement.

7. HEAs for hydrogen detection

Hydrogen sensing is crucial for applications involving H 2 gas, 
particularly due to the hazards associated with hydrogen leakage. 
Various materials have been explored for fabricating hydrogen sensors, 
including metal oxides, noble metals, and atomically thin materials 
[261,262]. A commercially viable and highly reliable hydrogen sensor is 
needed, with features such as portability, miniaturization, real-time 
monitoring, and rapid response for ensured reliability [263,264].

In particular, lattice strain observed in HEAs makes them promising 
candidates for hydrogen sensing and detection. The fundamental prin-
ciple of H 2 sensors is based on changes in the electrical conductivity of 
materials upon hydrogen absorption. For Pd membranes, which are a 
crucial option for industrial applications, the mechanism for H 2 sensing 
involves lattice expansion induced by hydrogen absorption. The alloying 
method can modify the lattice constants and hydrogen permeability, 
thereby enhancing the mechanical and chemical stability of Pd-based 
devices and enabling cost reduction. For example, Sharma et al. 
designed Pd-based HEAs with adjustable octahedral void sizes in the 
FCC structure, achieving a 50% cost reduction compared to pure Pd

[265]. Zhu et al. examined the mechanical stability and hydrogen 
permeation behavior of Nb 51 W 5 Ti 23 Ni 16 Pd 5 HEA under controlled 
cooling conditions [266]. The incorporation of Pd reduced hydrogen 
solubility by 14.6% at 673 K and 0.8 MPa while only marginally 
decreasing the hydrogen diffusion coefficient by 0.5%. Another 
approach involves functionalizing HEAs onto two-dimensional mate-
rials. Biswas et al. used low-temperature grinding and a sonochemical 
method to synthesize MoS 2 flakes that were exfoliated and decorated 
with AgAuCuPdPt HEA-NPs [267]. Experimental and DFT results show 
that this decoration induced a surface-enhanced Raman scattering ef-
fect, reduced the work function from 4.9 to 4.75 eV, and formed a 
Schottky barrier due to surface chemical non-stoichiometry effects. The 
HEA-MoS 2 junction significantly enhanced hydrogen sensing response, 
resulting in a tenfold increase in response at 353 K. In the subsequent 
work, they further investigated the vital role of electronic charge 
redistribution between HEA and MoS 2 for H 2 adsorption, as shown in 
Fig. 15 [268]. DFT calculations provide evidence of improved hydrogen 
adsorption and charge redistribution, highlighting the potential of 
HEA-NPs as low-cost alternatives to Pd NPs for room-temperature gas 
sensing applications. This study demonstrates the enhancement of 
hydrogen sensor sensitivity from 7% to 47% by functionalizing 2D MoS 2 
sheets with TiZrVNbHf HEA-NPs. Furthermore, MoS 2 + HEA-NPs 
exhibit high selectivity for hydrogen (Fig. 15c). These results highlight 
the potential of HEAs as promising materials for gas-sensing applica-
tions. The high compositional flexibility of HEAs allows for the opti-
mization of various parameters, such as sensitivity and selectivity. As 
research progresses, HEAs can be further developed to improve sensor 
accuracy, reduce costs, and expand applications in industrial moni-
toring, environmental sensing, and energy systems.

8. Summary and outlook

In summary, this comprehensive review has explored the multifac-
eted application of HEAs in hydrogen storage, separation, and detection. 
Leveraging their tunable phase structure and high surface activities, 
diverse techniques have been developed for efficient hydrogen storage, 
including absorption, electrochemical methods, and catalysis. The 
practical use of HEAs in the field of hydrogen energy demands robust 
design methods, combining theoretical with experimental approaches. 
Notably, data-driven methodologies, such as machine learning, are 
playing an increasingly pivotal role in HEA research, aligning with 
recent advances in materials and genetic engineering. The composition 
design of HEAs, guided by structure- and performance-based objectives, 
promotes innovation while reducing costs and design cycles. However,

Fig. 14. (a) Hydrogen atomic neighborhood for six investigated systems, showing chemical complexity. Reproduced with permission [249]. Copyright 2021, 
Elsevier. (b) Schematic and morphologies of nanoscale precipitates, with diagram of hydrogen diffusion path influenced by precipitated phases in BCC. Reproduced 
with permission [258]. Copyright 2023, Elsevier.
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the scarcity of high-quality data sources, including peer-reviewed 
studies, empirical parameters, multi-scale calculations, and experi-
ments, remains a bottleneck for applying machine learning to HEA-
based hydrogen energy. To enhance the efficient application of 
HEAs in hydrogen energy, the following challenges need to be solved 
(Fig. 16).

(1) Optimal Design of Components and Phases: Cross-validation 
between theoretical models and experimental results can expe-
dite the discovery of novel materials. By utilizing high-
throughput computational and experimental techniques, 
combining phase diagrams, and applying the CALPHAD 
approach, performance and cost can be effectively balanced 
through the introduction of low-cost alternatives and appropriate 
doping with rare earth elements. Additionally, regulating multi-
phase structures and introducing strain and defects can signifi-
cantly enhance the kinetic properties of hydrogen in HEAs.

(2) HEA-Hydrogen Dynamic Evolution Mechanisms: DFT theo-
retical calculations play a crucial role in guiding the experimental 
progress of HEA hydrogenation, particularly in terms of site se-
lection, phase transition, and both thermodynamic and kinetic

aspects. However, research on the dynamic evolution of 
hydrogen in HEAs remains underdeveloped. To advance this 
field, the development of advanced computational methods and 
in situ experimental technologies is essential for accurately 
investigating hydrogen behavior under varying conditions of 
temperature, pressure, and strain.

(3) Clear Composition–Structure–Performance Relationship: 
Establishing precise mechanisms for hydrogen adsorption, 
decomposition, and diffusion through strategies involving 
chemical composition, atomic arrangement, phase structure, and 
microstructure is essential for advancing hydrogen storage, sep-
aration, and detection. Future research should integrate artificial 
intelligence techniques to explore HEA–hydrogen interactions by 
developing machine learning models, while refining the 
hydrogen storage database to optimize HEA design.

(4) Scalability and Stability in Real-World Development: Re-
searchers should focus on the cost-effective HEAs with the BCC 
phase (such as Ti–V–Fe HEAs), establishing high-throughput and 
low-energy fabrication methods based on additive manufacturing 
technology. In addition, integrate high-frequency hydrogen ab/ 
desorption performance under complex environments (such as

Fig. 15. (a) Schematics of hydrogen adsorption on MoS 2 and MoS 2 :HEA. (b) Relative response of MoS 2 and MoS 2 + HEA-NPs. (c) Selectivity of different gases on 
MoS 2 and MoS 2 + HEA-NPs. Reproduced with permission [268]. Copyright 2023, Royal Society of Chemistry.

Fig. 16. The development prospects for HEAs in hydrogen energy.
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temperature fluctuations and the presence of impurity gases) 
with composition adjustment strategies to enhance the phase 
stability of HEAs.

Addressing the above challenges will unlock the full potential of 
HEAs, contributing to the development of efficient and sustainable 
technologies for hydrogen storage, separation, and detection as 
hydrogen energy continues to evolve.
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