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high-entropy alloys; Hydrogen is considered one of the most promising energy carriers for
hydrogen storage; the development of sustainable energy systems, which has stimulated
hydrogen sorption; growing interest in advanced materials for efficient and safe solid-state
phase composition; hydrogen storage. High-entropy alloys have attracted considerable
microstructure; phase attention because of their unique compositional complexity, phase
transformations; crystal stability, and the possibility of tailoring their hydrogen sorption
structure; solid-state behavior through microstructural and phase engineering. This review
hydrogen storage. aims to analyze the structural and phase factors determining the

hydrogen sorption properties of high-entropy alloys and to evaluate the
influence of synthesis methods on their microstructure and hydrogen
storage performance. The study is based on a comprehensive analysis
and critical assessment of recent scientific publications concerning the
interaction of hydrogen with high-entropy alloys, the effects of phase
composition, crystal structure, elemental distribution, lattice distortion,
and microstructural characteristics on hydrogen absorption and
desorption processes. Particular attention is paid to the influence of
fabrication routes, including arc melting, mechanical alloying, and spark
plasma sintering, on phase formation, grain refinement, chemical
homogeneity, and defect structure, which directly affect hydrogen
storage capacity, sorption kinetics, activation behavior, reversibility, and
cycling stability. The review integrates current knowledge on the
relationships between processing conditions, structural evolution, and
hydrogen sorption characteristics, providing a comprehensive
understanding of the factors governing the performance of high-entropy
alloys. The presented analysis may serve as a scientific basis for the
development and optimization of high-performance hydrogen storage
materials for future hydrogen energy applications.
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INTRODUCTION

Hydrogen is regarded as one of the most promising energy carriers due to its high specific
energy density (=120-142 MJ/kg, approximately 2.5-3 times higher than that of conventional
hydrocarbon fuels) and the absence of carbon dioxide emissions during its utilization
(Pleshivtseva et al., 2025). However, the widespread implementation of hydrogen technologies
in industry and the energy sector is still limited by the challenge of safe, compact, and energy-
efficient hydrogen storage. Conventional storage methods high-pressure gas compression and
cryogenic liquefaction are associated with substantial energy consumption (approximately 8-15%
of the energy content of hydrogen for compression to 700 bar and up to 30-40% for cryogenic
liquefaction), increased infrastructure requirements, and operational safety concerns (Abe et al.,
2019; Al Ghafri et al., 2022). The concept of high-entropy alloys (HEAs) was initially introduced
to describe alloys containing five or more principal elements in near-equiatomic concentrations,
in which the high configurational entropy associated with multicomponent mixing was
considered an important factor in stabilizing solid-solution phases. However, the contemporary
understanding of these materials has evolved beyond this strict compositional definition. Broader
concepts, including multi-principal-element alloys (MPEAs) and compositionally complex alloys
(CCAs), encompass multicomponent metallic systems with several principal elements and a
wider range of compositions, including non-equiatomic alloys and systems containing fewer than
five principal elements. Accordingly, the terms HEA, MPEA, and CCA are often used with
partially overlapping meanings, while the distinction between them depends on the
compositional criteria and terminology adopted in a particular study. This broader framework is
particularly relevant to hydrogen-storage materials, where the functional properties are
determined not only by configurational entropy but also by elemental interactions, phase
stability, crystal structure, microstructural heterogeneity, and the distribution of interstitial sites
for hydrogen. Therefore, the compositional complexity of these alloys should be considered as a
design variable rather than as a sufficient criterion for classifying a material or predicting its
hydrogen-storage behavior. Consequently, solid-state hydrogen storage methods based on the
reversible formation of metal hydrides have attracted considerable attention. Among the
promising materials for metal hydride systems, HEAs have received particular attention in recent
years. Within the broader class of compositionally complex and multi-principal-element alloys,
HEAs are commonly associated with systems containing five or more principal elements, often
initially described in near-equiatomic concentrations. This compositional complexity can provide
broad opportunities for the rational design and control of phase composition, microstructure, and
functional properties, while the formation of solid-solution phases is influenced by the combined
effects of configurational entropy, chemical interactions, atomic-size mismatch, and electronic
structure (Drobyshev et al., 2025). This concept provides broad opportunities for the rational
design and control of the phase composition, microstructure, and functional properties of the
material.

The growing interest in the application of HEAs for hydrogen storage is attributed to a
combination of several advantages, including the ability to tailor the thermodynamics of hydride
formation, the high reversibility of hydrogen absorption-desorption processes, excellent
resistance to repeated hydrogenation cycles, and extensive opportunities for compositional
design. Recent studies have demonstrated that the hydrogen storage performance of HEAs is
governed not only by their chemical composition but also by their phase constitution, local
chemical heterogeneity, defect distribution, and the material fabrication route (Liu et al., 2026).
In particular, synthesis methods-including arc melting, mechanical alloying, and spark plasma
sintering-have a significant influence, as they determine the morphology, grain size, phase
constitution, and hydrogen sorption kinetics of the material. Despite the rapid growth in the
number of studies in this field, the existing literature has primarily focused either on the
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investigation of individual HEA compositions or on the analysis of specific factors affecting their

hydrogen sorption properties. Meanwhile, the relationship between the fabrication method,
microstructure evolution, and the mechanisms of hydrogen interaction with HEAs remains
insufficiently systematized.

The aim of this review is to analyze and systematize the current understanding of the
influence of structural and phase-related factors on the hydrogen sorption properties of HEAs.
Particular attention is given to the mechanisms of hydrogen interaction with HEAs, the role of
phase constitution, microstructure, and fabrication methods in determining hydrogen storage
performance, as well as to identifying the relationships between the structural characteristics of
these materials and their functional properties.

Characteristics of High-Entropy Alloys as Hydrogen Storage Materials

Kozhakhmetov et al. (2025) note that, in recent years, HEAs have emerged as one of the
most promising classes of next-generation materials for solid-state hydrogen storage. Interest in
these systems is driven not only by their unique multicomponent nature but also by the
possibility of tailoring the phase constitution, local chemical heterogeneity, electronic structure,
and phase architecture of the material. Unlike conventional hydride-forming alloys, high-entropy
systems are characterized by a complex energy landscape of interstitial sites, pronounced lattice
distortion, and a high degree of local chemical heterogeneity, all of which fundamentally alter the
mechanisms of hydrogen-material interactions (Gelchinsky et al., 2022). As shown in Figure 1,
the unique properties of HEAs arise from the combined influence of four fundamental effects:
high configurational entropy, severe lattice distortion, sluggish diffusion, and the cocktail effect.
Consequently, the HEA concept is currently regarded as one of the most promising platforms for
the development of hydrogen storage materials with tunable thermodynamic, kinetic, and cyclic
performance.
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Figure 1. Schematic illustration of the four fundamental effects in HEAs
Note — compiled by Kurbanbekov et al. (2026)

The concept of HEAs emerged as a fundamentally new approach to the design of metallic
materials with multicomponent compositions and a high degree of chemical disorder. Unlike
conventional alloys, which are based on a single principal element with minor additions of
alloying elements, HEAs are composed of several principal elements, typically present in near-
equiatomic atomic proportions. This concept was independently introduced by Yeh et al. (2004)
and Balaji & Xavior (2024),1 who emphasized the role of high configurational entropy of mixing
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in stabilizing solid-solution phases. It was initially proposed that an increased entropic
contribution suppresses the formation of intermetallic compounds, thereby promoting the
formation of simple body-centered cubic (BCC) or face-centered cubic (FCC) solid solutions even
in multicomponent systems.

Subsequent studies, however, have demonstrated that the nature of HEAs is considerably
more complex than originally described by the configurational entropy model. Balaji et al. (2024)
reported that the properties of HEAs are governed not only by the configurational entropy of
mixing but also by their electronic structure, atomic size mismatch, and the nature of interatomic
interactions. One of the defining characteristics of HEAs is their pronounced multicomponent
composition, which gives rise to an exceptionally complex local chemical environment. Unlike
conventional binary and ternary alloys, where the atomic environment is relatively
homogeneous, each interstitial site in an HEA is characterized by a unique combination of
neighboring atoms. George et al. (2019) emphasized that such local chemical heterogeneity results
in a broad distribution of interstitial-site energy states and has a profound influence on diffusion,
segregation, and hydrogen—material interactions. Consequently, local chemical heterogeneity is
now regarded as one of the key factors governing the hydrogen sorption properties of HEAs.
Particular interest in HEAs for hydrogen energy applications stems from the possibility of
precisely tailoring the phase constitution and the energetics of metal-hydrogen interactions.
Sahlberg et al. (2016) were the first to demonstrate that the TiVZrNbHf HEAs is capable of
absorbing substantial amounts of hydrogen through the formation of stable hydride phases. The
authors attributed the high hydrogen storage capacity not only to the BCC crystal structure but
also to the pronounced lattice distortion and the complex energy landscape of interstitial sites.
Subsequently, Montero et al. (2020) demonstrated that the local chemical configuration in
multicomponent systems directly influences both the thermodynamics of hydride formation and
the kinetics of hydrogen sorption.

Recent studies increasingly regard HEAs as a platform for the rational design of functional
materials, in which properties can be tailored through the control of local chemistry, phase
architecture, and defect states. Dangwal et al. (2024) noted that the transition from the
conventional empirical selection of alloy compositions to the concept of data-driven alloy design
opens up the possibility of developing materials with predictable properties. In this context,
particular attention has been directed toward understanding the relationships among multicom-
ponent compositions, local structural distortions, and the fundamental physicochemical effects
underlying the behavior of HEAs. At present, the properties of HEAs are generally attributed to
a number of fundamental effects, including the high-entropy effect, severe lattice distortion,
sluggish diffusion, and the so-called cocktail effect. These effects govern the phase formation,
microstructure, and hydrogen-material interactions in HEAs and are therefore of particular
importance for understanding the hydrogen sorption properties of multicomponent systems.

Hydrogen-HEA Interactions

In multicomponent systems, the processes of hydrogen absorption and desorption are
governed not only by the type of crystal structure but also by the distribution of local energy
states of interstitial sites, which arise from the random arrangement of atoms of different
elements. According to Sahlberg et al. (2016), it is precisely the combination of a complex local
chemical environment and a BCC crystal structure that provides the TiVZrNbHf alloy with a high
hydrogen storage capacity, enabling the formation of stable hydride phases under relatively
moderate hydrogenation conditions. The authors emphasized that, unlike conventional hydride-
forming materials, hydrogen in high-entropy systems interacts not with a homogeneous metallic
matrix but with an energetically heterogeneous interstitial environment, where each interstitial
site possesses its own characteristic binding energy. Although these concepts initially had
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significant heuristic value for hydrogen storage systems, they are no longer sufficient to fully

explain the behavior of HEAs. Despite the fact that high configurational entropy indeed promotes
the stabilization of simple solid solutions, it cannot be regarded as the sole factor governing the
enthalpy of hydride formation, the mechanism of interstitial-site occupancy, or the reversibility
of hydrogen desorption processes (Moore et al., 2022). A similar situation is observed with respect
to lattice distortion: on the one hand, it broadens the spectrum of energetically accessible
interstitial states and facilitates the initial stage of hydrogen uptake; on the other hand, it may
increase hysteresis and stabilize strongly bound hydrogen states (Keith et al., 2024). From a
physicochemical perspective, the interest in high-entropy hydrides is primarily associated with
several key factors. First, BCC structures, which are characteristic of Ti-, V-, Nb-, and Zr-
containing HEAs, possess a high concentration of interstitial sites and a favorable crystal lattice
geometry for accommodating hydrogen atoms. Furthermore, the local chemical heterogeneity
formed in the vicinity of interstitial sites generates a broad distribution of metal-hydrogen
interaction energies, providing opportunities for more precise tuning of the hydrogen sorption
characteristics of the material (Mohammadi et al., 2022). An additional point of interest is that, in
multicomponent systems, hydrogenation is frequently accompanied by phase transformations,
tetragonal distortions, microcrack formation, and a self-activation effect, whereas such
phenomena are considerably less pronounced in conventional binary alloys (Singh et al., 2023).

Accordingly, recent studies increasingly regard high configurational entropy not as the
direct cause of improved hydrogen sorption properties but rather interpret HEAs as a platform
for the rational control of the structural and compositional state of materials. Within this
framework, the key objective is no longer the maximization of the configurational entropy of
mixing but the optimization of the crystal structure, local chemical order, electronic structure,
and the desired thermodynamics of hydride formation (Feng et al., 2017). This approach explains
why some BCC HEAs exhibit hydrogen storage capacities exceeding 3 wt.% H,, whereas other
systems with similar values of the valence electron concentration (VEC) or atomic size mismatch
parameter (O ) demonstrate significantly lower performance (Gao et al., 2024; Feng et al., 2021;
Kamnis & Delibasis, 2025; Hsu et al., 2024; Zhang et al., 2019). Although a number of promising
HEAs systems have been investigated in recent years with respect to their hydrogen sorption
characteristics, the available experimental data still cover only a small fraction of the vast
compositional space of multicomponent alloys (Yang et al., 2022; Shahi et al., 2023; Lai et al., 2019;
Sahlberg et al. (2016)). An analysis of the published literature indicates that the majority of HEAs
developed for hydrogen storage are primarily based on transition metals, particularly Ti, Zr, V,
and Nb. Among these systems, Ti, Zr, and V are the most frequently employed elements, whereas
Cr, Fe, Ni, Mn, and Hf are used considerably less often. In contrast, Mg, Al, Ta, Mo, Co, Cu, Ce,
and other elements have been explored only in a limited number of studies. This trend suggests
that the current design strategy for high-entropy hydrogen storage alloys is primarily focused on
the incorporation of hydride-forming elements, while the remaining components are mainly
introduced to stabilize the phase constitution, tailor the microstructure, and optimize the
hydrogen sorption properties of the material.

Influence of Phase Constitution on the Hydrogen Sorption Properties of HEAs.

The phase constitution of HEAs is one of the key factors governing the mechanisms of
hydrogen-material interactions, the thermodynamics of hydride formation, sorption kinetics, and
cyclic hydrogenation stability. Of particular interest for hydrogen storage applications are HEAs
with a BCC crystal structure. This is because the BCC lattice possesses a high density of tetrahedral
and octahedral interstitial sites, providing favorable locations for hydrogen atoms. In addition, BCC
structures are characterized by relatively low hydrogen diffusion energy barriers, thereby
facilitating rapid hydrogen absorption. Sahlberg et al. (2016) were the first to demonstrate that the
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BCC TiVZrNbHf alloy is capable of absorbing up to 2.7 wt.% H, through the formation of stable
hydride phases. The authors attributed the high hydrogen storage capacity to the combined effects
of pronounced lattice distortion and the high density of interstitial sites. Similar results were
reported by Zlotea et al. (2019) for the TiZrNbHfTa system, in which hydrogenation proceeded
through a two-step hydride formation mechanism involving the initial formation of a monohydride
followed by transformation into a more stable dihydride phase. From a thermodynamic
perspective, BCC HEAs exhibit a pronounced trade-off between high hydrogen storage capacity
and the difficulty of hydrogen desorption. Increasing the content of hydride-forming elements, such
as Ti, V, and Nb, leads to a higher H/M ratio but simultaneously stabilizes the hydride phase and
increases the hydrogen desorption temperature (Cheng et al., 2023). Consequently, current research
is focused not on maximizing hydrogen storage capacity but rather on achieving an optimal balance
between thermodynamic stability and the reversibility of hydrogenation.

An additional characteristic of BCC systems is the pronounced energetic heterogeneity of
interstitial sites. Unlike conventional binary hydrides, each interstitial site in HEAs is charac-
terized by a unique local chemical environment, resulting in a broad distribution of hydrogen
binding energies. According to George et al. (2019), this effect is responsible for the broadening
of pressure-composition-temperature (PCT) isotherm plateaus and the development of a complex
multistep hydrogen sorption mechanism. Multicomponent systems based on C14-type phases,
including Ti-Zr-V-Cr-Ni, Ti-Zr-Nb-Fe-Ni alloys, and Zr-based AB,-type materials, are considered
a promising class of hydrogen storage materials because of the possibility of tailoring the
compositions of their crystallographic sublattices. This approach enables the regulation of both
the thermodynamic and kinetic characteristics of hydrogenation, including equilibrium pressure,
hydrogen absorption rate, cyclic stability during repeated charge-discharge cycles, and activation
sensitivity. For applications operating near room temperature, such an optimization strategy may
be more advantageous than achieving exceptionally high hydrogen storage capacities in single-
phase BCC systems (Zhao et al.,, 2023; Ma et al., 2023). FCC phases generally exhibit lower
maximum hydrogen storage capacities than alloys based on the BCC lattice. Nevertheless, their
role in hydrogen storage processes should not be regarded as secondary. According to published
studies, hydride phases with FCC or pseudo-FCC structures are formed in many HEAs during
the hydrogenation of the initial BCC matrix, indicating that the FCC phase participates in the
sequence of phase transformations occurring during hydrogen sorption rather than existing
independently as an alternative crystal structure (Floriano et al., 2021). From this perspective, the
differences among BCC, FCC, and Laves-related phases become particularly important when
hydrogen storage performance is evaluated beyond the maximum hydrogen uptake. BCC-based
alloys generally provide higher hydrogen capacities because of their relatively open crystal
structure and the availability of energetically favorable interstitial sites. However, hydrogenation
of BCC solid solutions is frequently accompanied by substantial lattice expansion and transfor-
mation into hydride structures, including FCC or BCT-type phases. These transformations can
increase the thermodynamic stability of the hydride and, consequently, may result in higher
desorption temperatures, pressure hysteresis, and incomplete hydrogen release under moderate
conditions. Thus, the high absorption capacity characteristic of BCC-based systems does not
necessarily correspond to a high reversible capacity under practical operating conditions.

FCC phases, particularly when formed as hydrogenated products of BCC alloys, therefore
play a dual role. On the one hand, their formation reflects the accommodation of hydrogen within
the expanded metal lattice and can contribute to high hydrogen uptake. On the other hand, the
stability of the resulting FCC hydride and the extent to which the original BCC structure is
recovered during desorption strongly affect reversibility and cycling behavior. For example, in
TiZrNbCrFe, hydrogenation converted the BCC and C14-Laves constituents into FCC and C14
hydrides, respectively, while the alloy retained reversible hydrogen storage at moderate
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temperature. This illustrates that FCC should not be considered solely as a competing initial
phase, but also as a structurally important hydrogenated state that can determine the reversibility
of the overall sorption process. Laves phases exhibit a different balance of properties. C14-Laves-
based alloys generally show lower hydrogen capacities than high-capacity BCC systems, but they
can provide comparatively favorable absorption-desorption kinetics, easier activation, and
improved reversibility, particularly near room temperature. Their characteristic AB,-type
framework contains multiple interstitial sites that can accommodate hydrogen, while the
associated phase stability may allow hydrogen to be released under less severe conditions than
in strongly stabilized BCC-derived hydrides. Recent studies and reviews therefore increasingly
consider C14-Laves phases as attractive candidates when reversible capacity, kinetic response,
and operating temperature are prioritized over maximum gravimetric uptake. Consequently, the
three structural states should not be compared solely in terms of their maximum hydrogen
capacity. BCC-based materials are generally associated with high hydrogen uptake but may
require more demanding desorption conditions; FCC phases can represent an important
hydrogenated state whose stability influences the reversibility and cycling behavior of BCC-
derived systems; whereas Laves-phase materials tend to provide a more balanced combination
of activation, sorption kinetics, and reversibility, although usually at a lower maximum capacity.
Moreover, in multiphase alloys, the coexistence of BCC and Laves phases may provide additional
opportunities to combine the high-capacity contribution of the BCC phase with the favorable
kinetic and interfacial characteristics associated with Laves-phase domains. Therefore, phase
constitution should be considered as a key design variable, with the optimum phase balance
depending on the intended pressure-temperature operating window and the required ratio
between total and reversible hydrogen capacity. The phase constitution of high-entropy

hydrogen storage alloys is governed by the combined influence of chemical composition, atomic
size mismatch, mixing energetics, and configurational entropy. Differences in atomic radii give
rise to local lattice distortions, which affect the stability of solid solutions and influence the
tendency toward the formation of intermetallic compounds or amorphous phases (Aidarova et
al., 2025). For the preliminary prediction of phase formation in multicomponent systems, a
number of empirical and semi-empirical parameters are widely employed, including the atomic

size mismatch parameter (0 ), the enthalpy of mixing (AH . ), the configurational entropy of

mix

mixing (AS,,. ), the ) parameter, the electronegativity difference (Ay ), and the valence
electron concentration (VEC). These parameters enable the initial screening of promising alloy
compositions and the assessment of their tendency to form particular crystal structures (Yeh,
2013; Zhang et al., 2008; Ye et al., 2015). According to current understanding, the formation of
solid solutions is more likely at moderate values of the atomic size mismatch parameter (0 ) and

within limited ranges of AH . , whereas larger atomic size mismatch and excessively negative

enthalpies of mixing promote the formation of intermetallic compounds or amorphous phases.
Nevertheless, these criteria should not be regarded as universal laws governing phase formation;
rather, they serve as approximate predictive tools that require experimental validation. The
principal empirical and semi-empirical parameters provide a useful basis for the preliminary
evaluation of alloy compositions and for predicting the likelihood of forming either solid-solution
or intermetallic phases (Poletti & Battezzati, 2014). However, their predictive capability remains
limited because of the pronounced chemical heterogeneity and local energetic non-equivalence
inherent to high-entropy systems. Among the available descriptors, particular attention has been
paid to the valence electron concentration (VEC), which is widely used to predict crystal structure
and to indirectly assess the tendency of a material toward hydride formation (Yang & Zhang,
2012; King et al., 2016). For a number of BCC systems, a tendency toward increased hydrogen
storage capacity with decreasing VEC has indeed been observed. However, this parameter does
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secondary phases, or the distribution of interstitial-site energies. Consequently, identical VEC
values do not guarantee identical hydrogenation behavior and cannot be used as a direct criterion
for predicting thermodynamic or kinetic characteristics (Guo et al., 2011; Wu et al., 2026). Similar

limitations are inherent to the parameters {2, AH, ., and O, which are primarily effective

during the preliminary stage of compositional screening (Hsu et al., 2024). For this reason, these
parameters are most appropriately used as complementary descriptors rather than as
independent criteria for phase prediction. Their combined consideration provides a more
informative preliminary assessment of phase stability by accounting for different aspects of alloy
formation, including configurational entropy, chemical interactions, atomic-size mismatch,
thermodynamic stability, and electronic structure. In particular, AS_mix and AH_mix describe
the balance between configurational disorder and chemical interactions, while d and Ay
characterize the extent of atomic-size and electronegativity differences among the constituent
elements. The Q, ¢, and ¢ parameters combine several thermodynamic quantities and have
therefore been proposed as additional indicators of solid-solution stability. VEC, in turn, provides
an electronic criterion that is particularly useful for estimating the preferred FCC or BCC
structure. The definitions of these parameters and the commonly reported empirical ranges
associated with solid-solution and intermetallic phase formation are summarized in Table 1 (Yeh
(2013); Zhang et al. (2008); Ye et al. (2015); Yang & Zhang (2012); King et al. (2016); Guo & Liu
(2011); Poletti & Battezzati (2014); Guo et al. (2011)).

Table 1. Structural and thermodynamic parameters commonly used for preliminary
phase prediction in multicomponent alloys

Parameter Formula Range fo‘r . Range f01.r References
solid solution | intermetalik
AS,. AS,. =—RY C.LnC, >1.5R Yeh (2013)
_ N\ mix . . Zhang et al.
AH,, | AH,, =>" ja¥eic ARy | -15-5kjmolt | <0 kj mol (2008)
|AHmix
A‘smix - 4
¢ . T, >20 / Ye et al. (2015)
S|
T xAS .
Q Q —m mix >1.1 <1.1 Yang & Zhang
AHml_x (2012)
0 0= AGgs X AS,, 1 / King et al.
—|AG, . (2016)
2
X “E) 1ane <660 Zhang et al.
%) 5_‘/21:@[1 ;j 100% <6.6% / 2008)
. 7. Guo & Liu
Ay | Ay=) c|l-=H— <6% / (2011); Poletti &
Z,—zl V4 Battezzati (2014)
v > 8.6 for
VEC VEC = Zizl {c,(VEC),} FCC 3.5~85 Guo et al. (2011)
<6.87 for BCC




I CENTRAL ASIAN
247 == TRANSACTIONS O
B - MATERIALS STRUCTURE
Vol. 1, Issue 3, September 2026. ATERIALS STRL

One of the fundamental characteristics of HEAs is the energetic heterogeneity of interstitial

sites available for hydrogen accommodation. Unlike conventional binary systems, in which most
interstitial sites possess similar energies, the chemical diversity of the local atomic environment
in HEAs results in a broad distribution of hydrogen insertion energies and the formation of sites
with different hydrogen binding strengths (Ramatsoma et al., 2025). This complex energy
landscape has a decisive influence on hydrogen absorption and desorption processes,
determining the characteristics of pressure—composition—-temperature (PCT) isotherms, the
occurrence of hysteresis, and the cyclic stability of the material (Lenis et al., 2025). Thus, the
hydrogen sorption properties of HEAs are governed by a combination of interrelated factors,
including the initial crystal structure, local lattice distortions, phase constitution, the distribution
of interstitial-site energies, and the electronic and chemical characteristics of the matrix.
Consequently, the modern design of HEAs is increasingly based on a multilevel approach that
integrates heuristic descriptors (VEC, €, and J ), CALPHAD thermodynamic modeling, density
functional theory (DFT) calculations, and machine learning methods to enable the rational
discovery of materials with an optimal combination of hydrogen storage capacity, reversibility,
and cyclic stability.

Influence of Processing Methods on the Microstructure of HEAs

In recent years, it has become increasingly evident that the hydrogen sorption properties
of HEAs are governed not only by their chemical composition and phase constitution but also
by the processing route employed during material fabrication. Even for an identical elemental
composition, variations in the synthesis route can result in fundamentally different
microstructural states, characterized by differences in grain size, chemical homogeneity,
defect density, and the distribution of phase boundaries. Consequently, modern studies
increasingly regard processing methods as a tool for microstructural engineering, enabling
control over hydrogenation kinetics, the stability of hydride phases, and hydrogen diffusion
mechanisms.

Arc Melting

Arc melting remains the most widely used method for the fabrication of HEAs because of
its relative technological simplicity, high synthesis rate, and suitability for the rapid screening of
new alloy compositions. However, material solidification under conditions of locally elevated
temperatures (exceeding the melting points of the constituent elements, typically reaching
approximately 1800-3000 °C within the arc discharge region), followed by rapid cooling, is
frequently accompanied by the development of a pronounced dendritic microstructure and
chemical heterogeneity. Miracle and Senkov (2017) noted that, during arc melting of
multicomponent systems, local elemental segregation often occurs as a result of differences in the
melting temperatures and partition coefficients of the constituent elements. Consequently,
dendritic and interdendritic regions with distinct local compositions and different hydrogen
interaction energies are formed.

A study of the TiV2ZrCrMnFeNi alloy demonstrated that, in the as-cast condition, the
material consisted of a combination of BCC and Laves phases with pronounced chemical
heterogeneity. Following hydrogenation, the interphase regions acted as preferential sites for
hydrogen accumulation, thereby governing the sorption kinetics and cyclic stability. Despite its
inherent limitations, arc melting remains an important technique for the development of novel
hydrogen storage HEAs because it enables the rapid exploration of a wide compositional space.

Mechanical Alloying

Mechanical alloying is currently regarded as one of the most promising approaches for
producing non-equilibrium high-entropy structures with enhanced functional properties. The
method is based on repeated plastic deformation (up to 103-10° cycles of localized plastic
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deformation during milling), cold welding (formation of interparticle contacts under local
pressures of approximately 1-10 GPa), and particle fracture induced by high-energy ball milling.
One of the principal effects of mechanical alloying is intensive grain refinement. Ehe reduction in
grain size is accompanied by an increase in the specific grain boundary area and a decrease in the
effective hydrogen diffusion distance (Daza et al., 20261). Simultaneously, a high density of
structural defects, including dislocations, vacancies, and localized regions of residual stress, is
introduced into the material. Tsai et al. (2014) demonstrated that the increased defect density
accelerates the initial stage of hydrogenation by providing additional energetically favorable
hydrogen trapping sites.

With increasing milling time, partial or complete amorphization of the structure may
occur. Such a structural state is characterized by the absence of long-range atomic order and the
formation of an energetically heterogeneous environment for the interstitial accommodation of
hydrogen. However, excessive amorphization may impair the reversibility of hydrogen
desorption because of the formation of deep hydrogen trapping sites. Thus, mechanical alloying
simultaneously enables several mechanisms for tailoring the hydrogen sorption properties of
HEAs, including grain refinement, increased defect density, and the formation of metastable
structural states.

Spark Plasma Sintering (SPS)

In recent years, spark plasma sintering (SPS) has emerged as one of the most effective
processing routes for producing high-entropy materials with controlled microstructures. The
method is based on the simultaneous application of pulsed electric current and uniaxial pressure
over a short processing time, enabling rapid densification while effectively suppressing grain
growth. A study of the TaNbHfZrTi HEA demonstrated that SPS promotes the formation of a
dense and homogeneous BCC structure, suppresses grain coarsening, and enhances the
microstructural homogeneity of the material (Park et al., 2021). The formation of a fine-grained
microstructure is accompanied by an increase in the volume fraction of grain boundaries, which
serve as effective pathways for accelerated hydrogen diffusion. Furthermore, the high relative
density of SPS-processed specimens reduces the likelihood of localized stress accumulation and
improves resistance to degradation during cyclic hydrogenation. Following hydrogen charging,
changes in the lattice parameters and the formation of a mixed BCC/HCP phase were observed,
confirming the high sensitivity of hydride phase transformations to the characteristics of the
initial microstructure. Consequently, SPS is currently regarded as one of the most promising
techniques for the rational control of hydrogen transport and phase stability in high-entropy
hydrides.

Additive Manufacturing

The development of additive manufacturing technologies has opened new opportunities
for designing HEAs with spatially controlled microstructures. Among these technologies, laser
powder bed fusion (LPBF) and directed energy deposition (DED) are the most widely adopted.
According to the review by DebRoy et al. (2018), the extremely high cooling rates achieved during
additive manufacturing suppress elemental segregation, promote the formation of ultrafine
microstructures, and stabilize non-equilibrium phase constitutions. These features are
particularly important for hydrogen storage materials, as they enable control over the
distribution of interstitial sites and the local defect structure. However, the application of additive
manufacturing to HEAs remains a relatively new research area and requires further
standardization of methods for evaluating hydrogen sorption properties. Therefore, modern
processing techniques should be regarded not merely as fabrication methods for HEAs but as
powerful tools for tailoring their microstructural architecture. Indeed, the combined effects of
phase constitution, defect structure, and processing route largely determine the efficiency of
hydrogen-material interactions in HEAs (Biesuz et al., 2021; Hu et al., 2020; Ding et al. 2025).
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As shown in Figure 2, arc melting (Fig. 2a) remains the most widely used method for the
fabrication of HEAs because of its simplicity and its capability for the rapid synthesis of new
multicomponent alloy compositions. Spark plasma sintering (Fig. 2b) is primarily employed for

the consolidation of powder materials while preserving a fine-grained microstructure, whereas
mechanical alloying (Fig. 2c) produces a highly defective and more chemically homogeneous
microstructure that is favorable for hydrogen absorption and desorption processes.
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Figure 2. Schematic illustration of the principal processing methods for HEAs (a) arc melting;
(b) spark plasma sintering (SPS); and (c) mechanical alloying by high-energy ball milling.
Note — compiled by Kurbanbekov et al. (2026)

Thus, processing methods exert a decisive influence on the microstructure of HEAs by
governing their phase constitution, grain size, chemical homogeneity, and defect structure. These
microstructural characteristics, in turn, determine the kinetics of hydrogen-material interactions
and the efficiency of hydrogen absorption—desorption processes. Therefore, the selection of an
appropriate processing route represents a crucial stage in the development of HEAs for solid-
state hydrogen storage.

CONCLUSIONS

The present review demonstrates that the hydrogen sorption properties of HEAs are
governed not by a single structural parameter but by the complex interplay among phase
constitution, local chemical heterogeneity, and the microstructural organization of the material.
Current understanding is gradually shifting from the traditional perception of HEAs as systems
whose properties are predominantly determined by the effect of high configurational entropy of
mixing toward a more comprehensive concept based on controlling the local structural and
energetic state of the material. It has been established that HEAs with a BCC structure exhibit the
greatest potential for hydrogen storage owing to their high density of interstitial sites and
favorable conditions for hydrogen diffusion. However, the increase in hydrogen storage capacity
is accompanied by more difficult hydrogen desorption and enhanced stability of hydride phases.
In contrast, systems based on FCC and Laves phases, despite their lower hydrogen storage
capacities, provide more controllable thermodynamic characteristics and improved stability
during cyclic operation. These findings indicate the necessity of shifting from the search for a
universal crystal structure toward the design of materials with a predefined balance between
hydrogen storage capacity, reversibility, and long-term durability. The analysis also
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demonstrates that processing methods should be regarded not merely as a technological stage of
material fabrication but as an independent tool for controlling the hydrogen sorption response of
high-entropy systems. Arc melting, mechanical alloying, and spark plasma sintering (SPS)
produce distinct microstructural states that differ in defect density, chemical homogeneity, and
the characteristics of interphase boundaries, thereby directly influencing hydrogenation kinetics
and the stability of hydride phases.

Particular attention should be given to the fact that the existing approaches for predicting
the behavior of HEAs, based on descriptors such as the valence electron concentration (VEC), the

enthalpy of mixing (AH,, ), and the atomic size mismatch parameter (), possess limited

mix
predictive capability and do not fully account for the complexity of the local chemical
environment and the energetic heterogeneity of interstitial states. Therefore, a promising
direction for future research is the development of a rational design strategy for high-entropy
hydrogen storage materials through the integration of modeling, first-principles calculations, in
situ characterization techniques, and materials informatics algorithms. Accordingly, HEAs
should be regarded not as an alternative to existing hydride systems but as a next-generation
materials platform that enables the transition from empirical alloy design to the rational
engineering of materials for efficient and safe hydrogen storage.
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