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Cl4-Laves phase high entropy alloys for hydrogen
storage: a review

Badr El Aalami, ©©°° Hosni Idrissi® and Vera Trabadelo (2 *

Recently, solid-state hydrogen storage materials have attracted significant research attention within the
hydrogen energy community owing to their higher hydrogen storage density and affordable safety
compared to conventional systems (i.e., gaseous and liquid storage systems). Among these materials,
high entropy alloys (HEAs) possessing Cl4-Laves single-phase structures have emerged as promising
candidates for this application, attributed to their unique structural properties and superior performance.
Unlike traditional alloys, the complex composition and high configurational entropy of C14-Laves phase
HEAs reveal a new balanced design strategy for hydrogen storage that stabilizes single phase structures,
encourages reversible hydrides, and provides exceptional cycling stability. Numerous remarkable studies
have already demonstrated the potential of C14-Laves phase alloys, typically for stationary hydrogen
storage applications. In this review, first, the definition and concept of HEAs as well as the evaluation of
the compositional design strategies for the formation of a favorable Cl4-Laves single solid-solution
phase are highlighted. Moreover, the thermodynamic modeling of the hydrogenation properties,
manufacturing processes, and hydrogen storage properties in the latest state-of-the-art Cl4-Laves
phase structured HEAs are presented and discussed. Finally, possible applications, potential challenges,
and perspectives are outlined.

Hydrogen is a key vector toward a reliable and sustainable energy supply. However, hydrogen storage is one of the most challenging aspects in hydrogen
technology. Metal hydride-based solid-state hydrogen storage has gained considerable attention owing to its higher volumetric densities and safety compared

to traditional gaseous and liquid storage systems. Yet, most reported metal hydrides remain far from commercialization, mainly due to limited hydrogen
storage capacity or lack of reversibility under practical conditions. In this context, high entropy alloys (HEAs) have emerged as a novel class of alloys with great

potential for hydrogen storage. Among the different HEA compositions, those featuring a single C14-Laves phase have shown excellent hydrogen-related
properties, such as room temperature reversibility, rapid kinetics, easy activation, and good cyclability as demonstrated by several studies supporting their

future in hydrogen storage applications. Furthermore, a key advantage of HEAs is their vast compositional formulations, offering numerous possibilities to fine
tune the desired microstructures and, hence, properties of hydrides. Therefore, achieving optimal hydrogen performance will largely depend on effective design

strategies to predict the formation of the C14-Laves phase and appropriate processing methods. This review focuses on recent progress on C14-Laves phase
HEAs for hydrogen storage, highlighting all the previous aspects.

1. Introduction

diplomatic conflicts, and, most critically, climate disorder
due to the excessive release of carbon emissions into the

The world’s reliance on energy continues to grow daily." This
results in massive consumption of fossil fuels and the deple-
tion of certain key natural resources, like coal and petroleum.>?
Consequently, some problems arise, i.e., economic challenges,
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atmosphere.*® Additionally, increased demand will be placed
on sustainable energy sources such as solar, wind, and hydro-
thermal to meet energy needs.®> However, the latter also face
significant challenges, including intermittency, high initial
costs, complex technologies, and regular maintenance require-
ments.®” Given these circumstances, a global trend towards
finding alternative sources for energy as well as clean gaseous
fuels, e.g., H, and CH,, appears quite promising.® These alter-
natives are expected to be sufficiently efficient and environmen-
tally friendly to address future energy demands.® Hydrogen, for
instance, is an ideal and clean energy carrier that satisfies the
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above criteria.'® It can be produced through various methods,
among others electrolysis using renewable energies, and it only
generates electricity and water as a secondary product when
used in fuel cells."* Due to its high calorific density, which is
over twice that of gasoline,'” and zero-carbon footprint when
combusted,” hydrogen is an outstanding energy vector that
shows great potential as well as an attractive road map world-
wide across various fields, including industrial processes, fuel
production, and energy generation.'®'* Hence, the growth of
the hydrogen energy sector has become a key strategy for
communities to promote energy transition and ensure a reli-
able and sustainable energy supply.'>'® In general, hydrogen
technology involves production, storage, transportation, and
application.” As the most abundant® and lightest element on
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earth,'® hydrogen can be cost-effective to produce but challen-
ging to store.’® Nevertheless, its high flammability and explo-
sive nature as a gas pose significant risks, especially when
temperatures rise or its concentration in the air exceeds safety
limits.?® Moreover, in comparison to fossil fuels, hydrogen has
a lower volumetric energy density.>’ Therefore, safety comes
first when handling hydrogen, and long-term hydrogen storage
systems that have the potential for higher energy density
are the most concerning aspects of hydrogen technology.'®
Currently, hydrogen storage methods are divided into two
categories as given in Fig. 1:'>*"?* physical storage as a gas
or liquid and chemical storage. The gas form of hydrogen
storage often requires high-pressure tanks (~ 700 bar) and large
volume systems are typically used.”® Although this method is the
most commercially adopted on the market, it still represents
constant safety hazards.>**® Liquid hydrogen, despite its high
energy density, involves consistent cryogenic temperatures since
hydrogen boils at —252.8 °C under standard atmospheric pressure,
which implies high levels of maintenance.*®

While chemical-based storage is comparatively safer and
offers a more flexible means to store hydrogen than physical-
based methods, notable issues persist in certain systems. For
instance, liquid-organic carriers, regardless of their high volu-
metric density and ease of transportation, involve specific
reactor configurations and noble metal catalysts (i.e., Pt, Pd)
to overcome the endothermic nature of the dehydrogenation
reaction, production of likely CO/HC side-products during H
release, and mostly the limited lifecycle of catalysts upon
degradation.””?° Physisorption methods using adsorbents
such as MOFs, COFs, and zeolites appear advantageous as they
are fully reversible and demonstrate fast kinetics; however, the
marked temperature dependence of these materials implies
cryogenic conditions or high pressures to maintain high hydro-
gen uptake in addition to the structural instability of the
adsorbents.’°? Given these current technical issues, solid-
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Fig. 1 Available hydrogen storage technologies.'>??2 This figure was made based on the illustrations reported in ref. 15, 21 and 22.

state hydrogen storage in the form of metal/alloy-hydrides
appears to be a promising alternative, offering high volumetric
hydrogen density, low pressure and temperature operation
conditions, and enhanced security.****7¢

The main challenge for solid-state hydrogen storage is
finding a material that, at the same time, meets key criteria
of high storage capacity, reversible hydrogen absorption/
desorption at room or low temperatures, fast kinetics, easy
activation, long-term stability and cyclability, operation near
atmospheric pressure, and high gravimetric density.?**"°
Clearly, a hydride that meets all of these conditions simulta-
neously would be ideal, even for commercial applications.
However, most solid-state hydrogen storage researchers focus
on developing materials with improved capacity and reversi-
bility at room temperature.'%*°™** To achieve a better balance of
the previously described hydrogenation properties, numerous
candidates with various stoichiometries (elemental, binary,
ternary, etc.) have been investigated over the past few
decades.***> Magnesium hydride, MgH,, is the most popular
and extensively studied hydride owing to its unique advantages
of a substantial hydrogen storage capacity (7.6 wt%), afford-
ability, and widespread abundance.*® However, its high activa-
tion energy required for hydrogenation/dehydrogenation
processes, along with poor thermodynamic and kinetic proper-
ties, stand as a barrier for the market scalability of Mg-based
hydrides and their derivatives of Mg-based alloys.**™*® To reach
optimal reversibility, LaNis; hydride has been studied for over
six decades.” Although it has a very low hydrogen capacity
compared to MgH,,*® it has the ability to store hydrogen
reversibly at room temperature with excellent absorption/
desorption properties and long-term cyclability and stabi-
lity.”">> However, lanthanum (La) is a rare-earth element and
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highly sensitive to air.>® Subsequently, TiFe materials have
gained researchers’ attention as binary transition metal absor-
bents due to their moderate cost and low hydrogenation/
dehydrogenation temperatures. However, they are often difficult
to activate and exhibit low resistance to contamination.>~>®

From simple to more complex hydrides, tremendous efforts
and investigations have been dedicated to developing efficient
hydrogen storage systems. Nevertheless, all existing metal
hydrides still face several limitations.>” It is noteworthy to
address that a viable hydrogen storage system must be low-
cost, compact, and efficient to meet targeted goals. Recently,
research has shifted towards using alloy-hydrides with sub- and
metastable structures for hydrogen storage.”® Among this
emerging class of alloys are multi-principal alloys, commonly
called high entropy alloys (HEAs).>*®* HEAs are conventionally
defined as multi-component alloys made up of five or more
main constituent elements, each of which has an atomic ratio
between 5 and 35 at%.?>” Since 2004,°"°> this new family of
alloys has gained significant attention thanks to their excep-
tional structural and functional properties.®*®* HEAs began
their exploration for hydrogen storage properties in 2010 with the
first publication on CoFeMnTiV,Zr, high-entropy hydrides.”®
Since then, research in this area has grown significantly.>

Most HEAs are typically monophasic structures, such as
face-centered cubic (FCC), body-centered cubic (BCC), hexago-
nal (C14-Laves), or, occasionally, a dominant phase with minor
traces of a secondary phase.®®® This review shows a distinct
ordered methodology for designing C14-Laves phase HEAs
where chemical composition controls the type of hydrogen
sites and their occupancies with the objective of tailoring the
thermodynamic properties, including plateau pressure and
desorption enthalpy, exploring the role of high configurational
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entropy in stabilizing complex intermetallics, and providing a
more accurate prediction of phase diagrams and site energies
through coupling CALPHAD and DFT approaches. This level of
precise design has not been achieved in the case of BCC
alloys.”® As a result, C14-Laves phase HEAs reveal a new
conceptual advance for hydrogen storage design that mitigates
the conventional trade-off between high absorption capacity
and poor reversibility and kinetics seen in traditional alloys
(i.e., MgH,, BCC alloys, etc.), which allows for the achievement,
at the same time, of moderate/high capacity, rapid kinetics, and
excellent reversibility.**”'™"

In 2023, Kong et al.*” conducted a comprehensive review on
BCC-structured HEAs, showing that BCC-based alloys present
high potential for developing hydrogen storage materials.
In the past two years, more than ten extensive reviews have
been published on HEAs,?*”*77¢ highlighting the current state
of research and future prospects of HEAs for hydrogen storage
applications. That said, despite the publication of over 40
articles on HEAs with C14-Laves phase structure since their
emergence,”’® there is still a notable absence of an exhaustive
survey specifically focusing on C14-Laves phase hydrogen
storage alloys.

The present review summarizes the state-of-the-art and
recent scientific findings on HEAs featuring C14-Laves phase
structures for hydrogen storage. It evaluates the theory and
compositional design driven by the interaction of hydrogen
atoms with alloy elements and provides a critical theoretical
guideline for predicting the constituent phase(s) of these alloys.
The CALPHAD approach, DFT computations, and the thermo-
dynamic modeling of hydrogenation properties of these alloys
are also reviewed, and the manufacturing methods are
examined. Finally, the study details multiple dimensions of
hydrogen storage properties, including absorption capacity,
activation energy, kinetics, and cyclability, and concludes with
a discussion on possible applications, potential challenges, and
perspectives.

2. High entropy alloys

2.1. Brief history

Historically speaking, HEAs were first discovered in the late
18th century by the German scientist Franz Karl Achard and his
colleagues.®® By synthesizing a series of equimass multicompo-
nent alloys made up of 5 to 7 elements, they led the way in
cutting-edge research. Despite this remarkable achievement,
it attracted no attention from the global metallurgical
community.®"®* It was only in 2004 that Cantor et al®' and
Yeh et al.®” officially introduced the notion of multicomponent
alloys, generally known today as HEAs. While initially devel-
oped for metallic alloys to enhance their mechanical properties,
this new class of materials has rapidly expanded to cover
all material categories.”"®* As illustrated in Fig. 2a, the number
of publications per year has grown exponentially across
various application areas in the last two decades, including
high-entropy ceramics,®* high-entropy amorphous alloys,®
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intermetallic HEAs,*® lightweight HEAs,®” and nanostructured
HEAs.®® This growth is driven by the exceptional physicochem-
ical, magnetic, catalytic, functional, and structural properties of
these materials.®*°' Among the functional properties of HEAs,
hydrogen storage stands out as one of the most interesting and
it has been gaining significant interest since 2010 when Kao
et al.®® published the first paper on HEAs for hydrogen storage
featuring the CoFeMnTi,V,Zr, system. Over the past few years,
this area has witnessed a marked rise in scientific production,
as shown in Fig. 2b.

2.2. Definition and concept

Since their discovery, there has not been a universal definition
for HEAs.”® However, unlike traditional alloys, HEAs are not
made up of just one or two principal elements.”® Hence, this
emerging class of alloys has been given various designations,
including high entropy alloys (HEAs),”*°* multi-principal
element alloys (MPEAs),”>®” multi-component alloys (MCAs),”>°%%
or complex concentrated alloys (CCAs)."® Following these terms,
two definitions are most widely recognized.'”"'%* The first defini-
tion, proposed in 2004, is based on composition. It defines a HEA as
an alloy made up of five or more main constituent elements, each of
which has an atomic ratio between 5 and 35 at%.>”%"9*'% The
alloys can be further designed with equimolar or non-equimolar
compositions.” Fig. 2c shows a ternary phase diagram comparing
the distribution of primary components in conventional alloys and
HEAs. Additionally, some authors also allow for the inclusion of
minor elements (e.g:, magnesium (Mg), aluminum (Al), etc.) with
concentrations below 5 at%.>'** The second definition is entropy-
based, describing a HEA as a random solid-solution with a mixing
entropy larger than 1.5R, where R represents the gas constant
(R =831 ] K "mol ").”> Most HEAs reported in the past 20 years
demonstrate both definitions as they consist of a minimum number
of five major elements within the previously mentioned atomic
range, which naturally leads to a large number of configurational
states and, consequently, a higher mixing entropy. Generally, the
more elements involved, the greater the mixing entropy.’® As a
result, both definitions often coexist and are validated in practice.

From a microstructural point of view, HEAs can be classified
as single-phase alloys (such as FCC, BCC, or hexagonal closed
packing (HCP) HEAs) or multiphase alloys (such as ternary and
quaternary alloys),*>'°® depending on the relative free energies
involved, according to the following equations:**

(Solid solution): AGix = AHmix — TASmax (1)

(Intermetallics): AGy = AHy — TAS; 2

where, AGmix, AHmix, and AS,; are the Gibbs free energy,
enthalpy, and entropy of mixing multiple elements, respectively.
AGy, AHy, and ASy correspond to the Gibbs free energy, enthalpy,
and entropy for formation of intermetallic compounds, respec-
tively. T denotes the absolute temperature. Single-phase HEAs are
ideal candidates for solid-state hydrogen storage owing to their
controlled chemical composition and relatively easy understand-
ing of the hydrogen storage mechanism compared to multi-phase
based HEAs.®”'71% Moreover, the formation of multiple phases

This journal is © The Royal Society of Chemistry 2025
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Fig. 2

(@) Number of publications between 2004 and 2025 containing the terms “high entropy alloy(s)”, “multi-component alloy(s)”, “multi-principal

element alloy(s)”, or “complex concentrated alloy(s)". (b) Number of published articles from 2004 to 2025 with “high entropy alloy(s)”, “multi-component
alloy(s)”, "multi-principal element alloy(s)”, or “complex concentrated alloy(s)” for “hydrogen storage” in the title, keywords, and abstract. Source: Scopus
database. (c) Ternary phase diagram showing the compositional distribution of principal elements in conventional alloys versus HEAs.?? (d) Schematic
illustration of the “four core effects” of HEAs.”>°° This figure was made based on the illustrations reported in ref. 75 and 90.

and intermetallics in the microstructure often results in signifi-
cant challenges in achieving higher hydrogen capacities.'’ There-
fore, maintaining high mixing entropy at high temperatures
plays a key role in counteracting the formation of intermetallic
compounds, leading to a thermodynamically stable solid-solution
structure where AG,ix is more negative (eqn (1)). However, single-
phase HEAs exhibit certain limitations from a mechanical
perspective.” For instance, certain single-phase alloys, including
FCC and BCC, exhibit a trade-off between ductility and strength."*°
In addition, due to the lack of strengthening mechanisms, such as
precipitates or secondary phases, single-phase HEAs may have
lower creep resistance compared to multiphase alloys.'™" As a
result, multi-phase HEAs, such as eutectic HEAs"'* and transfor-
mation induced plasticity (TRIP}-HEAs,"* are preferred for
improving mechanical properties. These alloys can increase ducti-
lity through transformation-induced plasticity in metastable
phases and enhance hardness through interface strengthening
in dual-phase alloys.'**

2.3. Four core effects

As previously mentioned, HEAs differ significantly from con-
ventional alloys, leading to distinct microstructures and proper-
ties. In 2006, Yeh et al'™ identified the source of these
distinctions by introducing the four fundamental effects of
HEAs that govern their behavior and properties. As shown in

This journal is © The Royal Society of Chemistry 2025

Fig. 2d, these effects are high entropy effect, sluggish-diffusion
effect, lattice-distortion effect, and the cocktail or synergetic
effect.”>° The first three effects are relatively natural and can
be theoretically and experimentally demonstrated. However,
the cocktail effect remains difficult to predict to a certain
extent, as it arises from the complex interaction of the other
effects.

2.3.1. High entropy effect. One reason why HEAs initially
received little attention was the belief that alloys with more
than one or two principal elements would lead to inclusions,
intermetallic compounds, and/or complex microstructures
(Section 2.1). However, this assumption was proven incorrect,
as HEAs often exhibit simple microstructures, predominantly,
single-phase structures.’'® This simplicity results from the
presence of multiple components in near-equal or equimolar
proportions, which increases the mixing entropy and thereby
stabilizes the HEA system thermodynamically.'"> As noted ear-
lier (Section 2.2), a higher number of constituents, ideally in
equimolar ratios, increases the configurational entropy, pro-
moting the formation of a single-phase structure (eqn (1)).
Fig. 3a shows the evolution of the configurational entropy as
a function of the number of elements in equimolar HEAs,
which is predicted by Boltzmann’s equation (eqn (3)).""”

ASmix = RIn(n)

®)
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Fig. 3 (a) Correlation between the mixing entropy and the equimolar number of elements.**” This figure was made based on eqn (3) reported in ref. 117.
(b) Unit cell of the hexagonal C14-Laves phase (MgZn,-type) with three types of tetrahedral interstices available: A,B,, ABs, and B,.”? Reproduced with
permission from ref. 72. Copyright © 2022, Elsevier Ltd. (c) A2B; sites formed by a tetrahedron having 2 bonds with energy ¢x_ and 2 bonds with energy
es-n. /> Reproduced with permission from ref. 72. Copyright ©, 2022 Elsevier Ltd. (d) A periodic table showing the division of elements into hydride-
forming (red) and non-hydride-forming (blue) based on the enthalpy of M—H metal hydride formation.**®> Reproduced from ref. 145 under the CC BY-NC
3.0 license with permission from the Royal Society of Chemistry. Copyright © 2021.

where n is the number of equimolar elements. The combi-
nation of eqn (1) and (3) demonstrates the direct transition
from an elemental system to a thermodynamically favorable
random solid solution. Furthermore, the high entropy effect
goes further by lowering the electronegativity differences
between the alloy’s components, which helps prevent phase
separation and/or the formation of some ordered intermetallic
compounds within the alloy.®® Indirectly, the high entropy
effect was found to improve the HEA’s hydrogen storage
performance through the stabilization of a single-phase solid-
solution (i.e., C14-Laves or BCC), resulting in the contribution
of a large number of interstitial sites to accommodate more
hydrogen atoms within the lattice and thereby achieving higher
absorption capacity. Besides, the high entropy effect also causes
the lattice strain and distortion to increase, which eventually
improves the kinetics and reversibility of the alloy.”>>’

2.3.2. Sluggish-diffusion effect. Likewise, the sluggish-
diffusion effect arises from the random distribution of five or
more principal elements in HEAs, leading to significantly
slower atomic diffusion kinetics and making diffusion pro-
cesses more difficult to occur within these systems.”®> This
second effect can be explained in various ways. From an
energetic standpoint, the presence of multiple principal ele-
ments in HEAs leads to important fluctuations in the lattice

Mater. Horiz.

potential energy across different lattice sites, caused by varia-
tions in size, geometry, and coordination of these sites.''®
Moreover, as the number of elements in the alloy increases,
the sluggish-diffusion effect becomes more pronounced as
well.>® As a result, atoms in HEAs encounter greater lattice
potential energy barriers for diffusion, resulting in lower diffu-
sion coefficients compared to those in conventional alloys.'*’
From another point of view, some studies have examined
the manufacturing process of HEAs and found that the
sluggish-diffusion effect is primarily caused by the formation
of nanocrystals and amorphous structures during solidi-
fication.®*°%12%121 Besides, diffusion can lead to the formation
of secondary phases within HEAs, emphasizing the crucial role
of the high entropy effect (Section 2.3.1) in preventing such
behavior and reinforcing the sluggish-diffusion effect. In terms
of hydrogen storage behavior, Luo et al> stated that the
sluggish effect enhances the de/hydrogenation Kkinetics by
preventing grain coarsening and, thereby reducing the alloy’s
grain size which leads to an increase in the density of grain
boundaries that serve as effective diffusion channels for hydro-
gen. This microstructural feature improvement caused by
the sluggish effect was also reported in several investigations
to be important for achieving excellent hydrogen storage
properties.>”**?

This journal is © The Royal Society of Chemistry 2025
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2.3.3. Lattice-distortion effect. The coexistence of multiple
elements within the same solid-solution induces severe lattice-
distortion in HEAs, caused by variations in atomic sizes (size
mismatch) and electronic distributions.'*® Therefore, each
atom is displaced from its equilibrium position within the
lattice, which significantly alters the overall energy and proper-
ties of the system."* Owen et al.'* identified various types of
strain that can arise from the lattice-distortion effect. They
suggested that, if the size mismatch between atoms is suffi-
ciently large, the distorted system could potentially transform
its crystalline structure into an amorphous one. Consequently,
the mechanical, electrical, thermal, magnetic, and chemical
properties of HEAs are significantly influenced. For instance,
Tandoc et al.'*® conducted computational modeling on the
lattice distortion effect in refractory high entropy alloys, con-
cluding a strong correlation between lattice distortion and
room-temperature yield strength. Their findings indicate that
lattice distortion positively influences both strength and ducti-
lity. Other researchers'”'*° have also emphasized that severe
lattice distortion plays a crucial role in generating a high
number of extended defects, such as dislocations, stacking
faults, and twinning, which contribute to enhancing the
mechanical properties of HEAs. Some studies®®'° have
reported that dislocations, induced by lattice distortion effects,
can act as active sites for hydrogen insertion. According to
Sahlberg et al.,"*! large lattice strain helps to make interstitial
and octahedral sites more favorable to absorb significant
amounts of hydrogen and hence increases the hydrogen storage
capacity of the alloy. Therefore, the lattice distortion effect has
proven to affect positively the properties of HEAs, particularly
hydrogen storage performance.

2.3.4. Cocktail effect. Unlike the previous three effects,
there has been no evidenced study, either theoretical or experi-
mental, that deeply explores the mechanism of the cocktail
effect.’*>*** However, it is consistently present and emerges
from the synergistic interaction of all the properties of HEAs,
thereby contributing to the achievement of the desired proper-
ties, such as mechanical strength, corrosion resistance, and
hydrogen storage performance.”> Ranganathan'** was the first
to introduce the concept of the cocktail effect, comparing
multi-component alloys at the atomic level to a cocktail made
of different types of alcohol ““atoms”. Nonetheless, this syner-
gistic effect has been explicitly demonstrated in some studies.
For instance, Tong et al."*® investigated the synergistic effect of
adding aluminum to the Al,CoCrCuFeNi (x = 0 to 0.3) system.
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The strong bonding between Al and the other components
promoted the formation of a stable BCC phase, which in turn
enhanced the strength of the alloys. Regarding hydrogen sto-
rage performance, Ma et al.'*® substituted Al by Fe in the
ZrTiVAlL, _,Fe, alloy system and found that the Fe substitution
led to improved hydrogenation kinetics and capacities. Further-
more, with Fe replacing Al, the phase fraction of the C14 Laves
phase increased, and Fe exhibited a strong catalytic effect in
lowering the hydrogen desorption temperature of the ZrTiVAl
alloy. Such characteristics are believed to be a consequence of
the cocktail effect arising from modifications of the main HEA
composition through doping or substitution of some elements.
However, a comprehensive study is still needed to fully under-
stand the concept and behavior of HEAs as well as the origins of
the cocktail effect.

3. Cl4-Laves phase

Laves phases are among the most popular intermetallic phases
valued for their mechanical and functional properties.’*”'?®
Laves phases are categorized into three crystal structures: cubic
C15 (MgCu,-type),"*® hexagonal C14 (MgZn,-type),"*® and hex-
agonal C36 (MgNi,-type)."*! The C14-Laves phase is known for
its excellent hydrogen storage properties compared to other
Laves phase derivatives.”>"*° The optimum hydrogen storage
properties of the C14-Laves phase are achieved through the
stoichiometry of AB, systems, in which A are the elements that
have high affinity to hydrogen; hence, they can easily form
hydrides, while B are the non-hydride forming elements with
very low affinity to hydrogen.'*>'** The crystallographic infor-
mation of the AB, C14-Laves phase is summarized in Table 1.
The AB, Cl14-Laves phase features a hexagonal structure
(MgZn,-type) with space group P6s/mmc (194) and includes
three types of tetrahedral interstitial sites: A,B,, AB3, and By,
as shown in Fig. 3b. Each AB, formula unit contains 12
equivalent A,B, sites, 4 equivalent AB; sites, and 1 B, site.””
The theoretical maximum hydrogen storage -capacity,
AB,H;-, could be achieved if all interstitial sites were fully
occupied by hydrogen atoms."®” However, this ideal situation
is never attained because hydrogen cannot simultaneously
occupy all available sites. This limitation is due to factors such
as the varying size and geometry of the sites (not all sites are
equally accessible), energy stability (hydrogen atoms prefer to
occupy the lowest energy sites), and the influence of electronic

Table 1 Crystallographic information of the AB, C14-Laves phase and atomic positions of the A and B elements.*®” This table is reproduced from ref. 137
with modifications under the CC BY 4.0 license with permission from Springer Nature. Copyright © 2020

Wyckoff positions Atoms in the coordination polyhedron
Pearson Wyckoff Y P POy
symbol Space group  Atom site x y z CN A B1 B2
Hexagonal C14, MgZn,-type hP12 P6;/mmc (194) A af 1/3 2/3 z 16 4 9 3
B1 6h X 2x 1/4 12 6 4 2
B2 2a 0 0 0 12 6 6 —

CN = coordination number.

This journal is © The Royal Society of Chemistry 2025
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interactions and repulsive forces. Merlino et al.*** conducted a
DFT study on hydrogen storage in the Zr(Cr, sNiy 5), C14-Laves
phase intermetallic, revealing that atomic hydrogen primarily
prefers the A,B, sites, see Fig. 3¢, with a Zr-Zr-Cr-Cr composi-
tion, followed by AB; sites. In contrast, B, sites were found to be
unfavorable for hydrogen occupation. Furthermore, to the best
of our knowledge, no detailed experimental study has been
carried out to clarify the hydrogen absorption mechanism and
determine its preferred sites within the lattice. Therefore,
understanding and optimizing the behavior of the C14-Laves
phase in HEAs can lead to more efficient and long-lasting
hydrogen storage.

4. Design strategies of single
C14-Laves phase structured HEAs
for hydrogen storage

The properties of HEAs depend on their phase structure, which
is influenced by the choice of elements and their concentra-
tions. Therefore, a preliminary design is crucial to guide and
optimize the experimental process."'® Before designing such an
alloy, selecting the appropriate elements comes first. For effective
hydrogen storage in HEAs, it is important to combine hydrogen-
absorbing elements (which have a lower hydride formation
enthalpy and higher hydrogen affinity) with non-hydrogen-
absorbing elements (which have a higher hydride formation
enthalpy and lower hydrogen affinity) as illustrated in Fig. 3d."*®
In this context, alloy design occurs in two stages prior to manu-
facturing. The first stage focuses on predicting the alloy’s phase
structure and stability. Then, the second stage involves modeling
the alloy’s hydrogen storage properties to understand its behavior
during hydrogen interaction and assessing pressure-composition—
temperature (PCT) isotherms (Section 5). In this scope, empirical
methods, computational thermodynamics, and density functional
theory (DFT) calculations are used to design multicomponent
alloys featuring a single C14-Laves phase for hydrogen storage.

4.1. Parametric approaches

Parametric calculations refer to theoretical methods employed
during the early stages of composition design. These empirical
models form the basic foundation for predicting solid-solution
phases and are governed by the ‘“Hume-Rothery” criteria,
which researchers have extended and adapted to high-entropy
alloys and are broadly applicable to all types of single-phase
alloys, including C14-Laves phase HEAs.'*® These parameters
encompass atomic size mismatch (¢), valence electron concen-
tration (VEC), atomic radii ratio (ra/rg), mixing entropy and
enthalpy (ASmix/AHmix), €lectronegativity difference (Ay), and
other factors to assess the formation and stability of solid-
solution phases within the alloy.”” In line with the fundamental
concept of HEAs, the initial parameters that naturally come to
mind are mixing entropy and enthalpy. These parameters
provide an initial energetic perspective of such a system and
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are defined in the following equations:'*”**®

N
ASpix = —R Z c¢ilng; (4)
=1

N
AHpiy = Y 4AHT ¢i¢; (5)

=14

where ¢; is the atomic fraction of the i-th component and
AHg‘iX represents the enthalpy of mixing between the i-th and
J-th elements in the liquid solid-solution of the alloy at equi-
molar concentration. The values of AH{-}"X have been also
calculated and approximated for sub-regular solutions by
Takeuchi and Inoue through Miedema’s model.***

A higher mixing enthalpy reduces the free energy of solid-
solution phases, promoting their formation, particularly at
elevated temperatures.'*® As per eqn (1), when T ASmix >
|AH |, the total free energy of the alloy becomes negative,
making the formation of a single-phase structure energetically
preferred due to the high entropy effect (Section 2.3.1). More
negative enthalpy promotes homogeneous solid-solution for-
mation, uniform solidification, and faster kinetics. In contrast,
a positive enthalpy leads to inhomogeneous microstructures
and slower solidification.®® Thus, formation enthalpy serves as
a key parameter for optimizing alloy composition prior to
synthesis.”® To provide guidance during the design of C14-
Laves structured HEAs, it was reported that a solid-solution
phase is more likely to form when AS.,;, > 13J K ' mol " and
—22 k] mol™! < AHnix < 7 kJ mol 1.7%76:150:151

By combining the terms of Ty, ASmix and |AH ;x| into one
single term, Yang'®® introduced the Q parameter to predict
phase formation in multicomponent alloys. © represents the
ratio of the entropic contribution to the Gibbs free energy at
high temperatures relative to the enthalpic part and is deter-
mined using eqn (6):

_ TmixASmix (6)
N |AHmix‘

where Thix = i ¢i/(Tm), is the weighted average melting point
i=1

of a mixture containing N components and (7p,)*>

melting point of the i-th component.

The latter author suggested that when Q > 1.1, the entropic
contribution prevails over the enthalpic part, resulting in a
negative Gibbs free energy and a higher probability of forming
a single-phase disordered solid solution structure. Conversely,
when Q < 1, the mixing enthalpy becomes the dominant
factor, increasing the Gibbs free energy and favoring the
stabilization of multiple phases, intermetallic compounds,
and ordered structures.®”” %"

The key factor influencing the phase stability of the alloy is
the valence electron concentration (VEC), which is calculated
using eqn (7):

is the

VEC = i ¢i(VEC;) 7)
i=1

This journal is © The Royal Society of Chemistry 2025
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Table 2 Physical properties and hydrogen solution enthalpy at infinite dilution for elements type A and B

Type Element Radius'® [A] VEC,;'** Melting point'* [°C] Aallen, AH®™8 [k mol ' H™']

A Ti 1.462 4 1668 1.38 —52
Zr 1.603 4 1855 1.32 —52
v 1.316 5 1910 1.53 —26
Nb 1.429 5 2477 1.41 —-35

B Cr 1.249 6 1907 1.65 28
Mn 1.350 7 1246 1.75 1
Fe 1.241 8 1538 1.80 29
Co 1.251 9 1495 1.84 21
Ni 1.246 10 1455 1.88 10
Cu 1.278 11 1084.62 1.85 46
Mo 1.363 6 2623 1.47 —
Al 1.432 3 660.32 1.61 —

where VEC; is the valence electron concentration of the i-th
element, corresponding to the total number of electrons in its
outer shell. Table 2 summarizes the VEC;*** values for some of
the most commonly used elements in multi-component alloys.
The VEC is an essential parameter for predicting the crystal
structure of HEAs.**°%'%® According to Gorban et al,"® C14-
Laves alloys in HEAs typically form within the VEC range of
4.4 to 8.1. Subsequent studies have confirmed through theore-
tical design that the calculated VEC values consistently fall
within this range.'*®'>"'*® Furthermore, other researchers
highlight that a pure single C14-Laves phase is more likely to
form within a narrower VEC range of 6.4 to 6.7.*>"*'%” In
addition to predicting phase structure, the VEC has been shown
to affect hydrogen properties. According to Nygard et al.'>* the
hydrogen desorption process can take place at room tempera-
ture when the total VEC in HEAs is 6.4. In another study, the
authors found that with a VEC of 6.4, the alloy showed fast
kinetics, a hydrogen capacity of 1.7 wt%, and full reversibility at
room temperature, without requiring any activation process.*>
These results may reflect another aspect of the VEC’s impact on
hydrogen storage performance, but these observations appear
to be valid mainly for the specific composition in the
latter study.

The atomic size difference (0) is another critical parameter
that induces lattice distortion (Section 2.3.3) and impacts phase
formation. It is determined by the differences in atomic radii
among the alloy’s components, as expressed in eqn (8):'*

where N is the number of elements, c¢; is the concentration of
the component i, ,**° is the atomic radius of component 7, and

F= % ¢;r; is the average atomic size of the N components in
i=1
the alloy.

Significant differences in atomic sizes result in considerable
distortion of the alloy’s lattice. This lattice distortion can
adversely impact the physical properties of HEAs, such as
thermal and electrical conductivity.”® However, this effect can
be advantageous for hydrogen storage properties in C14-Laves
HEAs as highlighted by Mishra et al.*> In their study of a series

This journal is © The Royal Society of Chemistry 2025

of multi-component alloys they reported higher ¢ values for
these alloys compared to those observed in counterpart phases
such as BCC and FCC.*”"*° Moreover, Miracle et al>° and
Yurchenko et al.,”° have also stated that the formation of Laves
phases in HEAs occurs when 6 > 5%.

The C14-Laves phase, being an intermetallic phase, consists
of two types of atoms: A-type and B-type (Section 3). Guo et al.**®
proposed an additional criterion based on the atomic radii
ratio, ra/rg, which is calculated using eqn (9):

St
ra i

B Z Br
1

©)

where ¢ and ¢? are the atomic concentration of the i-th
component in the sublattices A and B, respectively (ie.,

S =y =1,

Table 2 provides a summary of the atomic radii of common
elements used in the design of multi-principal element alloys.
An empirical criterion indicates that the C14-Laves phase can
form when the atomic radius ratio (r,/r) falls between 1.04 and
1.68.7%14015%158 Thig range also sets an upper limit for size
mismatch, emphasizing the direct interconnection between
these parameters and highlighting the importance of selecting
appropriate elements. In another work, Ponsoni et al.””> used
the empirical approach to design their alloys and found that
over 1200 compositions contained the C14-Laves phase when
the atomic radius ratio was 1.1233 < ra/rg < 1.223, 6 > 5%,
and 5.8 < VEC < 7.0. The fluctuation in several parameter
ranges between studies shows that the parametric approach
alone is not entirely dependable for HEA design.

The electronegativity mismatch is another parameter inves-
tigated for phase selection criteria.”®**® Besides the formation
and stability of solid solution structures, it also influences the
topology of the final phase, especially for C14-Laves phase
structured alloys."” Based on the electronegativities of the
alloy components, the electronegativity mismatch (Ay) can be
calculated using eqn (10):”°

N
> iy — 7)< 100% (10)
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where y;'** is the electronegativity of the i-th element and 7 =

fj ciy; is the average electronegativity of the N components in
i=1
the alloy.

Two widely used scales for electronegativity difference are
the Pauling and Allen scales.”® Pauling electronegativity (Apauling)
measures an atom’s ability to attract electrons in a molecule."
According to Somo et al.,’® the average Pauling electronegativity
mismatch ranges for solid-solution phases and intermetallic
phases are 2-30% and 3-20%, respectively. Allen electronegativity
(Axanen) is defined as the average one-electron energy of the
valence shell electrons in ground-state free atoms.'” Similar to
the Pauling scale, there are two distinct ranges for Allen electro-
negativity mismatch: 8-38% for solid solutions and 10-25% for
intermetallic compounds.”®

Allen electronegativity is the most commonly used para-
meter for designing C14-Laves phase HEAs."” The criterion
was set for Ayanen > 7% in order to form the intermetallic
Laves phases. This condition was also suggested by other
researchers before.>®'®® Alternatively, Dong et al.'®' proposed
a different value for the Ayanen parameter, suggesting that
intermetallic Laves phases form when Ayapen > 20%, which
differs from the previous value. This result suggests that
empirical methods have some limitations, as parameters may
behave unpredictably and uncorrelated to each other within the
same composition. Therefore, careful consideration is needed
when using these methods for composition design.

For an effective design, all empirical parameters should be
evaluated as each of them gives information about a distinct
aspect of alloy behavior. In practice, it is less reliable to prioritize
one single parameter over the others as such systems can some-
times fulfil one criterion and may not satisfy another. For instance,
some alloys possess low values of ¢ that favor solid-solution
stability, while their AH,,;, is negatively large, which may promote
the formation of intermetallics (eqn (1)).” In the case of C14-Laves
phase HEAs, researchers have succeeded in resolving this issue by
combining the empirical approach with the CALPHAD method to
assess thermodynamic properties and stability."””*°>'% Therefore,
the empirical method suggests a collective evaluation of these
parameters. Nevertheless, for the sake of efficiency, most studies
have limited their empirical design to VEC, 6, Ay, and
AHy,**77'% In terms of formation and stability of the single
Ci14-Laves phase, both VEC and § are prioritized and should
respect their averages as demonstrated in Table 3. For the hydro-
gen storage properties, AH,,x and VEC are the best parameters to
refer to, as they inform about chemical reactivity and the operation
conditions of temperature and pressure.****

Besides the previous parameters discussed in this review,
there are other factors that contribute to complementary
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properties, some of which are purely thermodynamic.”®”*%'4¢
The parameters mentioned here are the main empirical criteria
used by researchers to, theoretically, guide the design of HEAs with
C14-Laves phases. It is worth noting that these empirical condi-
tions directly influence the microstructure and properties of these
alloys, including their hydrogen sorption performance.”® Table 3
lists these parameters and their specific ranges, providing a simple
tool for predicting C14-Laves phase multi-principal alloys, particu-
larly for hydrogen storage.”>'®" A common aspect between all
these factors is the concentration of the i-th element (c;), high-
lighting the importance of selecting the right elements and their
atomic fractions. This helps minimize variations in the thermo-
physical properties of the alloy’s components, leading to a more
disordered solid solution with a well-defined structure.

Empirical models are a quick and basic way to predict
whether a multicomponent alloy can form a stable solid-
solution phase.™® However, they are not all the time reliable
due to the lack of phase diagrams.”> These theoretical models
work well when the alloy forms a single-phase structure that is
uniform throughout the solid-solution, but this is not always
the case in experiments. Moreover, in the parametric method,
the critical values or ranges of the parameters only serve as an
indication of the boundaries between forming single phase
solid-solutions or multi-phase structures and intermetallics,
which can sometimes appear arbitrary.’°*'°° Often, addi-
tional phases coexist with the main phase, or the alloy may
have two competing C14-Laves phases under certain thermo-
dynamic conditions. In such cases, the parametric approach
treats all the phases as a single-phase, leading to overlaps in
regions of interfaces or multiphase solutions.'*® This results in
the main limitation of this approach that it does not account
for or compare the formation enthalpies of different possible
phases, reducing its ability to consider all competing phases.”?
To improve the accuracy of the prediction, it is better to
combine empirical models with a more robust method, such
as the CALPHAD method.?®

4.2. Computational thermodynamics: the CALPHAD method

The CALculation of PHAse Diagrams (CALPHAD) method is
another approach for guiding the design of multicomponent
alloys.'®® CALPHAD uses computational tools to calculate
phase diagrams of alloys at thermodynamic equilibrium.’?
Starting from pure elements, binary, and ternary systems,
CALPHAD uses extrapolation to predict the properties of more
complex and higher-order alloys.'®>'®” Over the last few dec-
ades, calculating phase diagrams has become a powerful and
reliable tool for predicting phase formation and stability, help-
ing in the development of many practical engineering
materials.”®” A key advantage of the CALPHAD method is its
use of specific databases for each class of materials, based on

Table 3 The empirical parameters for C14-Laves phase’s selection of multi-component alloys

70,151

Parameter ASpix AH,;, 7015

Q3770 VEC39:151 §140,151 70,140 140,151

rA/rB AXAllcn

Range ASmix > 13 J K ' mol™' —22 k] mol " < AHx
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solid experimental or calculated data (i.e.; ab initio), making it
more trustworthy. As a result, and unlike the parametric
approach, it accurately predicts all possible competing phases
by analyzing their Gibbs-Helmbholtz free energy.'®®*%®

Since its first appearance, researchers and engineers have
continuously worked to improve the CALPHAD method, mak-
ing it more efficient and consistent. With recent advances in
powerful computers and specialized software like Thermo-
Calc,'® a strong correlation between predictions and experi-
mental results has been reported. Ponsoni et al.** employed the
CALPHAD method to guide the design of their HEA systems for
hydrogen storage. As one of the intended compositions, the
(Tip.5Zr0.5)1(Mng 5Crg 5), HEA was found to solidify primarily as
the C14-Laves phase, as shown in Fig. 4a. The formation of a
C15-Laves phase and other minor fractions of cubic phases
during the last cooling stage are also depicted in the phase
diagram. However, the XRD patterns in Fig. 4b revealed that the
alloy only features a single C14-Laves phase and no reflections
were observed from any other secondary phases due to the
synthesis process. Similarly, in another study performed by
the same author,'>®* CALPHAD calculations predicted that the
(Tig.5Z10.5)1(Feo.33Mny 33Crg 33), alloy would solidify as a single
C14-Laves phase. The phase diagram shows C14-Laves as the

1.0
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main phase, but also indicates the presence of minor phases
(see Fig. 4c). The XRD analysis in Fig. 4d of the as-cast alloy
confirmed the presence of a purely single C14-Laves phase
structure, but without visible reflections from secondary
phases. The same results have been seen and confirmed by
other investigations,””””® highlighting the robustness of the
CALPHAD method in guiding thermodynamically the predic-
tion of the microstructure of HEAs. Besides, depending on the
processing technique, the alloy can display all the predicted
phases shown in its phase diagram calculated by the CALPHAD
approach.42'157’162’163

The CALPHAD method is now becoming a powerful tool for
predicting phase stability and thermodynamic properties of
materials, including multi-principal element alloys."”° It is
noteworthy to emphasize the strong ability of this method to
extrapolate the properties to higher-order systems after defin-
ing the appropriate systems.'®® However, it is difficult to ignore
some limitations. Since CALPHAD is largely an equilibrium-
based method, it struggles to anticipate amorphous or meta-
stable phases.'”’ Furthermore, the synthesis method has a
major impact on the alloy’s microstructure and kinetics plays
as important a role as thermodynamics.'””” As a result, the
CALPHAD method is unable to assess the diffusion kinetics or
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Fig. 4 (a) The calculated amount of equilibrium phases as a function of temperature using the CALPHAD method*® and (b) the XRD patterns of the
(Tig5Zro.5)1(Mng 5Crg 5)» alloy.43 Both figures are reproduced from ref. 43 under the CC BY 4.0 license with permission from the American Chemical

Society. Copyright © 2025. (c) The phase diagram, represented by the mole fraction of equilibrium phases, of the (Tip sZrg.s)1(Feo 33MNp 33Crg 33), alloy
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and (d) its corresponding XRD patterns.®® Both alloys were synthesized using the arc melting technique. (c) and (d) are reproduced from ref. 156 under
the CC BY 3.0 license with permission from the Royal Society of Chemistry. Copyright © 2023.
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phase transformation pathways during preparation, and the
final microstructure of a HEA may differ significantly from
CALPHAD predictions.

To address these issues and overcome the limited database
accuracy of the CALPHAD method, highly sophisticated and
accurate techniques, such as machine learning (ML),"”* are
now being used by researchers.'”” By combining ML with
CALPHAD, prediction of the HEAs’ structure phase becomes
more precise, quicker, and of lower computational cost.*" This
hybrid approach enhances both thermodynamic modeling and
microstructure evolution predictions, leading to more efficient
alloy design."’>'”>

4.3. DFT computations

Aside from the empirical approach and the CALPHAD techni-
que, computational methods such as density functional theory
(DFT) are crucial for predicting hydrogen storage properties in
HEAs by offering insights into the interaction of hydrogen at
the atomic level and helping understand the hydrogen absorp-
tion and diffusion kinetics within the targeted system."’® From
this perspective, Merlino et al.'** employed DFT to conduct a
theoretical study on the hydrogen interaction mechanism
within the Zr(Cr, sNi, 5), C14-Laves phase alloy. The electronic
structure, bonding energy, and total energy of hydrogen inside
the various interstitial sites of the alloy lattice were calculated.
The authors concluded that atomic hydrogen mostly favors the
A,B, interstitial sites (Section 3), with the Zr-Zr-Cr-Cr compo-
sition. They also noted that, upon the increment of hydrogen
content, an increase in the cell volume and magnetic moment
was detected, highlighting the effect of hydrogen on the struc-
tural properties of the alloy. In addition, Mohammadi et al.'””
combined first-principles calculations with experiments to
investigate the hydrogen storage performance of their C14-
Laves alloys. They found an excellent correlation between the
predicted calculations and experiments. The authors empha-
sized the robustness of computational methods in quickly
designing new compositions with high hydrogen performance.

In the same context, another study'’® was carried out using
first-principles calculations based on DFT computations to
investigate the hydrogen absorption behavior in the TiZrv-
MoNb system. The maximum hydrogen storage capacity, the
minimum required hydrogen content for phase transition, the
site occupation of hydrogen atoms, and phase transformation
caused by hydrogen absorption were all determined. According
to the calculations, a phase transition occurs from BCC to FCC
when the hydrogen capacity reaches 1.5 wt%. In the BCC and
FCC phases, hydrogen typically occupies octahedral and tetra-
hedral positions, respectively. Furthermore, calculations of
enthalpy and binding energy indicate that the presence of
hydrogen at tetrahedral positions enhances the FCC HEA’s
thermal stability. In terms of H desorption, Kurko et al'”®
investigated the dehydrogenation mechanisms of MgH, by
studying how the surface and nearby surface layers affect the
hydrogen desorption kinetics using DFT and the pseudopoten-
tial method. They discovered that the energy needed to desorb
hydrogen becomes lower when fewer hydrogen atoms remained
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on the surface. They also found that hydrogen diffusion from
the bulk to the surface is strongly affected by the interatomic
interactions, which has a big impact on the desorption process.
These results suggest that one of the main factors limiting the
dehydrogenation process is the surface tendency to keep hydro-
gen in a stable form, making it harder for hydrogen atoms to
leave the material. From a crystallographic point of view, the H
diffusion from bulk to surface could be more complex for HEAs
due to the distortion effect of the lattice structure."*° In brief,
DFT computations represent a promising tool for designing
hydrogen storage materials, particularly when combined with
experimental research and other computational techniques
such as Pressure-Composition-Temperature models (Section
5). As a result, high-performance HEAs with enhanced capacity,
stability, and efficiency can be created for hydrogen storage.

While the compositional design is based on empirical
factors like VEC and atomic mismatch, it shows drawbacks
due to the vast number of possible HEAs for hydrogen storage.
Calculating parameters for an infinite number of compositions
and stoichiometries is time-consuming, and finding effective
compositions is further limited by the complex and lengthy
experimental validation process. The CALPHAD approach
could be the perfect alternative to simulate and predict the
thermodynamic properties of alloys and offers the advantage of
quickly screening the phase diagrams of a large number of
element combinations based on the target properties, which
will save time and simplify the validation process. These
predictions using thermodynamic calculations can be further
refined by incorporating advanced computational models
such as the DFT method for hydrogen storage properties. This
approach enhances design accuracy and significantly saves
experimental costs.

Overall, designing adequate compositions is a general pro-
cedure that must be conducted before experiments. In order to
achieve the desired phase structure and properties, such com-
positions should be designed using the aforementioned tech-
niques as illustrated in Fig. 5. The compositional design of C14-
Laves phase structured HEAs for hydrogen storage will progres-
sively rely on computational methods such as CALPHAD and
DFT computations. It is also critical to ensure that the designed
compositions include cost-effective and non-toxic elements,
making them environmentally friendly and appropriate for
marketable hydrogen storage applications.

5. PCT modeling for hydrogen storage
of Cl4-Laves phase structured HEAs

Although it is essential, identifying suitable HEAs with opti-
mized selection of components to achieve the predicted phase
(i.e., C14-Laves phase) through established design methods is
still insufficient. The alloy must exhibit excellent hydrogen
storage behavior. Therefore, being able to model the hydrogen
storage properties of these alloys will provide valuable insights
into their behavior during interactions with hydrogen gas
molecules. Furthermore, it offers the opportunity to reoptimize

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Scheme showing the different compositional design strategies for
multi-principal element alloys prior to manufacturing.

and fine-tune the chemical composition of the alloys to
improve their reactivity with hydrogen.

In these regards, PCT isotherms are graphical curves that
depict the relationship between the hydrogen gas pressure, the
amount of hydrogen absorbed or desorbed by the material
(usually expressed as the hydrogen-to-metal ratio, H/M), and
the temperature at which the system is maintained during the
measurement process.'®® Likewise, PCT isotherms provide
direct experimental validation of hydrogen storage properties
in comparison with DFT simulations (Section 4.3), which offer
fundamental insights into hydrogen interactions at the atomic
level. Thus, effective material design and performance evalua-
tion for hydrogen storage in HEAs are ensured by combining
the two approaches.

Before moving to the mathematical modeling of PCT curves
for hydrogen storage in C14-Laves phase structured HEAs, it is
important to first understand the fundamentals of hydrogen
absorption and how metal hydrides are formed.

5.1. Basics of hydrogen storage in metal hydrides

Metal hydrides provide an efficient and safe way to store large
quantities of hydrogen compactly, especially when using tran-
sition metals and their alloys.® Remarkably, Mg,FeH'®' and
Al(BH,);'® have the highest reported volumetric hydrogen
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3. Several intermetallic

densities, reaching up to 150 kg m™
compounds among these metal hydrides, as shown in
Table 4, are composed of elements A (high affinity for hydro-
gen) and elements B (low affinity), as depicted in Fig. 3d,
making them ideal candidates for hydrogen storage because
of their exceptionally high volumetric hydrogen density in the
host lattice."®* Hydrogen reacts with various transition metals
at room or elevated temperatures to form hydrides under a
determined pressure.'®* The chemical-based hydrogen storage,
known as the absorption process, is a type of solid-state storage
that involves a reversible chemical reaction between metallic
components and hydrogen to form metal hydrides. At equili-
brium, this reaction is represented as follows:**%

M+gH2<—>MHH+Q

Here, M represents a metal, MH,, denotes the resulting hydride,
and Q is the reaction heat. This equation shows that 1 mole of
metal reacts with n moles of hydrogen atoms to form the
corresponding hydride, “MH,,”’. The reaction mentioned above
is typically exothermic, as the entropy of the hydride is gen-
erally lower than that of the metal and dihydrogen gas.”?
Consequently, at room or higher temperature, hydride for-
mation is an exothermic process, while the reverse reaction of
dehydrogenation is endothermic.'®® This means that most
metal or alloy hydrides require the input of heat to release
the absorbed hydrogen. For hydrogen storage, metals or alloys
can be charged with hydrogen in two ways: by using molecular
hydrogen gas (H,) or individual hydrogen atoms from an
electrolyte.

The gaseous form is the most common and effective method
for charging host materials. This process involves several reac-
tion stages between hydrogen and the metal to form the
hydride, as illustrated in Fig. 6. The initial step in hydride
formation is the physisorption of hydrogen molecules, result-
ing from the attractive interaction between the hydrogen mole-
cules and the metal surface via van der Waals forces (Fig. 6a
and b).>>'¥7'%8 gince this interaction includes both attractive
and repulsive forces, which are directly dependent on the
distance between the gas molecules and surface atoms, the
hydrogen molecules interact with multiple surface atoms until
their potential energy reaches a minimum, allowing complete
physisorption. Typically, the physisorption energy is around 4-
6 k] mol ™" of H,."®” Once the H, molecule is physisorbed onto
the metal surface, the dissociation and chemisorption stage

Table 4 The prototype and structure of the most significant families of intermetallic compounds that form hydrides.?2 This table is reproduced from ref.
22 under the CC BY 4.0 license with permission from Wiley. Copyright © 2025

Intermetallic compound Prototype Hydride Crystal structure

AB; LaNis LaNisHg Haucke phases, hexagonal

AB, Z1rV,, ZtMn,, TiMn, ZrV,Hs 5 Laves phase, hexagonal, or cubic
AB; CeNij, YFe; CeNizH, Hexagonal, PuNi;-type

A,B, Y,Ni,, Th,Fe, Y,Ni H; Hexagonal, Ce,Ni,-type

A¢By3 HogFe,; HoeFe,3H;, Cubic, TheMn,;-type

AB TiFe, ZrNi TiFeH, Cubic, CsCl or CrB-type

A,B Mg,Ni, Ti,Ni Mg,NiH, Cubic, Ti,Ni or MoSi,-type

This journal is © The Royal Society of Chemistry 2025
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Cy [H/M]

Fig. 6 The reaction of H, molecules with a host metal: (a) the H, molecule approaches the metal's surface.®” (b) Physisorption of the H, molecule takes
place through van der Waals forces.*®” (c) Chemisorption follows, where hydrogen atoms bind to the surface after dissociation.'®” (d) Hydrogen atoms
then occupy subsurface sites and diffuse into interstitial sites within the bulk lattice.*®” (e) Typical PCT diagram of a metal hydride formation.®” This figure

was made based on the illustrations reported in ref. 187.

follows. Each hydrogen atom must overcome an activation
energy barrier to dissociate the H, molecule and form bonds
with the metal atoms (Fig. 6¢)."®® The typical chemisorption
energy ranges from 20 to 150 kJ mol ' of H,, which is
significantly higher than that of physisorption. As a result,
one drawback of chemisorption compared to physisorption
for hydrogen storage is the need for higher operating pres-
sures.'® In the final stage, following dissociation on the metal
surface, hydrogen atoms diffuse into the bulk, forming a solid
solution called the a-phase (Fig. 6d). The o-phase begins to
form at a specific temperature (usually room temperature for
some C14-Laves alloys if the surface of the solid is clean), and
the amount of hydrogen absorbed in the solid solution
increases with hydrogen pressure. In the typical PCT diagram
shown in Fig. 6e, this step is represented by the sharp rise in
equilibrium pressure corresponding to the a-phase. When the
hydrogen content in the metal solid-solution (a-phase) reaches
a certain level, represented by the plateau region at constant
pressure in the PCT curve where the two phases, o and f,
coexist, part of the material transforms into a metal hydride
(B-phase) as described by the above reaction. This indicates
that hydrogen atoms start to occupy the interstitial sites.'®>
Therefore, hydrides form as hydrogen atoms occupy interstitial
sites, typically tetrahedral or octahedral, within the metal
lattice."® As more hydrogen is introduced, the reaction pro-
gresses within the plateau region, and the proportion of metal
hydride in the solid solution increases (Fig. 6e). At this inter-
mediate equilibrium stage, the hydrogen pressure is referred to
as the equilibrium dissociation pressure (P,)."*° After the metal
has fully converted into hydride, any additional hydrogen starts
dissolving again into the metal hydride (B-phase), leading to a
rise in hydrogen pressure, as indicated by the sharp increase
following the plateau region in the PCT diagram.'®® Thus,
it is important to note that, in addition to the influence of
thermodynamic factors like temperature and hydrogen pres-
sure, the maximum hydrogen capacity in the hydride phase is

Mater. Horiz.

determined by the number of available interstitial sites in the
intermetallic lattice and their energy stability for hydrogen.'®
For instance, in Zr-based C14-Laves intermetallics, tetrahedral
sites are preferred due to the high stability of hydrogen in these
sites."**

The type of formed hydrides is influenced by a series of
factors including the hydrogen content introduced to the alloy’s
structure, heat treatment, alloying additions, and stress states.™"
Thus, each hydride-forming component can form different hydrides
during hydrogenation. Zirconium is one of the well-known elements
that easily forms hydrides at low temperatures.'>'* Fig. 7 displays
the phase diagram, chemical formulas, and structures of the
hydrides that are present in the Zr-H system.'**'*> According
to Lumley et al.'®* Zr-metal can react with hydrogen to form
four different hydrides, known as the {(Zr,H), y(ZrH), §(ZrH, 5),
and g(ZrH,) phases, besides the solid-solution o-Zr.'*®

It was reported that the y-hydride is considered to be a
metastable phase with a tetragonal structure, as it is less
frequently observed in Zr-metal or Zr-based alloys."®® Other
researchers, however, have found the y-hydride to be formed
under various cooling regimes'®”'*® and at room temperature.'*’
Unlike the y-hydride, the J-hydride has a FCC structure and is
reported as the most commonly observed and simulated phase in
the literature in addition to its stability at moderate hydrogen
concentrations.”® In this phase, H atoms are dispersed randomly
over all tetrahedral sites, including the black positions depicted in
Fig. 7.'9%'9* [-ZrH arises during early hydrogenation stages.
It is also a metastable hydride phase that is less commonly
observed and sometimes denoted as {-ZrH,,5.2* The fourth Zr-
hydride is represented by the tetragonal structure of the &-ZrH,
phase and is described as a stable and dense hydride that forms at
high hydrogen concentrations as shown in the Zr-H phase
diagram.'®®

Generally, A-type elements (i.e., Zr as seen in Fig. 7) experi-
ence phase transitions upon hydrogenation. BCC alloys also
have the same behavior as they transform from a BCC solid-

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Zr—H phase diagram and typical crystal structures of Zr based Hydrides.****°> Reproduced with permission from ref. 194 with modifications.
Copyright © 2014, Elsevier Ltd. Reproduced from ref. 195 under the CC BY 4.0 license. Copyright © 2024, Elsevier B.V.

solution before hydrogenation to an FCC solid-solution after
hydrogenation.®®?®>°> However, C14-Laves phase HEAs pre-
serve their phase structure during H absorption. The obtained
C14-hydride remains in the same original structure with only
the expansion of the volume, which is caused by the dissolution
of hydrogen atoms within the lattice.*>*>'°*> In some situations,
where the alloy is not well homogenized or contains several
segregations of A-type elements or fractions of secondary BCC
phase, some local ordered hydrides with different structures
can occur depending on the hydrogenation conditions.®>2%372%
Nevertheless, exceptions to the fact that hydrogenation induces
lattice expansion can occur. For example, certain rare earth
metal dihydride phases exhibit a contraction during hydrogen
loading due to structure transformations®*® or electronic
factors.?””? Since the chemical reaction of hydrogenation is
reversible, supplying the appropriate heat energy can initiate
the dehydrogenation process, following the van’t Hoff equation
(eqn (16)) to obtain the PCT diagrams for the reverse process.
Conducting multiple cycles of de/hydrogenation is crucial, as
both cyclability and long-term stability are critical require-
ments for hydrogen storage systems.

5.2. Thermodynamic model for PCT diagram calculation

Understanding an alloy’s hydrogen storage behavior depends
on its PCT diagram. Measuring PCT isotherms is time-
consuming, especially with numerous compositions, and often
impractical. Thus, predicting an alloy’s PCT diagram based on
its chemical composition could greatly accelerate the search for
alloys with optimized hydrogen storage properties.”®® Zepon
et al.>*® were the first to propose a thermodynamic model for
calculating PCT diagrams of BCC multi-principal element
alloys. They made a series of approximations and assumptions
to estimate the enthalpy and entropy of hydrogen solution,
ultimately developing a mathematical model capable of

This journal is © The Royal Society of Chemistry 2025

plotting PCT diagrams for each composition. Ponsoni et al.”?
adapted the same model to calculate PCT curves for C14-Laves
phase-based HEAs and tested it for over 400 compositions.

As an initial approximation, this model is only applicable
under an equilibrium condition known as para-equilibrium
(PE)."° PE is a thermodynamic equilibrium typically seen in
conventional room and low-temperature hydrogen storage sys-
tems, where host material atoms are nearly immobile, with only
hydrogen atoms being mobile. In these conditions, equilibrium
is reached when the chemical potentials of hydrogen in the gas
phase and in the metal are equal, as represented in eqn (11),
leading to a minimum in the overall Gibbs free energy.*'"

l gas __ metal

SHa = M (1)

As mentioned in Section 3, the AB, C14-Laves phase features a
hexagonal crystal structure with space group P6s;/mmc (see
Table 1). The C14 structure contains three types of tetrahedral
interstitial sites: A,B,, AB;, and B, (see Fig. 3). Ponsoni et al.”?
considered that A-type elements (e.g., Ti, Zr) occupy the 4f (A1)
Wyckoff positions, while B-type elements (e.g., Cr, Mn, Ni, Fe)
occupy the 2a (B1) and 6h (B2) positions. This consideration is
valid for both equiatomic and non-equiatomic HEAs, with the
primary difference being that in non-equiatomic alloys, A-type
elements can partially occupy B-type sites, and vice versa.>'> In
addition, this model assumes no equilibrium between two solid
phases, like the coexistence of a solid-solution and a hydride.*"°
Experimentally, this condition cannot be ignored and often
leads to a distinct plateau on PCT curves, indicating phase
separation or transition during hydride formation, as reported
by several studies.®®'®**'? As a result, the model does not
consider these phase transitions when calculating PCT dia-
grams for C14-Laves phase alloys, meaning that the PCT plots
will display the H solid-solution (a-phase) followed directly by
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the hydride metal (B-phase). Since A,B, sites are the most
energetically stable interstitial sites for hosting hydrogen atoms
in the AB, C14-Laves phase, as demonstrated by DFT calcula-
tions in Merlino et al’s work,'** this model, as a second
approximation, assumes that only A,B, sites participate in the
solid-solution to form hydrides.

The model assumes thermodynamic equilibrium for the
metal-hydrogen system, with the C14 Laves phase without
hydrogen and H, gas at 1 atm as the reference state. By
combining all these approximations and hypotheses, the expli-
cit equations for the terms u7°® and 4§ in eqn (11) can be
derived in eqn (12) and eqn (13):

1 P
[ = 5RTln( P‘?f) (12)
metal dG ix

where R is the ideal gas constant, T is the absolute temperature,
P’ (P° = 1 atm) is the reference state, and Py, is the given
hydrogen pressure. ¢y represents the amount of hydrogen in
the phase and is determined by eqn (14) as:

nH

CH = (14)

nm

Here, ny and ny indicate the number of moles of hydrogen and
metal atoms in the phase, respectively. The final term in
eqn (13) is AGpix and it refers to the change in the Gibbs free
energy of mixing, eqn (15), between the C14 Laves phase with
composition of the H solid-solution (cy) and the reference state.
Under para-equilibrium (PE) conditions, the Gibbs free energy
depends solely on cy, as there is no change in the chemical
composition of the C14-Laves phase components during
hydrogenation.

AGmix(cH) = AI_Imix(CH) - TASmix(cH)

(15)

100000

View Article Online

Materials Horizons

From eqn (11)-(13) and (15), the PCT diagram model for AB,
C14-Laves phase alloys can be calculated using eqn (16)
(frequently called the Van’t Hoff equation):'®”

In (Pm) B %(AHmix(CH) — T'ASnix(en)) (1e)

PO

For a more detailed explanation of the intermediate equations
and parameters not shown here, readers should refer to the
works of Ponsoni et al.”> and Dornheim."®” Fig. 8 compares the
calculated PCT diagrams, derived from the thermodynamic
model (eqn (16)), with the experimental PCT curves for six
HEAs that primarily exhibit the C14-Laves phase.”” The calcu-
lated PCT diagrams display relatively similar trends and are
closely aligned with the experimental ones, with particularly
strong agreement observed for the alloy (Tis5Zrg.5)1(Vo.2s
Nio 5sMng 1Feo 1), at 305 K.”'* However, a notable difference
in the shape of the curves between the model predictions and
the experimental results is observed, particularly the absence of
a well-defined plateau pressure as well as the difference in the
pressure magnitudes compared to the experimental curves.
This suggests that hydrogen absorption in these alloys occurs
mainly through interstitial solid solution, as assumed in the
model’s development. This behavior is also observed in many
experimental works where the authors reported that the fact of
the absence of a well-defined plateau pressure is an indication
that the hydrogen absorption probably occurred only by the
interstitial solid-solution mechanism in the framework of the
C14-structures.”®™”*"> In the other scenario where the PCT
curves represent a well-defined plateau pressure (ideally, a
horizontal plateau as seen in the typical PCT curve of the
Fig. 6e), the hydrogen is stored in the form of hydrides, which
demand most of the time heating to evacuate H due to the
stability of this hydrides after formation.>*®>'”

Nevertheless, the model efficiently estimated the equili-
brium pressure for the PCT curves of the six alloys, offering a
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Fig. 8 The experimental absorption PCT diagram trends for six different alloys are compared with the calculated PCT plots, generated using the
thermodynamic model proposed in Ponsoni et al.’s study.”? This figure is reproduced with permission from ref. 72. Copyright © 2022, Elsevier Ltd.
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good prediction of their operating pressure and temperature
trends. Its simplicity allows for easy implementation in high-
throughput calculations to generate PCT diagrams, helping to
determine optimal pressure-temperature conditions for hydro-
gen storage alloys and screening a wide range of chemical
compositions without the need for any complex or lengthy
experimental trails. To enhance the model’s predictability
and accuracy regarding the shape of the PCT curves, further
considerations should include a detailed investigation of
hydrogen occupancy in various interstitial sites for each spe-
cific alloy, rather than focusing solely on A,B, tetrahedral sites.
Additionally, assumptions related to thermodynamics may
need refinement. In the future, this model could be signifi-
cantly improved by integrating advanced tools such as ab initio
calculations, molecular dynamics, neutron diffraction, and
in situ XRD analyses.

6. Fabrication of Cl4-Laves
phase-structured HEAs

The synthesis of multi-principal alloys involves diverse techni-
ques, which depend on the intended properties, application,
and whether the alloy is in bulk or used as a coating.”'® When
dealing with bulk HEAs, the common methods are liquid
forming and powder metallurgy, whereas vapor deposition is
used for HEA coatings.*"® Liquid forming or liquid-state pro-
cessing methods involve melting and casting processes, in
which vacuum arc melting (VAM),>°>?2%?*! yacuum induction
melting (VIM),***>*?* radio-frequency (RF) melting,>** and laser
cladding (LC)**® are the most widely utilized manufacturing
routes.”*® Powder metallurgy is primarily relying on mechanical
alloying.>”*'7**” This process comprises the use of ball milling
(BM), also known as high-energy ball milling technology (HEBM),
to achieve nanocrystalline or amorphous particles with a uniform
structure and evenly distributed components.**® Vapor deposition
is a surface modification technology, predominantly reliant on
magnetron sputtering for the production of HEA thin films.**
These coatings are deposited onto a substrate to alter its surface
properties, aiming to meet the particular requirements of a given
application.

All the aforementioned methods resemble the processes
for conventional alloys, with the key distinction lying in the
incorporation of specific features to guarantee the single-phase
structure characteristic of HEAs. However, only a limited num-
ber of these techniques have been documented in the literature
for manufacturing HEAs as hydrogen storage materials, and
even fewer are specifically dedicated to the preparation of
C14-Laves phase structured HEAs up to the present day.>*®°
Based on current research and experience, the primary method
for synthesizing C14-Laves phase structured HEAs is through
arc melting (AM).”>8918823% Other researchers also succeeded
in synthesizing HEAs featuring C14-Laves phase structures
using Laser Engineered Net Shaping (LENS).>"> Even though
other methods, such as ultra-severe plastic deformation
(USPD),"***" induction melting (IM),*** and radio-frequency

This journal is © The Royal Society of Chemistry 2025
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(RF) induction melting + melt spinning®*?** have been
proposed to synthesize Laves intermetallics for hydrogen sto-
rage, arc melting is still the preferred method to manufacture
C14-Laves phase HEAs, followed by the LENS method. Both
methods will be covered in detail in this review.

6.1. Arc melting (AM)

Arc melting is a metallurgical technique in which a metal or
alloy is melted in a vacuum or inert atmosphere by an electric
arc. This method is used to produce high-quality and refined
materials with precise control over composition. It is widely
recognized as the most common processing method for man-
ufacturing HEAs intended for hydrogen storage applications in
the existing literature.>”?9428%13¢ The elevated melting tem-
perature, reaching up to 3000 °C, allows for the melting of most
alloying elements, which is practically beneficial for alloys
containing refractory elements, such as Zr, V or Mo, and also
aiding in the removal of volatile impurities and certain
gases.”*> The key benefits of the arc melting process include
reduced energy consumption, time efficiency, and lower poros-
ity of the final product.>** Consequently, scientists and
researchers have directed their attention towards using the
AM process, particularly for energy storage applications, in
the manufacturing of HEAs. Additionally, the potential for
rapid cooling immediately after melting is advantageous in
ensuring the formation of single-phase HEAs.>**?%°

Initially, in a standard procedure, pure raw metals in the
form of solid pieces such as foils, pellets, rods, or sheets are
prepared in accordance with their specified weight. The
weighted elements are then placed in a water-cooled copper
crucible.>*® Subsequently, the chamber is evacuated, and
argon gas is introduced, after which arc discharge melting
takes place.”®” A simple scheme of the arc melting method
is shown in Fig. 9a. The raw materials undergo melting
and solidification to produce the final ingot. Occasionally,
electromagnetic stirring is employed to ensure uniform mix-
ing of the liquid metal during the melting process.>*® The
melting process is often repeated multiple times (at least
3 times) to guarantee the chemical homogenization of the
alloys,*?67:130:239.240 Notably, metallic powders are not recom-
mended for use as raw materials inside the AM chamber
because of the substantial material loss caused by the extreme
heat and plasma of arc melting, which causes the powder to
evaporate or blow away.>*”

Edalati et al.**> synthesized the TiZrCrtMnFeNi high entropy
alloy through arc melting, where the mixture was rotated and
remelted six times to make sure the composition was homo-
genous. The resulting material primarily consisted of 95 wt% of
the C14-Laves phase, with a minor amount of the cubic phase
as confirmed by the XRD patterns. These findings were found
to be basically consistent with the thermodynamic calculations
conducted using the CALPHAD approach to forecast the alloy’s
final structure, showing the effectiveness of the arc melting
technique in achieving correlated results. Similarly, Floriano
et al.™” conducted the synthesis of new equiatomic (TiZrNb-
FeNi) and non-equiatomic (TiyoZr,oNbsFe,oNiy5) HEAs using
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Fig. 9 (a) Schematic diagram of the arc melting method.?*” Reproduced from ref. 237 under the CC BY-NC-ND 4.0 license. Copyright © 2023, Elsevier
B.V. (b) Typical scheme of the laser engineered net shaping technique.>** Reproduced from ref. 241 under the CC BY license. Copyright © 2019, MDPI.

the arc melting method. Their results aligned with the thermo-
dynamic calculations performed through the CALPHAD
method, indicating a tendency to form a single C14-Laves
phase. These outcomes further affirm the compatibility of the
arc melting method with the predetermined alloy design.

Furthermore, the AM method has been performed in various
studies to prepare alloys that maintain a good single-phase
structure or dual-phase HEAs, with the predominant phase
being the C14-Laves phase. Dangwal et al.'®** succeeded in
producing both single-phase TiV, 5Zr; sCrMnFeNi alloy and
dual-phase TiV; 5ZrCr, sMnFeNi alloy with interphase bound-
aries of C14 and 4 vol% BCC phases, using arc melting. This
was achieved to explore the role of interphase boundaries in
enhancing the hydrogen storage performance. In order to
achieve homogeneous compositions, each alloy underwent
rotation and remelting seven times. Moreover, in an interesting
study, Chen et al.>** successfully prepared a hexanary TiZr-
FeMnCrV HEA with a single C14-Laves phase using arc melting.
The study concluded that the alloy exhibits a substantial
hydrogen capacity, particularly when the product was subjected
to mild conditions of hydrogenation at 30 °C after the melting
process.

Due to the aforementioned benefits, arc melting has emerged
as the preferred method for synthesizing HEAs for hydrogen

Mater. Horiz.

storage, particularly those featuring single Ci14-Laves phase.
On a different note, arc melting is also widely employed for
producing HEAs with a Body-Centered Cubic (BCC) structure, as
highlighted in the comprehensive review by Kong et al.>” on BCC-
structured HEAs designed for hydrogen storage. However, a key
drawback associated with the arc melting technique is the risk of
low temperature-melting elements evaporating during the melting
process.'®**** This can result in mass loss and remarkable
changes in the concentration of components, potentially deviating
from the desired composition. As reported in some works, this
issue can be overcome by adding an excess amount of elements
like Mg, Al, Mn, and V to compensate the vapor loss during
melting.'***** Additionally, the crucible and uncontrolled cooling
water temperature limit the ingots’ size, shape, and crystal
growth, which in turn affects their mechanical properties, con-
stituting a notable disadvantage of the AM technique.”*” These
restrictions become especially prominent when working on a
smaller scale.

6.2. Laser engineered net shaping (LENS)

Laser Engineered Net Shaping (LENS) is an additive manufac-
turing technology designed to produce metal parts directly
from a computer-aided design (CAD) solid model.”*’ It involves
injecting metal powder into a molten pool formed by a focused,

This journal is © The Royal Society of Chemistry 2025
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high-powered laser beam. Fig. 9b depicts a schematic illu-
stration of the apparatus used for the LENS technique.’*!
Unlike processes utilizing powder beds, such as selective laser
melting (SLM), objects manufactured through LENS can be
considerably larger, reaching lengths of several feet.**
Researchers have shown interest in applying this method to
manufacture HEAs towards energy conversion applications due
to the rapid cooling rate (10°~10° K s™") during solidification,
which is expected to prevent the occurrence of phase segrega-
tion and contribute to the formation of a single-phase
structure.’®>4¢

LENS has been employed to synthesize HEAs multiple times
for different applications. For instance, Kunce et al.>’® have
effectively employed the LENS method to synthesize the
ZrTiVCrFeNi-based C14-Laves phase HEA for hydrogen storage.
The chemical composition was initially good after laser deposi-
tion and was further enhanced through high-temperature
annealing. The alloy displayed a two-phase structure, having a
predominant C14 Laves phase matrix and a minor portion of
the o-Ti solid-solution. The multicomponent ZrTiVCrFeNi alloy
exhibited the capability to both absorb and desorb 1.81 wt% of
hydrogen at low temperatures. Furthermore, other authors>*’
used the LENS technique in a series of attempts to fabricate
single phase HEAs for hydrogen storage. In their initial trial,
a high laser power was essential in the process to achieve
complete interfusion of elemental powders and to produce
a chemically homogeneous TiZrNbMoV HEA. Repeatedly
remelting the alloy through three cycles after its deposition
using a 1 kW laser power led to the formation of a TiZrNbMoV
alloy with high microstructural stability. While this alloy
exhibited a high mixing entropy and induced lattice distor-
tion, it resulted in minimal hydrogen absorption. These
results could be attributed to the fact that the alloy posses-
ses multiple dendritic phases as well as other precipitates,
which play a significant role in reducing the hydrogen storage
performance of the alloy. Hence, the authors emphasized that
higher powder quality and LENS processing parameter opti-
mization are required to produce more chemically homoge-
nous alloys. In another study by the same author, Kunce
et al.,>*® LENS technology was utilized to fabricate the LaNi-
FeVMn multicomponent alloys, and their microstructures
were investigated. The alloys contained second phases that
are hard to prevent due to the processing parameters and the
metallurgical tendency of these phases to form. The authors
concluded that there was no direct correlation between the
phase compositions and PCT isotherms.

In summary, the LENS technique remains an effective
technique for the synthesis of HEAs for hydrogen storage
applications. However, it can lead to some deviations between
the predetermined composition and the actual composition of
the final alloy, so further optimization is still needed. Arc
melting is the main technique dedicated to produce most HEAs
and especially those with single C14-Laves phase as given in
Table 5. However, the effectiveness of research and develop-
ment of new HEAs for hydrogen storage still relies on high
throughout synthesis methods.

This journal is © The Royal Society of Chemistry 2025
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7. Hydrogen storage properties of
Cl4-Laves phase-structured HEAs

The major challenge of C14-Laves phase HEAs is their limited
hydrogen storage capacity. Nevertheless, they are known for
their low-operation temperature and pressure conditions, fast
kinetics, simple activation, reversibility, and cycling stability as
reported in many studies.>®*”**1% In this section, the latest
investigations focusing on different aspects of hydrogen storage
performance of Cl14-Laves phaseHEAs are discussed. Table 5
summarizes the hydrogen storage properties of most existing
HEAs with C14-Laves phase together with their mean of synthesis.

7.1. Activation energy

For certain alloys, the activation energy may be more significant
than for others. Clean HEAs’ surfaces allow hydrogen to be
readily absorbed, leading to the formation of a solid-solution
known as the a-phase.”**>**> From a practical viewpoint, some
C14-HEAs can readily absorb hydrogen without applying any
pre-activation treatment which makes them advantageous for
hydrogen storage applications as demonstrated in several
studies.?>*>'>” However, it is not always the case, and an
activation step is often needed either before or during the
hydrogenation process. C14 alloys can be activated in several
ways, including evacuation under vacuum for long periods,”®
and heating,"® using an extra step of mechanical milling to
reduce the particle size,>*® or even by simply performing some
preliminary hydrogenation/dehydrogenation cycles,*>® which
may be sufficient to effectively activate the material.

Andrade et al’® reported that their novel equiatomic
TiZrNbCrFeNi alloy was able to absorb 1.5 wt% of hydrogen
at room temperature by only pumping the alloy at 303 K for
2 h and without conducting any thermal activation process.
Differently, Kunce et al.>'® activated their ZrTiVCrFeNi samples
before PCT measurements by heating up to 500 °C under high
vacuum for 2 hours. Under these conditions, they obtained a
maximum hydrogen capacity of 1.81 wt% at 50 °C under
10 MPa. The authors emphasized that the high activation
temperature helps to promote hydrogen absorption at lower
temperature. Ma et al."*®* combined three activation processes:
mechanical milling using HEBM, pre-heating, and applying
three de-/hydrogenation cycles at 200 °C under 1 MPa hydrogen
pressure. Interestingly, the ZrTiVFe alloy could reversibly
absorb 1.58 wt% of hydrogen under 1 MPa H, at room tem-
perature. In addition, small particle size played a crucial role in
reducing the activation energy as fine particles have higher
surface area, allowing for an important decrease of the initial
barrier for hydrogen absorption while supplying the minimum
amount of energy to activate the alloy.'®®****>> Dangwal
et al.®®® investigated the significant role of grain orientation
and the presence of incoherent interphases on the activation of
six dual-alloys in the TiVZrCrMnFeNi system for hydrogen
storage, reporting that higher fraction of incoherent inter-
phases can activate the material more easily and hence facil-
itate the hydrogen absorption. Furthermore, it was reported
that the composition substitution may further improve the
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Table 5 Summary of some comparative results of hydrogen storage properties reported for C14-Laves phase based HEAs

Absorption/ Hydrogen Hydrogen
desorption  Absorption absorption desorption
Processing temperatures pressure  capacity  capacity
HEA composition  method Observed phase(s) Activation (°Q) (MPa) (Wt%) (Wt%) Ref.
(Tip.5Zro5)1(Feos3-  AM (Ar) C14-Laves phase 390 °C for 12 hours 30/30 5.2 1.7 1.7 156
Mny33Cro.33)2
TiZrNbCrFeNi AM (Ar) Two C14-Laves Without any activation 30/30 — 1.5 0.9 78
phases
TiZrVCrNi AM (Ar) C14-Laves phase  Five de/hydrogenation cycles 32/300 4 1.53 1.51 71
at 32 °C under 10 MPa H,
RF melting  C14-Laves phase  Easily activated 32/350 10 1.92 1.92 213
+ melt-spun
ribbon
(Tiy.3Zro7)1.1Cria-  AM (Ar) C14-Laves phase  Two de/hydrogenation cycles 15/15 5 1.84 1.84 164
Mn, gFe( 3C00.4Vo.4 at 25 °C under 5 MPa H,
ZrTiVFe AM (Ar) C14-Laves phase  Three de/hydrogenation cycles  RT/400 1 1.58 1.58 136
+ HCP at 200 °C under 1 MPa H,
AM (Ar) C14-Laves phase 450 °C for two hours 24/550 2 2.48 2.32 99
TiZrCrFeMnNi AM (Ar) C14-Laves phase  Five de/hydrogenation cycles 20/300 4 1.54 1.54 246
+ B2 for one hour under 6.4 MPa H,
TiV,ZrCrMnFeNi AM (vacuum) C14-Laves phase Without any activation 30/30 3.5 1.6 1.6 40
+ BCC
(Tip.85Z10.15)1.1Cro.05- AM (Ar) C14-Laves phase 300 °C for 3 hours under 6 MPa 30/30 6 1.76 1.53 79
Moy osMn) H,, 3 de/hydrogenation cycles
TiZrNbFeNi AM (Ar) C14-Laves phase  Without any activation 32/32 — 1.64 ~1.4 157
+ BCC + B2
ZrTivMnCrFe, 5 AM (vacuum) C14-Laves phase 400 °C for two hours 25/25 2.25 1.93 1.67 249
Tig.24Vo.17ZY0 17~ RF induction C14-Laves phase 400 °C under 10~* MPa 410/410 6 0.72 ~0.32 224
Mny 17,C0¢ 17Feg0s  melting (Ar)
TiZrNbCrFe AM (Ar) C14-Laves phase ~ Without any activation 200/200 — 1.9 1.9 163
+ BCC
Zr33Cr;Mnys- AM (Ar) C14-Laves phase 450 °C for 3 hours under RT/RT 5 1.8 1.6 162
Fe,sNis + NiZr dynamic vacuum
TiZrCrMnFeNi AM C14-Laves phase  Without any activation 30/30 3.9 1.7 1.7 42
+ Cubic phase
Zr,MgVFeCrNi AM + C14-Laves phase 350 °C under 3.5 MPa H, for 30/30 4 0.9 ~0.6 244
mechanical one hour, 3 de/hydrogenation
milling cycles
ZrTiVCrFeNi LENS C14-Laves phase 500 °C for two hours under 50/50 10 1.81 ~1.2 215
+ o-Ti high vacuum
(ZrTiVFe)goAlso AM (Ar) C14-Laves phase + 200 °C for two hours 200/200 1 1.4 0.22 230
HCP + tetragonal
TiVZrNbFe AM (Ar) C14-Laves phase ~ Without any activation 200/200 1 1.36 0.46 188
+ Nb-SS
TiZrFeMnCrVv AM + C14-Laves phase 350 °C for 3 hours under 30/500 7 1.8 1.8 242
mechanical dynamic vacuum + 7 MPa H,
milling for 3 hours
TiVZrCoFeMn AM (Ar) C14-Laves phase 400 °C under vacuum + 25/25 5 1.7 0.5 221
3 de/hydrogenation cycles
Tig.gZ1y ,Cro 75 AM (Ar) C14-Laves phase  One cycle: hydrogenation at 25/25 10 1.98 1.79 69
Mn; »5Ceg.0 + CeO, 25 °C under 9 MPa of H, +
dehydrogenation under vacuum
at 100 °C
Ti,Zr; _(VNiCr- Induction C14-Laves phase  Two cycles: hydrogenation at 30/30 10 ~1.7 ~0.8 223
MnCoAl), melting 300 °C under 2.5 MPa of H, for
2 hours + dehydrogenation
at 30 °C
activation energy. Zhao et al.>®” investigated their alloy’s activa- assessed either by the hydrogen-to-metal ratio (H/M) or the

tion behavior through the elemental substitution of Fe, Co, Ni,

standard unit of weight percent (wt%).

258

Numerous key factors

and Cu with Mn in the ZrMn, 5Cr, 5V, sFe, s composition. The
authors demonstrated better activation performance as the
alloys were able to rapidly absorb hydrogen at above 100 °C.

7.2. Hydrogen storage capacity

Hydrogen capacity refers to the amount of hydrogen that a
material can host under specific conditions. It can typically be

Mater. Horiz.

influence the ability of C14-HEAs to absorb hydrogen effi-
ciently. These factors fall into two main categories: those
intrinsic to the alloy itself, including crystal structure, composi-
tion, atomic size, particle size, surface morphology, and topo-
graphy, and those associated with the hydrogen storage
conditions, such as activation energy, operating temperature
and H, pressure conditions, and structural stability upon

This journal is © The Royal Society of Chemistry 2025
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cycling.**?**?% Thus, it is essential to consider the above
factors when evaluating the hydrogen-storage capacity of C14-
HEAs. In the existing literature, the majority of the studies on
C14-HEAs have used weight percent (wt%) as the standard unit
of hydrogen capacity.*>®>78162164261 = aAdditionally, most
reported C14-HEAs thus far have exhibited hydrogen-to-metal
ratios below 2.*>'>?%! 1t is worth mentioning that the highest
values of hydrogen storage capacities achieved to date for all
types of HEAs are observed in BCC-multi-principal alloys. Such
examples include Tiy;5V,75NbyoCriz sMny, s (3.38 wt%),>*°
(VFe)4(TiCrCo)s_Zry (3.5 Wt%),?** V50TizsCrpsFerq (3.6 wt%),'**
and Ti,V5NbCr, with a hydrogen absorption capacity of 3.7 wt%.>”
While these values are promising, they are often achieved under
conditions of high activation energy.””

In 2023 Aranda et al.®® successfully synthesized the TiVFeZr
multi-concentrated element alloy with C14-type Laves phase
structure for hydrogen storage. This alloy demonstrates an
impressive hydrogen absorbing capacity of 2.48 wt% (H/M =
1.5) as shown in Fig. 10a, which is believed to be the highest
reported hydrogen capacity among all C14-Laves HEAs to date.
This high capacity was directly attributed to the alloy’s compo-
sition as it comprises high content of A-type elements, i.e., Ti,
Zr, and V, which absorb large amounts of hydrogen and provide
a more negative enthalpy of absorption (—43.4 k] mol™" H,).
Following a similar approach, Chen et al.>*° discussed the effect
of the compositional combinations of Ti, V, Zr, Mn, Fe, and Cr
on the hydrogen storage behavior of Cr,Fe,Mn,,Ti,V,Zr, alloys
and observed that the maximum hydrogen storage capacity
increases with higher fraction of Ti and Zr and, conversely,
decreases with elevated contents of B-type elements (Mn,
Fe, and Cr). The alloy with the highest hydrogen storage
capacity, identified as the Fe-free (Fe,) CrMnTiVZr alloy,
reached 2.23 wt%. Additionally, the authors reported that Cr
has a double role in this composition, as it shows a more
favorable impact on hydrogen absorption capacity compared to
the Fe and Mn. In contrast with earlier findings, Kao et al.®®
found that any increase of Zr and Ti content can lead to a
decrease in the maximum absorption capacity of the CoFeMn-
Ti,V,Zr, alloys due to the severe segregation of these elements
within the alloys, which is thought to reduce the overall size of
the effective region where hydrogen absorption occurs. There-
fore, a careful optimization of the design and proper selection
of the constituent elements with optimum stoichiometries
prior to experiments is crucial to promote higher hydrogen
storage capacities.

It is well known that most HEAs display lower practical
hydrogen capacities than what is predicted theoretically due to
several limitations, as discussed in Section 3. Among those
practical limitations, phase impurities, site blocking due to the
geometry and energy of the site, chemical composition varia-
tions, and surface oxidation are the main ones. Andrade
et al.'®* studied the role of the C14-Laves phase predominance
in increasing the hydrogen uptake of two multi-component
alloys within the ZrCrMnFeNi system. The Zr;;Cr,,Mn;sFe,sNis
alloy exhibits a hydrogen absorption capacity of 1.8 wt% (H/M =
1.2) as depicted in Fig. 10b, while the Zrz;(CrMnFeNi)s, alloy

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

could absorb 1.6 wt% (H/M = 1) of hydrogen (Fig. 10c). The
superior performance of Zr;;Cr,,Mn;sFe,sNis was attributed to
the higher predominance (98.4%) of C14-Laves phase, which
fully transforms into C14-Laves hydride, compared to the
Zr33(CrMnFeNi)y; alloy that contains a higher content of the
second intermetallic NiZr phase (8.8%) as an unwanted phase
impurity leading to a decrease of the optimal hydrogen capacity.
The same results have been seen in other investigations.****°
Alternatively, the same author in a different investigation,”
reported the discrepancy between the theoretical (1.61 wt%) and
maximum experimental (1.4 wt%) capacities to the incomplete
accessibility of all interstitial sites to hydrogen due to the chemical
composition variation in the Ti,,Zr,;Fe,;Niy; alloy’s structure.
Surface oxidation was also reported to be a pronounced issue
that reduces the hydrogen storage capacity of HEAs and especially
the absorption capacity. Raud et al>®® evaluated the hydrogen
behavior and corrosion resistance of their alloys and found that
surface oxidation decreases hydrogen uptake, from 2.4 wt% to
1.8 wt%, and limits sorption kinetics.

Remarkably, Ponsoni et al.'*® pointed out a hydrogen sto-
rage capacity of 1.67 wt% that is very close to the theoretical
uptake of the (Tip5Zro.s)1(Feo.33Mng 33Cr.33), alloy (1.7 wt%).
Additionally, Edalati et al.** synthesized a 95 wt% C14-Laves
TiZrCrMnFeNi multi-principal alloy and reported a hydrogen
capacity of 1.7 wt% (H/M = 1) that is quite close to the theorical
value, as seen in Fig. 10d. It was concluded that this hydrogen
storage capacity is similar to that of other room temperature
hydrogen storage materials like LaNis*** and TiFe,>>*% sug-
gesting its suitability for stationary hydrogen storage applica-
tions. Moreover, Liang et al’>’* reported that the hydrogen
capacity can be well enhanced to reach its theoretical value
by promoting more hydrogen absorption sites with lower
activation energy (i.e. A,B,) through increasing the number of
grains and grain boundaries.

To understand the challenges related to the hydrogen sto-
rage capacity, the criteria set by the US Department of Energy
(DOE) can be used as a reference. These targets aim for a
gravimetric density of 1.8 kWh kg™' (equivalent to 5.5 wt%
hydrogen) and a volumetric density of 1.3 kWh L™" by 2025,
ultimately reaching 2.2 kWh kg™' (6.5 wt% hydrogen) and
1.7 kWh L~".>°?” Until now, none of the hydrides reported,
nor the primary commercial methods for storing hydrogen in
gaseous or liquid states, have met the DOE targets.

7.3. Hydrogenation kinetics

Hydrogenation kinetics is a significant factor evaluating the
hydrogen storage performance efficiency of HEAs.”®® 1t is
typically described as the time required for a material to absorb
90% of its maximum hydrogen storage capacity (to.o),>” "%
indicating the rate at which it reaches its full storage potential
(Fig. 10a). The “#,o” parameter serves as a useful tool for
estimating the hydrogen absorption kinetics of alloys. It is
noteworthy to mention that hydrogen storage kinetics are
influenced by diverse factors including activation energy, tem-
perature, chemical composition, particle size, atomic sizes of
the components, and the microstructure of the alloys.?**%°
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Fig. 10 (a) Kinetic curve of hydrogen absorption of the TiVFeZr HEA under 20 bar of initial H, pressure at room temperature.®® Reproduced with
permission from ref. 99. Copyright © 2023, Elsevier Ltd. (b) PCT isotherms of hydrogen absorption/desorption for the Zrz3Cr,MnisFessNis alloy at room
temperature.’®? Reproduced with permission from ref. 162. Copyright © 2023, Elsevier Ltd. (c) PCT diagrams of hydrogen absorption/desorption for the
Zr33(CrMnFeNi)g; alloy at room temperature 152 Reproduced with permission from ref. 162. Copyright © 2023, Elsevier Ltd. (d) PCT curves of absorption/

desorption at 303 K of the TiZrMnCrFeNi HEA.#? Reproduced with permissio

Kao et al.®® investigated the kinetics of hydrogen absorption

of the C14-CoFeMnTi,V,Zr, alloys with varying temperatures
and concentrations of Ti, V, and Zr following activation. Their
results confirmed the presence of a correlation between the
“tp.o” parameter and x in the CoFeMnTi,VZr alloys and z in the
CoFeMnTiVZr, alloys at either 25 or 80 °C, as shown in Fig. 11a
and c, respectively. The rate of hydrogen absorption in the case
of CoFeMnTi,VZr decreases as the Ti content in the alloys rises
from 0.5 to 2, which is attributed to lattice volume expansion
and the resulting enlargement of interstitial sites, as evidenced
by the XRD peaks. This investigation highlights the direct
relationship between ¢, and interstitial site size. Similar
trends are observed for the CoFeMnTiVZr, alloys, and the
values of ¢,o decrease as z increases due to the large atomic
size of Zr and its effect on the lattice volume expansion.
However, no relationship was observed between “t,o” and y
in the CoFeMnTiV,Zr alloys at both 25 and 80 °C because of the
similar radius of V compared to the average radius of Co, Fe,
Mn, Ti, V, and Zr in the alloy as depicted in Fig. 11b. Moreover,
there was no significant influence on the interstitial sites of the
alloys CoFeMnTiV,Zr. Furthermore, the influence of tempera-
ture on the kinetics was evident for all the series, which has
a complex aspect as a function of the varying composi-
tion. Random behavior was observed in the case of the

Mater. Horiz.

n from ref. 42. Copyright © 2019, Elsevier Ltd.

CoFeMnTi,VZr and CoFeMnTiV,Zr alloys. Besides, at lower
temperatures, the kinetics are faster in the case of the CoFeMn-
TiVZr, alloys due to the low diffusion barriers of hydrogen
within the lattice.

Zhao et al.*®” also investigated the impact of temperature
and compositional variations on the hydrogen storage kinetics
of the ZrMn, 5Cr, 5Vo.5My 5 alloys (where M = Fe, Co, Ni, and Cu)
derived from the initial AB,-type ZrMnCr, sV, 5 system. They
found that all the investigated alloys have rapid hydrogen
absorption rates at temperatures above 100 °C, typically around
120 seconds. However, reducing the operating temperature
to room temperature significantly decreases the hydrogen
absorption rate of the alloys. Thus, diffusion is faster at higher
temperatures. In addition, the ZrMn,sCrys5VosFeqs alloy
demonstrates the most favorable hydrogen absorption kinetics
at lower temperatures. This indicates that substituting Fe and
Ni by Mn enhances the hydrogen absorption kinetics of the
ZrMn, 5Cr, 5Vo.sMy 5 alloy at lower temperatures. Zhou et al.®®
explored the impact of Ce-doping on the hydrogen uptake
kinetics of the TiZrCrMn alloy. The authors compared the
absorption kinetics of Ce-doped and undoped Tig gZr ,Crp 75
Mn; 55 and Tig gZro,Cro75Mn; »5Ce0 o2 alloys, respectively, as
shown in Fig. 11d. With no pre-activation process, the undoped
alloy highlights poor kinetics and limited absorption capacity

This journal is © The Royal Society of Chemistry 2025
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(a—c) are reproduced with permission from ref. 65. Copyright © 2010, Elsevier Ltd. (d) Comparison of the hydrogen absorption kinetic curves between

the Tig.8Zro.2Cro7sMny 25 and Tig sZro 2Cro 75Mn; 25Ceq 0o HEAS.®?

Reproduced with permission from ref. 69. Copyright © 2022, American Chemical

Society. (e) Schematic illustration showing the diffusion path of H atoms in the ZrTiVFe and ZrTiVAl,_,Fe, alloys.?*® Reproduced from ref. 136 under the
CC BY-NC 3.0 license with permission from the Royal Society of Chemistry. Copyright © 2022. (f) Schematic illustration of the C14-BCC interface and its
significance on hydrogen kinetics.?’® Reproduced with permission from ref. 270. Copyright © 2023, Elsevier Ltd.

as it started absorbing H, after 150 s and reaches 0.58 wt% of
the total capacity at 300 s. Meanwhile, the Ce-doped alloy began
the absorption directly upon exposure to H, and achieved a
maximum capacity of 1.89 wt% after only 150 s. These results
are believed to be the consequence of the lattice expansion
induced by Ce-addition.

In a notable work, Ma et al.'*® investigated the effect of
microstructure on the hydrogenation kinetics of ZrTiVAl, _,Fe,
HEAs. The authors found that the alloys exhibit fast hydro-
genation kinetics at room temperature. It was reported that the
observed rapid hydrogen chemisorption kinetics at room tem-
perature are attributed to the presence of the HCP phase.
Although brittle, this phase acts as an effective diffusion path-
way, promoting hydrogen atom mobility, as evidenced in
Fig. 11e. Moreover, Dangwal et al.>’® studied the effect of the
C14-Laves/BCC interface on the hydrogen kinetics of the
TiV, 5ZrCro sMnFeNi alloy. The results show an outstanding
effect of the interface by providing additional diffusion chan-
nels for hydrogen and thereby faster kinetics and increased
hydrogen absorption capacity as illustrated in Fig. 11f. The
hydrogenation kinetics can further be affected by the pre-
activation treatment of the alloys, as demonstrated by Ponsoni
et al.*® in their study. They investigated the effect of the prior
activation treatment on the kinetics of absorption of the
(Tig.5Z10.5)1(Mng 5Cry 5), alloy. It was discovered that, despite
its rapid absorption, the inactivated alloy showed an incubation
time of approximately 1 minute, followed by 5 minutes to reach
its total absorption capacity of 1.90 wt%. In contrast, the
activated alloy at 390 °C under dynamic vacuum for 2 hours

This journal is © The Royal Society of Chemistry 2025

showed excellent rate of absorption as it achieved its total
capacity in just a few seconds.

Sleiman et al.>*® investigated the particle size effect on the
hydrogenation kinetics of the TiVZrHfNb HEA. Three ranges of
particle sizes were selected: less than 0.5 mm, between 0.5 mm
and 1 mm, and between 1 mm and 2 mm. It was concluded that
particles with a diameter of less than 0.5 mm activate rapidly
(Fig. 12a), as they possess higher surface area, therefore, hydrogen
atoms can diffuse into the material more quickly, improving the
kinetics of hydrogen absorption and reducing the incubation
time. However, extremely small particles may become thermo-
dynamically unstable or prone to oxidation, which can reduce
their efficiency. Ha et al.>®* showed an opposite effect of particle
size on hydrogenation kinetics. Two powders of the TiZrCr-
FeMnNi alloy were prepared by hand grinding and categorized
into two groups: S53 um (fine particles) and S200 pm (coarse
particles). According to the study, it was found that during the
first hydrogenation, the S53 sample had a larger specific surface
area, which caused a thicker or more reactive oxide layer to form.
This oxide layer served as a barrier, resulting in slowing down
hydrogen absorption compared to the coarser powder as seen in
Fig. 12b. Therefore, controlling and optimizing particle size is
important for achieving fast, stable, and reversible hydrogen
storage in HEA systems.

7.4. Reversibility and cycling properties

One of the main challenges in investigating the hydrogen
storage performance of HEAs is to minimize the loss of effective
hydrogen capacity over repeated absorption and desorption
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cycles. Furthermore, some researchers suggest that excellent
cycling stability could be the key to scaling up certain alloys,
even those having moderate hydrogen absorption capacity.>”*
Mohammadi et al.'”” prepared the Ti, 4Zr; (CrMnFeNi alloy and
studied its hydrogen storage properties. The authors reported
an impressive cycling stability as the alloy keeps a reversible
hydrogen capacity of 1.7 wt% even after 1000 cycles as shown in
Fig. 12c and d. These results confirm the excellent cycling
performance and steady reversibility of this HEA, which is
important for future up-scaling. Similarly, Chen et al**?
observed the same trends in their study on the hydrogenation
cycling properties of the TiZrFeMnCrV alloy. After 50 cycles, the
alloy exhibited excellent absorption/desorption cyclability, with
the capacity still remining stable around 1.76 wt%. The authors
noted that the alloy is supposed to be used for low powered fuel
cells or stationary hydrogen energy storage applications. In
contrast, Kumar et al.,>** on the other hand, reported a slight
reduction in hydrogen storage capacity of the equiatomic
TiZrVCrNi system across ten cycles of hydrogen absorption
and desorption, from 1.92 to 1.89 wt%. The authors ascribed
this capacity decay to the thermodynamic characteristics of the
alloying elements. Additional research came to the same con-
clusion, indicating that the loss of hydrogen capacity during
cycling is a dynamic process, mainly influenced by the stoi-
chiometry of the alloy.>”> Aranda et al.®® cycled the TiVFeZr
alloy 10 times at room temperature under 20 bar. The hydrogen
capacity drops from 2.32 wt% in the first cycle to 1.92 wt% in
the 2nd cycle. The authors believe that this reduction is mainly
a consequence of the applied lower desorption temperature.
Nonetheless, the alloy maintained the hydrogen capacity seen
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in the 2nd cycle until the 10th cycle. Moreover, only a few alloys,
as previously cited, can reversibly cycle hydrogen. Yet, many
alloys tend to keep a fraction of the effective absorbed capacity,
despite the applied heating to release all of it.”° Therefore, with
a quick inspection of the PCT diagrams, it can be seen how the
material will behave in terms of cycling properties depending
on its equilibrium plateau pressure."”*"

It is important to mention that cycling has a significant
effect on the alloys’ particle size. As reported by Ponsoni et al.**
the particle size of the (Tiy 33Zr¢ 33NDbg.33)1(Mng 5Cry 5), alloy was
decreased from 200 pum to a range of 10 to 100 um after 50
cycles of hydrogen absorption/desorption. This noticeable
reduction in particle size, as seen in Fig. 12e and f, is accom-
panied by the development of surface cracks due to the lattice
expansion upon repeated hydrogenation cycles. The same
results were observed in the work of Pan et al.>”® It was found
that the particle size decreased from 22.56 um in the 10th cycle
to 9.12 um after 500 cycles. The authors stated that this
reduction results from the pulverization of the alloy particles
due to microcracking caused by lattice stress upon hydrogen
absorption and desorption.

8. Possible applications for C14-Laves
phase HEAs

Despite there currently being many potential applications for
hydrogen storage alloys, their practical application is still
restricted to a few particular fields such as biomedical and
power industry areas,””**”” in which their applicability strongly

This journal is © The Royal Society of Chemistry 2025
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depends on the specific properties of each material. Based on
the abovementioned hydrogen storage properties of the C14-
Laves phase structured HEAs, these alloys may be suitable for
the following possible application scenarios:

8.1. Large stationary hydrogen storage

It is evident that the current hydrogen absorption capacity of
C14-Laves phaseHEAs is still low compared to other alloys, such
as BCC alloys and Mg-based hydrides.””® Yet, C14-HEAs remain
suitable for stationary hydrogen storage applications, where
weight and volume are not significant constraints.”* Hydrogen
storage alloys have a great chance of meeting future energy
demands across various sectors through stationary applica-
tions. Renewable energies, for instance, are now representing
an important share of the global energy supply. However, its
intermittent nature and technical issues make large-scale use
challenging. Given this, C14-Laves phaseHEAs could play a
crucial role by storing large amounts of energy, especially when
converting excess electricity into hydrogen for later use.
In addition, solid-state hydrogen storage employing these
materials is a secure and reliable method for long-term energy
storage, as most of the hydrides formed are stable at room
temperature.”™ They can therefore serve as important backup
power sources for critical infrastructure, assisting in maintain-
ing uninterrupted operations during power outages in loca-
tions such as hospitals, data centers, and telecommunication
facilities.'® Moreover, it has been reported that many C14-type
intermetallics can absorb hydrogen at low pressures and do not
require high activation energy.**'®* Due to their low energy
input and lack of complex maintenance requirements, these
alloys are also promising candidates for stationary hydrogen
storage applications. From a raw materials cost point of view,
the cost of the TiZrCrMnFeNi alloy, for instance, is approxi-
mated to 5.30 US$$ per mol, which is quite comparable to the
price of the traditional LaNis’s raw materials (5.18 US$$ per
mol).>””*’® Both alloys possess roughly the same hydrogen
capacity (1.7 wt%) with the advantage of room temperature
reversibility and fast kinetics of the C14-Laves phase TiZrCrMn-
FeNi alloy while relying on more sustainable constituent ele-
ments than rare-earth elements.*” Interestingly, Zhu et al.'®*
succeeded to produce on a large scale 25 kg of their alloy after
achieving remarkable hydrogen storage properties at laboratory
scale, which will open doors in the future for implanting in real
storage applications.

8.2. Energy applications

Beyond hydrogen storage, C14-Laves phase alloys have addi-
tional energy applications, such as battery electrodes. Metal-
hydride batteries, for example, show promising potential to
deliver higher energy densities and operate over a wide tem-
perature range, up to 70 °C. Thanks to the structural stability
of the C14-Laves phase lattice, these alloys can help overcome
some of the limitations found in traditional cathode
279 In terms of anode materials, Ti/Zr-based Laves-
type alloys show significantly higher electrochemical discharge
capacities (400-495 mAh g~ ') compared to traditional Co-based

materials.
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ABs-type alloys (around 320 mAh g~ ').”%>?%' Additionally, rare
earth elements, which are frequently found in conventional
anodes, can be substituted with Mg in the new alloys.
By adjusting the composition, it is feasible to attain even
greater performance while reducing costs and reliance on
critical materials.*®*

Furthermore, HEAs are known for their unique four core
effects (Section 2.3), which promotes outstanding characteris-
tics such as catalytic activity, selectivity, and durability towards
energy conversion-related catalytic support applications includ-
ing Proton Exchange Membrane Fuel Cells (PEMFCs)."0%?83728
C14-Laves phase alloys as well can play potential role in such
applications. Due to their durability and unique crystal struc-
ture with numerous active metal sites, they are effective in
promoting chemical reactions.”®® In addition to the presence of
a mixture of hydride-forming and non-forming components,
they are able to dissociate hydrogen molecules selectively and
facilitate electron transfer, which makes them promising can-
didates for water splitting applications, contributing to the
development of efficient and sustainable energy systems."*’

8.3. Structural materials

The structure of HEAs is the source of any differences as
compared to standard alloys. They have excellent application
prospects in metallurgy, corrosion resistance, the chemical
industry, aerospace, equipment production, and nuclear indus-
tries owing to their distinct microstructure and compositional
mixture.”®” Felten et al’®*® reported the substantial effect of
Laves phases and nano-precipitates on the electrochemical
corrosion resistance of Mg-Al-Ca alloys. The presence of Laves
structures in these alloys helps to promote a stable passive layer
under alkaline conditions and thereby enhances the inhibition
of corrosion kinetics. Zr-based C14-Laves phases are of big
interest due to corrosion resistance and neutron absorption
properties, which makes them substantial materials for nuclear
reactors.”®® Furthermore, HEAs can be used in aerospace

components, turbine parts and engines as reported in several
works.27%275,290,291

9. Potential challenges and
perspectives

The commercialization of C14-Laves multi-principal alloys for
hydrogen storage is blocked by several obstacles. This study
draws attention to the following key challenges:

9.1. Compositional control

Designing a composition that satisfies all the requirements is
the first step in developing suitable alloys for hydrogen storage
applications. In most cases, Cl4-Laves intermetallics are
designed using only parametric approaches or the CALPHAD
method before experiments. However, these methods alone are
not always sufficient to fully predict the alloy’s behavior. In this
situation, controlling the composition can be enhanced by
using advanced computational tools like DFT and machine
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learning. These techniques can greatly lower experimental
expenses while also improving design. It is also important to
carefully select and substitute elements, as well as to adjust
their ratios, in order to achieve a better balance in the final
alloy composition.

9.2. Processing difficulties

It is necessary to overcome some inherent problems in proces-
sing methods like arc melting, such as uncontrolled cooling
rates, limited water temperature, and crucible geometry con-
straints. It is possible to use sophisticated tools that can be
remotely controlled by software. This could improve control
over crystal growth during solidification and make the process
more effective and manageable. In addition, heat treatment
after post-manufacturing can be a useful tool to stabilize the
desired microstructure.>'> However, as highlighted by Cheng
et al.,”®*> annealing may have a negative effect on the hydrogen
storage performance. Therefore, careful optimization of the
heat treatment should be made to achieve favorable properties.
From a different angle, thin film deposition can provide greater
control over the factors influencing the production of alloys,
making it a useful approach before moving on to bulk
synthesis.>®®> Furthermore, green and sustainable processing
methods, such additive manufacturing (3D printing), can be
helpful due to its great degree of flexibility, use of less energy,
and improvement in resource efficiency.>**

9.3. Thermodynamics and kinetics

Kinetics and thermodynamics are key factors that govern the
absorption and desorption of hydrogen, so they constitute yet
another significant challenge for C14-Laves phase alloys. It is
advantageous for HEAs to be able to release hydrogen at low
temperatures, even at room temperature. Others, however,
require high temperatures for dehydrogenation,*®* making
them less practical for most applications, especially in the
industry and transportation sectors. As previously stated, the
perfect hydrogen storage material should be able to absorb and
release hydrogen in a reversible way under conditions close to
room temperature and atmospheric pressure. Reaching this
balance is challenging though, because of the complex mecha-
nism of H absorption within the alloy and the slow kinetics of
hydrogen intake and release in some alloys despite their high
capacity.”

9.4. Hydrogen capacity

Hydrogen capacity is a key factor in evaluating the feasibility of
materials for hydrogen storage.’*>>°® In general, C14-Laves
phase HEAs show low to moderate hydrogen capacities, which
is another limitation affecting their potential use in practical
applications. In this essence, multiple actions can be made to
help increase the H capacity of these alloys including tailoring
their microstructure by adding elements, like Mg, that have a
strong affinity to absorb hydrogen and hence can improve their
H uptake.”®” According to Liang et al.’s work,>** hybrid systems
like dual phases (C14-BCC) have been shown to be useful
in boosting H uptake. They reported that the combination of
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C14-Laves and BCC phases is beneficial for the enhancement of
hydrogen storage performance. This is attributed to the syner-
gistic effect of the excellent diffusion properties provided by the
fraction of Cl14-Laves phase and the strong hydrogen absorp-
tion capacity of BCC phases. Furthermore, surface engineering
such as applying catalytic layer coatings, for instance, that act
as hydrogen activation sites improving absorption rates and
possibly increasing hydrogen capacity by trapping H atoms
towards the appropriate site within the lattice, is a promising
approach. Furthermore, chemical short-range order (CSRO)
was found to be a crucial strategy that stabilizes locally an
ordered arrangement of atoms leading to an increase in lattice
strain and distortion, which could be beneficial for improving
hydrogen capacity and reversibility through hydrogen binding
enthalpy and creation of more void spaces to host H.>%2%

9.5. Limited ductility

It is well known that C14-Laves phase alloys tend to be brittle
and fragile, and the inclusion of some metals, like Ti, can make
this brittleness more pronounced.**®*°! Improving the limited
ductility of these alloys remains therefore a major challenge,
especially for structural and hydrogen storage applications.
Adding more ductile elements, like Nb, Al, or Ni, could be
one way to improve the alloy’s overall ductility and change the
bonding properties.>> Based on several studies,****°* anneal-
ing may assist in microstructure refinement and internal stress
relief, enhancing ductility.

10. Summary and conclusions

Herein, we comprehensively and critically discussed the con-
cept of HEAs with C14-Laves phase structures and their unique
features in offering countless opportunities for the design and
the development of solid-state hydrogen storage materials in
many potential application fields, including stationary hydro-
gen storage. Based on this investigation, the following conclu-
sions are drawn:

- Empirical parameters represent a basic and quick tool to
predict whether a multicomponent alloy can form a stable
solid-solution phase. However, they are time consuming when
handling a large number of compositions and are not all the
time reliable due to the lack of phase diagrams.

- Advanced theoretical strategies such as CALPHAD and DFT
computations will progressively play a crucial role in guiding
the composition design of HEAs possessing a C14-Laves single-
phase and shortlisting the promising candidates for hydrogen
storage as demonstrated by previous studies. For the sake of
reliability, future investigations should also consider the combi-
nation of CALPHAD or DFT with machine learning, which will
improve the thermodynamic modeling and give more insights
about solidification paths, segregations, and diffusion phenom-
ena, leading to a more efficient design of HEAs with reduced
computational cost.

- PCT models, that estimate the alloy’s thermodynamics
through the Van’t Hoff equation by evaluating the enthalpy and

This journal is © The Royal Society of Chemistry 2025
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entropy of hydrogen absorption, should also be calculated in
some cases when the hydrogen storage properties are the last
consideration in the design. Deeper studies that include inter-
stitial site type and distribution, defects, and interfaces are
needed for more realistic predictions.

- Large temperature gradients and quick solidification rates,
which often produce fine-grained microstructures with excep-
tional qualities, have demonstrated that the AM process is
a reliable synthesis technique for HEAs. Still, a more stable
C14-Laves single phase structure that is preferred for examin-
ing its hydrogen storage capabilities can be obtained by using
post heat treatment after synthesis or by finding a suitable
manufacturing process with controlled parameters to avoid
having segregation and second phases in the final microstruc-
ture. This issue might be handled by controlling the cooling
rate depending on phase stability.

- Most C14-Laves phase based HEAs absorb hydrogen at low
plateau pressure and at lower temperatures, which makes them
great candidates for large stationary hydrogen storage. Never-
theless, the challenge of achieving high capacity remains pre-
sent to date as well as the need for the activation of some alloys
prior to cycling. Therefore, the main goal of future investiga-
tions would be the improvement of the hydrogen capacity and
the decrease of the activation energy of these alloys. Future
work should explore the effect of Mg and Al doping on the
hydrogen absorption capacity; in addition to surface engineer-
ing by applying catalytic coating (Ni, Co) on C14-Laves phase
HEAs to facilitate H trapping as well as microstructure control
such as creating more local interfaces in the bulk.

- So far, the current HEAs with C14-Laves phase are still
under research investigation, but with the enhancements indi-
cated above, they might be potentially competitive in a variety
of applications scenarios, including structural materials and
energy applications.

List of terms and symbols

A. Terms and abbreviations

Term/abbreviation Description

HEAs High entropy alloys

MOFs Metal-organic frameworks
COFs Covalent-organic frameworks
MCH Methylcyclohexane

wt% Weight percent

at% Atomic percent

FCC Face-centered cubic

BCC Body-centered cubic
CALPHAD CALculation of PHAse Diagrams
DFT Density functional theory
MPEAs Multi-principal element alloys
MCAs Multi-component alloys

CCAs Complex concentrated alloys
HCP Hexagonal close packing

eqn Equation
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TRIP Transformation induced plasticity

PCT Pressure-composition-temperature

C14 Hexagonal-type structure

C15 Cubic MgCu,-type structure

C36 Hexagonal MgNi,-type structure

A Hydride forming element

B Non-hydride forming element

AB, General formula of Laves phase structures

A,B,, AB3, B, Common tetrahedral interstitial sites

in the AB,-C14 formula

VEC Valence electron concentration

XRD X-ray diffraction

ML Machine learning

H Hydrogen

M MgZn, metal

MH, Metal hydride

PE para-Equilibrium

VAM Vacuum arc melting

VIM Vacuum induction melting

RF Radio-frequency

RFIM Radio-frequency induction melting

LC Laser cladding

MM Mechanical milling

BM Ball milling

HEBM High-energy ball milling

MS Magnetron sputtering

AM Arc melting

LENS Laser engineered net shaping

USPD Ultra-severe plastic deformation

M Induction melting

CAD Computer-aided design

SLM Selective laser melting

RT Room temperature

DOE Department of energy

SEM Scanning electron microscope

PEMFC Proton exchange membrane fuel cell

CSRO Chemical short-range order

B. Symbols

Symbol Description Unit

R Universal gas constant J mol ™!
K71

T Absolute temperature K

AGpmix Gibbs free energy of mixing kJ mol™*

AH i Mixing enthalpy kJ mol ™"

ASpmix Mixing entropy k] mol™*
K71

AGy Gibbs free energy of formation kJ mol !

AGy Formation enthalpy kJ mol ™!

AS¢ Formation entropy kJ mol ™"
K71

n Number of equimolar elements —

éam ¢3-n A-H and B-H bond energies eV
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0 Atomic size mismatch %
TAlTB Atomic radius ratio —
Ay Electronegativity difference %
N Number of constituent elements —
Ci, G Atomic fractions of elements i and j —
AH,"JmX Binary mixing enthalpy for i~ pair in the kJ mol ™"
liquid phase with subregular solution
Tmix Absolute temperature of mixing K
Q Thermodynamic ratio between mixing —
entropic and mixing enthalpic
contributions
VEC; Valence electron concentration of ele- —
ment i
ri Atomic radius of element i A
7 Average atomic radius A
c?, cP Atomic fractions of the element i/ in the A —
and B sublattices
A Electronegativity of element i —
7 Average electronegativity —
Ajpauling ~ Pauling electronegativity difference %
Ay allen Allen electronegativity difference %
[H/M] Hydrogen-to-metal ratio —
Q Reaction heat kJ mol™*
o Solid-solution phase —
p Hydride phase —
Py Equilibrium dissociation pressure bar
v-ZrH Zr-hydride with tetragonal structure —
{-Zr,H Zr-hydride with tetragonal structure —
0-ZrH; 5 Zr-hydride with FCC structure —
&-ZrH, Zr-hydride with tetragonal structure —
1§25, ume™! Chemical potentials of hydrogen in the kJ mol ™!
gas phase and in the metal phase
P° Reference pressure (1 bar) Bar
Py, Hydrogen pressure Bar
Cu Amount of hydrogen —
N1, Mm Number of moles of hydrogen and metal mol
atoms
to.o Time required to reach 90% of max- S

imum capacity
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