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Recently, a new class of alloys, namely, high-entropy alloys (HEAs), started to be investigated for
hydrogen storage as they can form metal hydrides. Considering that the properties of metal hydrides are
greatly influenced by the type of phase formed, and chemical composition, HEAs (with their vastness of
compositions) present a high potential for developing promising materials for this application. A crucial
aspect in assessing the potential of these alloys is the effective compositional design and synthesis.
Here, we evaluate the methods used for obtaining HEAs for hydrogen storage and, based on the most
advanced discussions of phase formation and stability in HEAs, we expose some strategies for a better
assessment of the vast compositional field. Moreover, we present and discuss the first attempts to
model the hydrogenation properties of HEAs using thermodynamics and data science. The development
of these kinds of predictive tools is paramount for exploring HEAs' potential for hydrogen storage. To
date, the most promising HEA compositions can be classified into three classes: body-centered cubic
HEAs, lightweight HEAs, and intermetallic HEAs.

Hydrogen storage is a key issue in the context of the hydrogen economy. In this context, metal hydrides are considered a long-term alternative for solid-state
hydrogen storage, as they can store hydrogen reversibly and safely with high volumetric densities. However, to date, most of the metal hydrides studied are not

suitable for hydrogen storage for either presenting limited storage capacity (gravimetric) or properties that require non-acceptable physical conditions to store
hydrogen reversibly. Different strategies have been investigated for tailoring the properties of metal hydrides, and one of the most effective is chemical
composition modification (alloying, for instance). In this context, a new class of alloys, namely, high-entropy alloys (HEAs), has been investigated for hydrogen

storage. It may provide a promising way further to investigate solid-state hydrogen storage. One of the main aspects of HEAs is the vastness of compositional
configurations that form simple crystalline structures. It provides great possibilities to adjust the properties of the hydrides. However, for efficient exploration
of this alloy concept for hydrogen storage, alloy design based on predictive tools is fundamental, as it is presented in this review on HEAs for hydrogen storage.

Introduction

Main definitions and general overview

hydrogen storage, the solid-state-based method is one of the
most promising as, besides other aspects, more hydrogen per
volume unit can be stored than in the liquid or gas states.

A hydrogen and fuel cell-based economy holds a promising
prospect for a more environmentally friendly energy sector, still
dependent on fossil fuels. The safe, effective, and economically
viable transition to the hydrogen-based economy is highly
dependent on hydrogen storage. Among the options for
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Since this approach has been introduced, a wide variety of
metal hydrides have been investigated as solid-state hydrogen
storage materials."”> Most of the research on these materials
has been focused on investigating and developing metal
hydrides with improved gravimetric and volumetric capacities,
reasonable thermodynamics and kinetics of hydrogen absorp-
tion/desorption, and long-term cycling stability.>> Among the
most promising alloy-based metal hydrides, Mg-based materi-
als have the advantage of high gravimetric capacities, but their
unfavorable thermodynamic properties (high temperatures are
required to store hydrogen reversibly) prevent their broad
application.” Solid solution alloys (especially the V-based ones)
also present promising hydrogen storage properties. However,
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the hydrides formed are too stable under ambient conditions.®
Intermetallic compounds (such as TiFe and LaNis) present
good hydrogen storage reversibility under near ambient condi-
tions, but they suffer from low gravimetric capacities (due to
the presence of heavy elements as in LaNis; or unfavorable
thermodynamics as for TiFe).”® For a comprehensive review
of the recent development on metal hydrides, the reader is also
encouraged to check the following ref. 9. Recently, a new class
of alloys, namely, high-entropy alloys (HEAs), started to be
investigated for their hydrogen storage properties.’*” Follow-
ing the first report in 2010, only a few papers focusing on HEAs
were published in the next five years. However, the interest in
this research field has recently increased (since 2016), resulting
in a growing number of articles published each year (see Fig. 1).

In HEAs, multiple elements are used in the compositions,
and these elements are usually present in equiatomic or near
equiatomic fractions. This idea of alloying with multi-principal
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elements was proposed simultaneously by Cantor et al.>® and
Yeh et al.,*® although the high-entropy hypothesis was first
suggested by Yeh’s group. The proposed hypothesis was that
by mixing multiple elements in near equiatomic proportion,
the configurational entropy would be increased to the
level sufficient to overcome the enthalpies of compound for-
mation (intermetallics).’>® According to this, the formation of
concentrated disordered solid solutions would be favored, and
the presence of secondary intermetallic phases limited. The
preference for solid solutions over intermetallics, in the origi-
nal proposal, is based on the mechanical properties of
these structures (intermetallics are usually brittle).>* Based on
that, HEAs were defined as alloys that contain five or more
elements in atomic fraction between 5 and 35 at%.*° While
testing the high-entropy alloy hypothesis, it turned out that
besides configurational entropy other entropic contributions
(vibrational, magnetic, and electronic) and mixing enthalpies
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Fig. 1 Number of articles published per year in 2010-2021 (until April)
with “high-entropy alloy” or “multi-principal element alloy” or “complex
concentrated alloy” and "hydrogen storage” in the title, keywords, and
abstract. Source: Scopus.

could play an essential role in the phase formation and stability
of HEAs.*’

Alternative names have been proposed to HEAs, such as
multi-principal element alloys (MPEAs) and complex concen-
trated alloys (CCAs). Moreover, recently the term medium-
entropy alloys (MEAs) has been proposed for the alloys that
present four or fewer elements in equiatomic or near equia-
tomic fractions.””** In the present work, to acknowledge the
contributions of those who first proposed this alloy concept, we
decided to use the name HEAs for the materials we focused on
in our discussions. This nomenclature is used even in the case
of intermetallic forming compositions to reference the use of
the multiple main elements concept, although one has to
consider that due to ordering in the structure of intermetallics,
high entropy is unlikely.** We also suggested a standard way for
reporting HEA compositions for hydrogen storage. According to
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this, the elements in the compositions appear in increasing
order of atomic number. These suggestions were included in
the tables of this review (in the text, the compositions are
shown as they were reported in the original papers). The first
column (from left to right) of the tables presents the normal-
ized compositions following the suggestion we propose, and in
the column next to it, the nominal compositions are shown as
they were reported in the original papers.

To date, most HEAs have been investigated regarding their
mechanical properties for structural applications. However, the
interest in their functional properties has been increasing
recently. HEAs are currently studied as diffusion barriers,
catalysts, hydrogen storage materials, among others.*’

The rationale for investigating hydrogen storage properties of
HEAs

The concept of tuning the properties of materials via alloying is
not new. In the research and development of materials for
solid-state hydrogen storage, it has been evident that materials
properties can be largely modified by adding new elements.* A
great effort has been put into investigations of binary and
ternary systems based on Mg, alanates, amides, imides and
borohydrides, and intermetallic systems, such as LaNis, TiFe,
and Ti- and Zr-based ones.” To some extent, multi-component
alloy systems have also been explored.**** As understood here,
multicomponent alloy systems are those based on three or
more elements in which there is a base element or base
elements, and the remaining are present just in small fractions.
This definition is not meant to be exhaustive but just to place
the alloys in the context of the discussions performed in this
work. In these multicomponent alloys, the elements are usually
alloyed together to form solid solutions or multicomponent
intermetallics with enhanced hydrogen storage properties.*®™®
In recent decades, the knowledge of tuning metal hydride
properties has expanded significantly, and important develop-
ments have been achieved by investigating multicomponent
systems.>*® However, the multicomponent approach has
been mostly limited to exploring the effect of minor alloying
additions on the hydrogen storage properties of well-known
metal hydride systems. Moreover, this process has been
highly dependent on costly and time-consuming systematic
investigations.>*%*%:3°

The HEA approach highlighted the vast number of unex-
plored compositions located in the central regions of multi-
component phase diagrams (multicomponent here refers to the
multiple elements in these diagrams). It also stimulated the
discussion of the fundamentals and tools for assessing this vast
domain of uncharted compositions that can form simple
crystalline structures.”’ In terms of materials for hydrogen
storage, these aspects (vast compositional domain with the
formation of simple crystalline structures) have indicated new
possibilities for adjusting the properties of the materials.
Improved hydrogen storage properties in HEAs, such as
increased gravimetric capacity at moderate conditions and
complete reversibility at room temperature without activation
processes, have already been reported.>***

Energy Environ. Sci., 2021, 14, 5191-5227 | 5193
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In addition, the new HEA investigations have been shedding
light on the average and local interactions between the hosting
multi-principal elements and hydrogen and on how these
interactions affect the storage properties of the alloy.?%3%33
Thus, one could envision that specific HEA composition could
be designed based on their predicted properties for particular
hydrogen storage applications in the future. Given the rapid
insertion of computational and machine learning tools into
scientific investigations,”® which also covers the hydrogen
storage field,® the HEA concept, with its vast possibilities,
could be significantly explored effectively with the aid of these
powerful tools.

For instance, the remaining scientific and technological
challenges related to hydrogen storage for future mobility
require the development of new materials and storage con-
cepts, as discussed in detail in these two ref. 54 and 55. In this
context, investigations focused on HEA compositions that
could present increased gravimetric capacity (around 4 wt%
H,), and high equilibrium pressures (allowing the use with
35 MPa pressurized tanks) would be highly beneficial for the
development of this hydrogen storage field.>®

Alloy design, synthesis, and promising HEA classes

Although most of the HEAs investigated so far (in the broad
HEA field) were multi-phase alloys, much effort has been put
into understanding how single-phase forming compositions
can be designed so that fundamental mechanisms and proper-
ties could be elucidated without the confounding effects of
secondary phases.*®” It has also been the case with the
investigations of HEAs for hydrogen storage since besides the
simplification aspect (of studying one phase rather than multi-
ple ones), there has been little evidence that interaction of
multiple phases enhances the hydrogen properties of such
alloys greatly, although it cannot be ruled out.

Among the methods developed for the design of single-
phase HEAs, the most reported in the studies for hydrogen
storage are the empirical method (which relates the phase
formation with a set of parameters: atomic size mismatch (9),
valence electron concentration (VEC), Pauling electronegativ-
ities (xp), and mixing enthalpies),""'*'>'7?>>* and the CAL-
PHAD method (which is a software-based technique for
calculation of phase diagrams based on thermodynamic
models).>*** Besides this, recently, two methods for predicting
the hydrogenation properties of HEAs have been developed,
and they may improve the compositional design.”’”® One
employs a model based on thermodynamics and atomistic to
predict the thermodynamic properties of hydrogenation/dehy-
drogenation of HEAs and their storage capacity. The other aims
to predict the same properties of HEAs based on a data-driven
approach that employs machine learning techniques. After the
design, most of the compositions have been synthesized by arc
melting, although high energy processes, such as high energy
ball milling (HEBM) and high-pressure torsion (HPT), besides
laser engineered net shaping (LENS), have also been employed.

In this paper, we classified the HEAs for hydrogen storage
into three groups: body-centered cubic (BCC) HEAs, lightweight
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Fig. 2 Scheme indicating the concepts of compositional design, synth-
esis and processing methods, and HEA classes.>®

HEAs, and intermetallic HEAs, as can be seen in Fig. 2 (struc-
ture drawn using VESTA>?). These groups are connected to the
traditional metal hydride forming alloys and, to some extent,
are influenced by the knowledge built so far (most of the
promising traditional metal hydrides are based on BCCs,
intermetallics, or lightweight alloys).>*"'® BCC HEAs and inter-
metallic HEAs are named according to the crystal structure that
they form (BCC solid solutions and ordered intermetallic
structures, respectively). The third one, lightweight HEAs, is
not related to a specific crystal structure but to the presence of
light elements incorporated into HEA’s structure. Research on
lightweight HEAs focuses mainly on improving the hydrogen
storage gravimetric capacity via reducing the molar weight of
the alloys. Since lightweight HEAs is not correlated to any
specific crystal structure, it can contain HEAs with BCC, FCC
and intermetallic structures. Nevertheless, up to date, most of
the lightweight HEAs reported crystalizes in BCC structure. It is
important to note that due to the particular scope of research
on lightweight HEAs these studies were separated from the
‘BCC HEAS’ section.

In the following sections of this paper, the compositional
design of HEAs and their synthesis methods are discussed.
Within the compositional design, we present and discuss the
attempts to predict the hydrogen storage properties of HEAs
with the aid of thermodynamic modeling and data-driven
modeling, showing how these methods may help to boost the
development of promising materials for hydrogen storage.

Furthermore, each class of HEAs is critically discussed
concerning phase formation and stability of the alloy and
hydride, storage capacity, activation, kinetics, and cyclability.
As an example of how each of these aspects is investigated in
hydrogen storage materials, refer to this ref. 7. Along with the

This journal is © The Royal Society of Chemistry 2021
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discussions, perspectives are given to contribute to the devel-
opment of this promising research field.

Methods for compositional design and
synthesis processes

Some new HEA systems have already been deeply investigated
regarding their hydrogen storage properties.">****3* However,
the recent investigations have not even scratched the surface
of the possible compositional combinations that the HEA
approach provides.

In the research and development of alloys for hydrogen
storage, the interaction of the individual elements with hydro-
gen (represented mainly by the enthalpy of hydride formation)
has guided the selection of the set of elements to be considered
for compositional design.’ The elements can be divided
between hydride (A) and non-hydride forming (B) elements,
as illustrated in Fig. 3. For the classification of A- and B-type
elements, the respective enthalpies of formation for binary
hydrides are considered, which take into account the tendency
of forming a hydride. According to this concept, the A-type
elements have lower values of enthalpy of formation and a
higher tendency to form a hydride phase. In contrast, the B-type
elements have higher values of enthalpy of formation, which
makes hydride phase formation more difficult. The affinity of
the alloy with hydrogen (given by the enthalpy of hydride
formation) can be tuned via mixing elements with different
enthalpies of hydride formation.*”* This knowledge accompa-
nied the discovery of new HEA compositions for hydrogen
storage.'>?® In specific cases, as in the lightweight HEAs, other
properties, such as the molar weight of the elements, also play
an important role in the selection of the elements for the alloy
design.'>?%30353¢ These approaches are in line with the well-
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Fig. 3 Periodic table with relative subdivision of the A- and B-type
elements, taking into account the grouping according to the enthalpies
of formation of the binary metal hydrides.*’*” A-type elements repre-
sented in shades of red, and B-type elements in shades of blue.
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established practice to investigate different metal hydride
systems.>* However, one particular aspect of HEAs is that
the synthesis of single-phase alloys from the mixture of
multi-principal elements has been considered highly
desirable.10,15,28730,34

Given this context, so far, the design of HEAs for hydrogen
storage has been, to some extent, still dependent on chemical
intuition and costly and time-consuming try-and-error experi-
mentation approaches.”” However, as shown in the following
sections, promising tools for improving the design of these
alloys have been developed. Considering this, it is utterly
necessary to assess and possibly improve these compositional
design methods for efficient exploration of the uncharted
central regions of multicomponent phase diagrams.

Furthermore, the formation of favorable microstructures for
the intended application is directly related to the applied
synthesis and processing methods.”>*® Consequently, the
impact of these processes on the obtained phases and micro-
structures in HEAs should be investigated, and whenever
possible, their correlation with the compositional design
method should be evaluated.

Phase-oriented compositional design

In the broad HEA field (considering all kinds of applications),
the design of single-phase materials is preferable based on the
assumption that secondary phases (mostly intermetallic com-
pounds) would be detrimental to their properties. Therefore,
a few methods for obtaining single-phase alloys have been
suggested, and they can be divided into empirical, thermody-
namic, and atomistic models, discussed in detail elsewhere.*’
As already mentioned, in the hydrogen storage field, the
preference for single-phase is based on the simplification
aspect of this approach (no confounding behavior of different
phases). Moreover, there is little evidence that multi-phases are
highly advantageous in developing alloys for hydrogen
storage.”®*® Certain crystalline phases, such as BCC, C14 and
C15 Laves, and hexagonal close-packed (HCP), are favored in
the alloy design since they are known as suitable for hydrogen
storage.”

So far, the most cited method associated with the investiga-
tion of new HEAs for hydrogen storage is the empirical
one, ' 14132130 The empirical approach is fundamentally
influenced by the Hume-Rothery rules for obtaining solid
solution alloys.*® According to these rules, the formation of
extended solid solutions is favored when alloys contain ele-
ments with similar atomic sizes, electronegativities, and
valences, along with the same crystalline structures.*”® Like-
wise, in the empirical approach, terms for the differences in J,
electronegativity (J,) and VEC, as well as some thermodynamic
parameters, are calculated based on the alloy
composition.?>**"®* Among the thermodynamic parameters,
the enthalpy of mixing (AH.,) and an Q parameter that
correlates the enthalpy of mixing, the entropy of mixing (AS,ix)
and melting temperature (Ty,), are usually calculated.’®®* All
these parameters can be determined using the following

Energy Environ. Sci., 2021, 14, 5191-5227 | 5195
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equations

5= Zc,—(l—%>2><100 )

2
N Xi
8, = Zc,-( f§> x 100 (2)
VEC =) "¢, VEC; 3)
AHmix = Z4H,/C,C] (4)
i<j

TmASmix
Q=——" 5
‘AHmix| ( )

where T, = zn: Ci(Ty), AN ASpix = —R> cilng
i1

In the formulas, r;, y; and VEC; stand for the atomic radius,
electronegativity, and valence electron concentration of ele-
ment i, respectively; 7 = > ¢;r; is the average of atomic radius
and ¥ = > ¢;y; is the average of the electronegativity; ¢; and c;
are the atom fractions of elements 7 and j; H; is the enthalpy of
mixing of elements i and j at the equimolar concentration in
regular binary solutions; (Ty,); is the melting temperature of
element 7; R is the universal gas constant.*>®

Based on this empirical method, it has been suggested that
compositional regions of single-phase disordered solid solu-
tions or ordered solid solutions and intermetallic compounds
formation can be distinguished by correlating parameters such
as 6 and AH;, or Q.%%%?7% Although no correlation was found,
considering §, and VEC for a large number of alloys.**®
According to Yang and Zhang,*> when Q < 1, the enthalpy of
mixing is the dominant term in the Gibbs free energy (AGmix =
AHix — TASmix) and therefore tends to stabilize intermetallic
compounds, ordered phases, or multiple phases. However, if
Q > 1, the dominant contribution is the entropic one, then
there is a tendency of disordered solid solution formation.
Moreover, the authors reported a tendency towards single-
phase disordered solid solution formation when Q > 1.1
and 0 < 6.6%. Other attempts, nevertheless, have focused
on applying these empirical parameters to distinguish the
regions of ordered Laves phase formation. It is especially
important since Laves phases present significant potential
for structural and functional applications, such as hydrogen
storage.®”%®

The appealing aspect of the empirical approach is its
straightforwardness and relative simplicity. Based on para-
meter calculations, many compositions can be evaluated, and
attempts to construct phase stability diagrams can be made.**
However, the limiting factor of this approach is that it does not
consider and compare the formation enthalpies of different
possible phases.’® It is well known that the formation and
stability of phases in solids result from the competition among
all possible phases in a given thermodynamic state. Thus, the
potential of a method to predict phase formation and stability

5196 | Energy Environ. Sci., 2021, 14, 5191-5227

View Article Online

Energy & Environmental Science

is related to its capacity to account for all competing phases.
Furthermore, in the empirical method, the critical values for
the parameters (those values meant to indicate the boundaries
in the formation of single-phase solid solutions or multi-phase
and intermetallics) are arbitrary and back-tested, with insuffi-
cient evidence of predictive capacity.’

With superior consistency (compared to the empirical
approach), thermodynamic models have been able to
identify compositional sub-regions where single-phase HEAs
exist.>**7! In these approaches, the enthalpies of possible
intermetallic compounds are also considered. These thermo-
dynamic models go from the simplest to highly detailed
thermodynamic descriptions.*® Despite their superior thermo-
dynamic coherence, some of these approaches are limited
regarding the use of arbitrary values of formation enthalpies
of competing compounds.®® Additionally, as-cast structures
(which usually are not the equilibrium ones) are commonly
used for experimentally testing and determining the regions
of phase formation and stability (as it is in the case of
the empirical approach). Finally, sometimes a small effort is
employed for determining the reliability of the structural
characterization.*>*"

Another method cited in the investigations of HEAs
for hydrogen storage is the Calculated Phase Diagram
(CALPHAD).>*** This thermodynamic-based method uses com-
putational tools to calculate phase diagrams.”’ The
equilibrium-phase diagrams are derived using thermodynamic
models that analytically assess the Gibbs-Helmholtz free-
energy for all expected competing phases.”® The thermody-
namic models are used in polynomial form, known as Red-
lich—Kistler functions, and the parameters of the polynomials
are fitted by using experimental and theoretical data (that
constitute the databases).”’ These databases are built using
binary and ternary systems (contributions from higher-order
systems are negligibly weak).*" At the moment the free-energy
approximations for each of the expected competing phases in
an alloy system are identified (as a function of the relevant state
variables — usually concentration and temperature at constant
pressure), the thermodynamic equilibrium phase for each
temperature can be calculated by energy minimization, and
the phase diagram is constructed.”® The reliability of the
CALPHAD method is higher when interpolation is done with
compositions included in the database.*’ It indicates that
extrapolation is generally required in higher-order systems
(quaternary, quinary, and so on), potentially reducing the
accuracy of CALPHAD predictions.*°

Nevertheless, extrapolation can give a good predictive cap-
ability. It should be mentioned that the first attempt to quantify
the accuracy of CALPHAD calculations has already been
made.”® Outside of the ranges fitted by the polynomial func-
tions and when unknown competing intermetallic phases
appear, this method currently has limited predictive power.”*
Another limitation is that the CALPHAD method, being based
on thermodynamic equilibrium, may miss the prediction of
metastable phases that are frequently the phases present in the
most successful alloys.>*

This journal is © The Royal Society of Chemistry 2021
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It is a common practice in HEAs studies to investigate the
phases predicted by CALPHAD at high temperatures (below the
solidus temperature). This region usually favors the stability of
solid solutions (if the alloy composition allows) due to tem-
perature contribution in the entropic term of the free energy. It
has been reported that these high-temperature phases in HEAs
are still present at room temperature (as possibly metastable
phases).?>**72 Therefore, the CALPHAD method can be helpful
as a first approach to exploring the vast compositional space of
HEAs.”!

So far, a few archetypical HEA systems for hydrogen storage
have been discovered.'*?****> Among others, this is the case
for the Ti-V-Zr-Nb-Hf system. Since the first report,"® this
system and its derivatives'®'%??*43132 have been consistently
investigated in terms of its hydrogen storage behavior resulting
in proposed fundamental mechanisms and properties
descriptions.'>*>**3? These insights are essential for under-
standing hydrogen interaction with the hosting metals inside
the multi-principal element structures and developing hydro-
gen storage materials with improved properties. However,
compared to the potential number of different systems offered
by the HEA approach, there are only a few investigated systems.

As discussed above, among the models for HEA design, the
hydrogen storage community has relied mainly on the empiri-
cal and CALPHAD methods. Due to its straightforwardness, the
empirical method allows the analytical screening of many
systems; however, its predictive capacity is limited. The useful-
ness of this method in finding new promising systems could be
improved by wusing more thermodynamically consistent
approaches that consider the enthalpies of the different com-
peting phases.’®®* Moreover, combinatorial experimental
approaches could be linked with the empirical method to
assess potential systems better. Combinatorial experiments
comprise the fast synthesis and characterization of multiple
alloy compositions simultaneously (see this ref. 51 and ‘Synth-
esis and processing methods’ section below). As a result,
systems that could have the potential for hydrogen storage
(estimated based on the calculated parameters) could be
fast synthesized and characterized to evaluate their real
potential. This approach could help eliminate the non-
promising systems and focus on further detailed investigations
on the promising ones.

The CALPHAD method is thermodynamically more accurate
and presents, in general, broader applicability.”’ As a first
attempt to explore the vast compositional space of HEAs, this
method can be helpful to find potential systems with broad
single-phase fields. However, one has to consider the limits
of this approach carefully, especially when it comes to the
set of elements present in the systems under considera-
tion since the predictive power of the method is based on
the database and not every element or set of elements are
assessed (or thoroughly assessed) in these databases.’® One
interesting investigation would be to combine CALPHAD with
atomistic models, such as ab initio calculations. These atomis-
tic models are not yet developed to assess complex systems but
are suited to examine narrow composition ranges that have

This journal is © The Royal Society of Chemistry 2021
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already been found to be appealing based on another screening
technique.*’

So far, only the desired phase has been considered the
primary focus in discussing HEAs design. The influence of
the chemical composition on the hydrogen storage properties
of the alloy is assumed based on the properties of the hydrides
of the respective constituent elements (based mostly on
chemical intuition).

Hydrogenation properties-oriented compositional design

The applicability of an alloy as a hydrogen carrier depends
mostly on how it interacts with the hydrogen gas. In the
following sections, we discuss the theory behind HEA-H inter-
action (based on thermodynamics) and a few recent attempts to
model this interaction (based on thermodynamics and data
science).

Thermodynamics of HEA-H systems

The hydrogen storage capacity and the operation temperature—
pressure depend on the thermodynamics of hydrogenation/
dehydrogenation reactions. Other important properties such
as hydrogen absorption/desorption kinetics, cycling stability,
reversibility, and material activation and air resistance, are
affected by the reaction of the alloy with other reactants (mainly
0, and H,0) as well as by kinetics effects (H, dissociation and
H diffusion, activation energy, etc.). However, it is the thermo-
dynamic properties that will determine whether an alloy can
absorb hydrogen at a given temperature and pressure and the
amount of H in equilibrium within the alloy structure in such
conditions. Fortunately, the thermodynamic properties of an
alloy are composition-dependent. Therefore, the vast composi-
tional field of HEAs can be used to tune the alloy’s thermo-
dynamic properties for different desired applications. Based on
this, some fundamental aspects of the thermodynamics of
HEA-H systems will be presented.

For any metallurgic system, the equilibrium condition is
attained when the chemical potential of all elements in the
system are the same in all co-existing phases, resulting in the
minimum free energy of the system. When this equilibrium
condition is reached, the system is said to be in global
equilibrium or “complete equilibrium” condition. To achieve
complete equilibrium, all atoms of the system must have
sufficiently high mobility so the chemical compositions of the
phases can be adjusted to minimize the system’s free energy.
Complete equilibrium can usually be achieved at high tempera-
tures (close to the alloy’s solidus temperature). However,
in most hydrogen storage applications, the hydrogenation/
dehydrogenation reactions occur at low temperatures, way
below the alloys’ solidus temperature. In this scenario, the
mobility of the metal atoms is very limited, and another type
of thermodynamic equilibrium may take place, the so-called
para-equilibrium (PE). Under PE condition, it can be assumed
that the metal atoms are “frozen”, and only the H atoms are
mobile. In this case, an equilibrium condition can also be
attained because the H mobility allows the chemical potential
of hydrogen to be the same in all the co-existing phases of the

Energy Environ. Sci., 2021, 14, 5191-5227 | 5197


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee01543e

Open Access Article. Published on 02 September 2021. Downloaded on 4/11/2026 5:24:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

system. Under PE, metal hydrides having the same chemical
composition as the host alloy can be formed, and this is what
has been reported for most of the HEAs studied for hydrogen
storage. Therefore, the thermodynamic description of a single-
phase HEA-H system under PE condition will be presented. For
a more detailed description of the thermodynamic of systems
under complete equilibrium, or other possible equilibrium
conditions such as partial or local equilibrium conditions,
the readers are encouraged to refer to the fundamental works
reported by T. B. Flanagan and W. A. Oates.”>”*

Here we discuss the investigation of the thermodynamic
equilibrium (under PE condition) of a single-phase HEA at a
given temperature (7) and a given H, pressure (Py,). The
chemical composition of a single-phase HEA can be defined
by the atomic fraction of a metal element i, so > ¢; = 1.
Because of the PE condition, any possible phase in the system
will have the chemical composition fixed in terms of metal
elements. Therefore, differences in the chemical composition
of the different possible phases are due to the H content in
these phases. Thus, it is suitable to define the new chemical
variable ¢y as eqn (6).

ny
H= (6)
where ny is the number of moles of H and n,, is the number of
moles of metal atoms in the phase.

Since the chemical composition of the phases in terms of
metal atoms are fixed, the equilibrium phases will depend on
how the Gibbs free energy of the phase varies with cy. There-
fore, it can be taken as reference state the alloy with its stable
structure at that given temperature (it could be BCC, face-
centered cubic (FCC), HCP, C14, etc.) and the hydrogen gas in
its standard condition, Z.e., P° = 1 atm. In this case, the change
in the Gibbs free energy (AG”) when an H solid solution () is
formed is given by eqn (7).

AGQ(CH) _ GMHj‘H _ Galloy _ %‘IGHZ (7)

a) T = Constant

AG*

c, —»
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where GM"4 s the Gibbs free energy of the solid solution o
with ¢y composition, G is the Gibbs free energy of the alloy
in the reference state and G™ is the Gibbs free energy of the H,
gas in the standard condition. Note that in this case, the solid
solution o has the same structure as the alloy. Fig. 4a schema-
tically shows the variation of AG* as function of ¢y for a
hypothetical system. Of course, AG*(cy) also depends on the
chemical composition and crystal structure of the alloy. Under
equilibrium, the chemical potential of the elements in the co-
existing phases is the same. The H chemical potential of the H,

gas (u?) is given by eqn (8) and the H chemical potential in o
(ufy) is given by eqn (9).

My, _ 1 Py,
Uy = 2RTln( o (8)
dAG*(c
pis(ew) = 25w ©)
H

where R is the universal gas constant. Therefore, the equili-
brium H content in the « phase depends on the hydrogen
pressure as shown in eqn (10) and Fig. 4b.

1 (PHZ) _ dAG*(cx)

=RT1
2 n Pe dCH

(10)

It is worth noting that AG” also depends on the temperature as
given by eqn (11).

AG*(cyy) = AH(cyy) — TAS*(cy) (11)

where AH*(cy) and AS*(cy) are, respectively, the enthalpy and
entropy variation between the solid solution o with ¢ composi-
tion and the reference state. AH*(cy) and AS*(cy) are defined by
eqn (12) and (13), respectively.

AH“(()H) _ HMHfH _ Halloy _ %HHQ (12)
i b) T = Constant

=

Q.I Q

—
IS

c, ——»

Fig. 4 Schematic representation of (a) Gibbs free energy (b) H, equilibrium pressure as a function of the H content in the a-phase for a hypothetical

system. The arrows indicate the direction that the values increase.
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AS*(cy) = GMH, _ galloy _ %HSHZ (13)
where HMYé and MY are the enthalpy and entropy of the solid
solution o with ¢y composition; H*'® and $™'¥ are the enthalpy
and entropy of the alloy in the reference state; and H™ and S™ are
the standard enthalpy and standard entropy of the H, gas.

Many HEAs present the formation of different high-entropy
hydrides, which have the same composition of the alloy in
terms of metal elements, but different crystal structures. For
instance, most BCC alloys form an FCC or body-centered
tetragonal (BCT) - distorted FCC; dihydride with a CaF,-type
structure upon hydrogenation. It is the case of the TiVZrNbHT,
TiZrNbHfTa, and TiVNb-(Cr, Co, Ni) alloys.">'®**”>”> Some of
these alloys also form intermediate hydrides. A BCT monohydride
is formed as an intermediate hydride in the TiZrNbHfTa-H
system.” In the TiVNbCr-H, TiVNb(Cr, Ni, Co)-H systems, BCC
monohydrides are also observed as intermediate phases.””®

Let us assume a hypothetical case in which two different
hydrides, namely f and 7y, may be formed. Because of the PE
condition, both hydrides will have the same chemical composi-
tion in terms of metal atoms as the o phase but different
structures. Eqn (14) and (15) present the variation of AG” and
AG’ as function of cy.

AG! () = M — G1o» — Tt (14)
AG (cyy) = GMH — galley _ Mg (15)

where GMHfH and GMY are the Gibbs free energy of the
hydrides f and y with ¢y composition, respectively. Again, the
AG(cy;) and AG’(cy) values also depend on the chemical
composition of the alloy and crystal structure of the multi-
principal element hydrides. In this case, equilibrium is
achieved when the chemical potentials of all components are

a) T = Constant

AG

B J LB y :
CH plat 1y vCHplat2 CHplat 2y

o
CHplat1y

cy, ——»
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the same in all co-existing phases. The H chemical potential of
o, f and y are given by eqn (9), (16) and (17), respectively:

dAG/;(CH)
(o) = AL (16)
) dAG (¢
pi(ew) = BT W) (17)
CH

Because of the PE condition, the metal elements can be considered
as a single component (M) and the chemical potential of M in o, f3
and y are simply given by eqn (18)-(20), respectively:

pl(er) = AG*(cn) — capti(cn) (18)
(r(cn) = AGH(cw) — cupdilen) (19)
tia(en) = AG(cu) — cnptin(en) (20)

Fig. 5a shows the schematic variation of AG*, AG” and AG’ as
function of cy. In this situation, two phases will co-exist with
the hydrogen gas only when the H chemical potential of the gas
and both phases are the same and when the M chemical
potential of both phases is also the same. The compositions
of the two phases having the same uy and py can be mathe-
matically determined by finding the common tangent between
their Gibbs free energy curves, as shown in Fig. 5a. The « phase
with composition cfj a1 and the f phase with composition
Cﬁ,platl have the same puy and py. However, both phases will
only exist in equilibrium when uy of the H, gas is also the
same. At a given temperature, this is true only at a single
pressure called plateau pressure (Ppjac1), in which the equili-
brium conditions of eqn (21) and (22) are satisfied:

H,
ty® (Pplat 1) = pfy <CaH,plat 1) = Hﬁ (Cg,plal 1) (21)

;u%/l(cl%l,platl) = M{ffl(c{fl,plat 1) [22)

A —
b) T = Constant
Hy _ B (.B -
nyt =1y (CH,plnLZ) = ”Z(”;ptm 2)
B (P =
By (CH,,)mzz) =y (CL,))IAIZ)
L : )
T
H.
B = 15 (s ptac 1) = Moy (€ ptar 1) Ppiat2
B i
i (Chiprac1) = ”{W(cil‘plm 1) 3
. )

T

Pplat 1

i B
iC ,
v Hplat2

a B Y
CHplat1 < Chplat 1y Cll,platzv

c, ——»

Fig. 5 (a) Schematic curves of AG?, AG” and AG’ as function of Cy, at constant temperature and (b) the respective pressure—composition—temperature
(PCT) diagram for a hypothetical system. The arrows indicate the direction that the values increase.
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In this case, Ppjycq can be determined using eqn (23):

B
lRT]n (Pplat 1) B AGP (CH,plat 1) — AG* (Clgi[.,plat 1)
2 Po -

B 0

CHplat1 — ‘f-l,plml
Fig. 5a shows that the f phase with composition c/ﬁ['p]atz and the
7 phase with composition cfy pia¢» can also exist in equilibrium
at a plateau pressure Ppja¢» given by eqn (24):

w( 7 _ s B
1 Pplalz AG (CH,plat 2) AG <CH,plal 2>
—RTln( po ) =

2 Y B
CH,plal 2 cH,plat 2

(23)

(24)

In this case, the equilibrium conditions given by eqn (25) and
(26) are satisfied.

H, B B y [y
ruH_(PPl'ﬂlt 2) = :u{-I (C{{,plat 2) = N%—I (Ci{,plat 2) (25)

:uﬁM(CI/f[,plat 2) = MK/I(C%-I,plat 2) (26)

The PCT diagram for this hypothetical system is presented in
Fig. 5b. Below Pyja¢q, Only the o phase is in equilibrium with
the H, gas, and the H content of the « phase depends on the
H, pressure. At Pp,c1, & With cfj a1 composition and f with
Cﬁ,platl composition co-exist in equilibrium with the gas.
Between Ppiacq and Ppiae, only the f phase is in equilibrium
with the gas, and its H content also depends on the H,
pressure. At Ppja¢, the f and y phases with cﬁ,platz and iy plac2
compositions, respectively, co-exist in equilibrium with the gas.
Finally, above Pjja¢, only the y phase is in equilibrium with the
gas, and its H content also depends on the H, pressure. It is
worth remembering that AG” and AG” is also T dependent as
given by eqn (27) and (28).

AGH(cyy) = AHP(c) — TASP(cy) (27)

AG'(cw) = AH(c) — TAS (cn) (28)

where AH"(c;;) and AH(cy) are the enthalpy variation between
the f and y phases with ¢ composition and the reference state,
respectively; and AS*(cy;) and AS"(c;;) are the entropy variation
between the f and y phases with ¢y composition and the
reference state, respectively.

Modeling and perspectives on hydrogenation properties-
oriented compositional design

In a recent paper, Zepon et al.>® reported on the development of
a thermodynamic model for calculating the PCT diagram of
multi-principal element M-H systems. As a first approach, the
model has been developed for BCC forming alloys, although,
according to the work, different structures can also be consid-
ered. In this model, the entropy of the phases was described
using an ideal configurational entropy for interstitial solid
solutions with the site blocking effect model proposed by
J. Garcés.”” As an approximation, it was assumed that the
hydrogen partial molar enthalpy of a phase is constant. In
addition, the hydrogen partial enthalpy of a multi-principal
element phase was calculated (also as an approximation) using
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Fig. 6 Experimental PCTs of the (TiVNb)gsCrys alloy measured at 25 °C
(298 K) (only absorption), 100 °C (373 K) (absorption and desorption),
150 °C (423 K) (absorption and desorption), and 200 °C (473 K) (absorption
and desorption) compared with the calculated PCT using the thermo-
dynamic model proposed by Zepon et al.°® Hysteresis of one order of
magnitude is experimentally observed. Reprinted (adapted or reprinted in
part) with permission.>® Copyright 2021, Acta Materialia Inc. Published by
Elsevier Ltd.

a simple ideal mixture law considering the alloy’s composition
with the same structure of the considered phase. Experimental
data for simple hydrides and DFT calculations were used for
parametrization of the enthalpy terms. Fig. 6 shows the com-
parison between the experimental and calculated PCT diagram
of the (TiVNb)gsCr ;5 alloy. As reported by Silva et al.,”” this alloy
presents two plateaus. The first at low hydrogen pressure
between the BCC solid solution (z-phase) and an intermediate
hydride (f-phase) which also have BCC structure but with
higher hydrogen concentration. This first plateau is described
as a hydrogen miscibility gap of the (TiVNDb)gsCrys alloy.
Because of the gauge pressure’s detection limit, the plateau
pressure of the o—f equilibrium could not be experimentally
determined. A second plateau between the f-phase and an FCC
hydride (y-phase) is experimentally observed at higher pres-
sures. The experimental PCT presents slight sloppy -y pla-
teaus with one order of magnitude hysteresis. Sloppy plateaus
and hysteresis (i.e.,, the plateau pressure measured upon
absorption is higher than the actual one, and the plateau
pressure measured during desorption is lower than the actual)
are very common in metal hydrides. Hysteresis is usually
attributed to the elastic or plastic accommodation of the
volume change (approximately 10 to 20%) during hydride
formation and decomposition.”®®> However, hysteresis can
be affected by many factors such as alloy composition, tem-
perature, hydrogen aliquot size, annealing of the metal sample,
absorption/desorption cycling, and particle size. All these
effects were analyzed in the critical review reported by S. Quian
and D. O. Northwood.** A systematic study of hysteresis in
HEAs is still lacking in literature. Sloppy plateaus can also be

This journal is © The Royal Society of Chemistry 2021
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resulted from elastic or plastic accommodation during hydride
formation/decomposition, and from composition gradient
within alloy’s microstructure. Many HEAs for hydrogen storage
are studied in the as-cast condition, and, in these cases,
dendritic structures with some level of composition gradient
are usually observed. Such composition gradient could lead to
sloppy plateaus because of the slightly different equilibrium
pressure for regions with different composition. More pro-
found studies on the effect of composition gradient in the
shape of PCT diagrams are necessary to elucidate this phenom-
enon. When no hysteresis and sloppy plateaus are considered
in the thermodynamic model (as in the case of the work of
Zepon et al.°®), flat absorption and desorption plateaus might
present a good predictability of the actual equilibrium plateau
pressures. Other quantities that can be used to assess the
accuracy of the thermodynamic model are the plateau enthalpy
and plateau entropy defined in this case by eqn (29) and (30),
respectively.

AHK’( (Chp13t> - AHT/'I{I (cﬁiplat>

) a0
Cleat Cleat

AHpy = (29)

AS& (c;-[plat> - AS{; (c/]i[plat>

N _ B
C]-[plal chlat

ASplat = (30)

AHp, 15 and ASp,¢ can be experimentally estimated using the
so- called Van’t Hoff equation (eqn (31)).

1 AH, lat AS lat
Zln(P at) = plat p
3 n(Pria) =37 R

(31)

In this case, it is assumed that AH},,c and ASp, are constant
over temperature (although this is not true, it is a good
approximation) and, therefore, these quantities can be found

1
directly by the linearization of Eln(Pplat) vs. 1/T. For the

(TiVNb)gsCry5 alloy, the experimental values of AHp, were
between —32 and —35 kJ mol™" of H (for absorption and
desorption measurements, respectively) and ASp, between
—83 and —81 ] mol ' K '. For the same alloy, the authors
calculated AHp,. between —32 and —35 k] mol™* of H and
ASpiac between —75 and —87 J mol ' K™' (the temperature
dependencies of AHp . and ASp,, are considered in the model
from Zepon et al.>® and these values are those calculated at 25
and 250 °C, respectively). Thus, despite simplifications in the
model, the calculated PCT presented very good agreement
compared to experimental one. Such good agreement between
the calculated and experimental properties was also reported
for other alloys of the TiVNbCr and TiVNDbNi system. Despite
the promising results, the authors recognized that the model
needs further improvement since the plateau width (i.e., the
difference between the hydrogen concentrations of the two
phases in the equilibrium plateau) was not accurately predicted
by the model. Moreover, some adjusted parameters for the
accurate description of the intermediate hydrides were

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) Experimental PCT isotherms (absorption) at 578, 561, and 571 K

for the alloys with compositions TiVZrNbHf, AlTiVNbTa, and AlTiVCr,
respectively and (b) experimental hydriding thermodynamic properties
compared to ML predictions maintaining the colour references used in
(a). The black stars indicate the thermodynamic values for TiVCrNb taken
from the PCT data reported in ref. 33. This was included for comparison,
considering the central temperature for the Van't Hoff analysis of 100 °C.
Reprinted (adapted or reprinted in part) with permission.>” Copyright 2021,
American Chemical Society.

necessary, still limiting the applicability of the model for
high-throughput calculation.

Another approach for calculating thermodynamic properties
of HEAs has been reported by Witman et al.*>” In this work, the
authors used a machine/statistical learning (ML) model to
screen the hydride stability of many HEA compositions rapidly.
With this model, promising compositions could be down-
selected for laboratory validation based on targeted thermo-
dynamic properties. A notable hydride destabilization has been
reported via using the model for compositional tuning (70
times increase in the equilibrium pressure compared to the
benchmark TiVZrNbHfHx HEA hydride) as shown in Fig. 7a.
The authors have shown that the method was successful in
predicting the destabilization trend in In(P%y/P,) observed
experimentally (see Fig. 7b top). Moreover, properties, such as
AH and AS, could also be predicted (Fig. 7b center and bottom,
respectively), although it is clear that further improvements are
necessary, especially in the calculation of AS. It has been
indicated that such improvement could come from the utiliza-
tion of more sophisticated ML methods that take into account
specific crystallographic information, relaxation of the
assumed temperature independence of AS, and the acquisition
of more experimental training data. The authors emphasized
that better accuracy of the model is expected when more
experimental training data become available.

As stated before, the thermodynamic properties of the alloys
are composition-dependent, and the vast compositional space
of HEA can be explored to design new alloys with tunable
properties, i.e., different plateau pressures and H capacities.
In addition to the vast compositional space of HEAs, the
experimental determination of PCT diagrams is highly time-
consuming. Therefore, to be able to efficiently explore a huge
number of alloys in terms of their H storage properties, it is
paramount to have computational tools to model or predict the
thermodynamic properties (P.q, AG, AH, and AS) of the differ-
ent phases that can be formed in a system as a function of the

Energy Environ. Sci., 2021, 14, 5191-5227 | 5201


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee01543e

Open Access Article. Published on 02 September 2021. Downloaded on 4/11/2026 5:24:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

alloy composition as well as the H content. Empirical
approaches to determine the enthalpy of formation of multi-
principal element hydrides using the enthalpies of H solution
in the pure elements and the enthalpies of formation of binary
hydrides have been used as a guide to design alloys for H
storage since the early 1980s.”*%® Nowadays, the combination
of modern computational thermodynamic and machine/statis-
tics learning methods is probably the most appealing way to
rapidly explore the thermodynamic properties of a large num-
ber of alloys. The models discussed in this work (the thermo-
dynamic model proposed by Zepon et al.’® and the ML model
proposed by Witman et al’’) indicate the potential of this
approach (even though further improvements are necessary).
ML methods are powerful tools to calculate materials proper-
ties and establish relation among them in a big range of
compositions. However, they need reliable and extensive
enough database to work successfully.”” In this context, ther-
modynamic methods could be of great contribution to provide
the reliable data that ML methods need. Furthermore, DFT
has already been used to determine the enthalpy of formation
of single and multi-principal element hydrides through total
energy calculations."®**~°° Phonon calculations can be used to
estimate the temperature dependence of the Gibbs free energy
of different phases as a function of composition.***%~°° ML has
been used to predict the thermodynamic properties of metal
hydrides.”" Although there are still few works that use one or
more of these techniques, we suggest that the future of HEA
design for hydrogen storage will rely on assessing the thermo-
dynamic properties of different systems through computational
methods, which will considerably reduce the number of experi-
ments needed.

Synthesis and processing methods

Most of the HEAs investigated for hydrogen storage are synthe-
sized by arc melting and HEBM (as can be seen in Fig. 8).
Moreover, in several other reports LENS,''*'* guction
casting,””*” melt spinning,®>*® and HPT**?*?” have been
reported as used synthesis and processing methods.

Arc melting is an efficient technique in which solid materi-
als are heated via an arc plasma created between an electrode
and the crucible. In this process, materials can be rapidly
heated up to their melting point and then cooled down to
room temperature in a short time.”* This process is commonly
conducted in a vacuum or controlled atmosphere that
guarantees the synthesis of desired compositions with low
contaminants.”® These aspects combined with this method’s
straightforwardness may be why the hydrogen storage commu-
nity has been majorly opting for this synthesis method. Another
aspect is that the as-cast structures produced after arc melting
reduce the potential difficulties involved in the challenging
structural characterization of HEAs since the structures present
fewer defects. In general, this could be attributed to different
processes that involve melting and solidification compared to
processes based on deformation as ball milling, for instance.
However, one aspect to consider is that the structures obtained
should be carefully evaluated in terms of being the equilibrium

5202 | Energy Environ. Sci., 2021, 14, 5191-5227

View Article Online

Energy & Environmental Science

)]
o
1

A
o
L

Frequency (%)

Fig. 8 Frequency of reference of each synthesis and processing method
in the HEAs for hydrogen storage literature.

ones, especially when assessing the compositional design
method employed is under consideration. As cast structures
are usually not the equilibrium ones, and even with following
heat treatments after synthesis (with different temperatures
and long time), it is not trivial to assure that the equilibrium is
reached.”® However, some procedures can be used to test the
stability of the structures synthesized and allow the system to
approach the equilibrium. One is to anneal the material at high
temperatures near the melting point and for a long time so that
sufficient energy and time are available for solid-state diffusion.
The system can also approach the equilibrium state by thermo-
mechanical processes, such as hot rolling, so that the diffusion
constants across the grain boundaries come into play, allowing
a faster approximation to the equilibrium. Subsequently, the
materials have to be experimentally investigated using spatially
resolved elemental analysis for concentration gradients and
segregates.’®

Regarding materials for hydrogen storage, the presence of
non-equilibrium structures can limit their applicability since
the structure can change during application (e.g., segregation of
elements, phase transition), and this can modify the hydrogen
storage properties, like the storage capacity, equilibrium pres-
sure, and kinetics. It does not mean that metastable phases
(they are stable under certain conditions, but they are not the
equilibrium phases) cannot be promising for hydrogen storage,
but it is required that the stability of such phases have to be
checked under the conditions that the material will be used.

HEBM is a non-equilibrium process that has been used to
synthesize different kinds of alloys with refined microstructure
(both non-equilibrium and equilibrium phases have been
reported after HEBM synthesis). A distinction between mechan-
ical alloying and reactive milling is made in the literature. The
first one is a synthesis method where powders of pure elements
or pre-alloyed materials are milled under an inert atmosphere.
The final product is formed due to repeated cold welding,
fracturing, and rewelding.”” The other one, reactive milling, is

This journal is © The Royal Society of Chemistry 2021
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a milling process in a reactive milling environment (for
instance, milling under H,). In this process, besides the alloy-
ing of the starting materials, reactions with reactive atmo-
sphere result in products that are the outcome of both
phenomena.”” The hydrogen storage community has used
HEBM mainly to synthesize systems containing light elements,
especially Mg.'>?*>?%3%35737 There is no melting process in
HEBM,; besides, it is suggested that it expands the solubility
ranges of the systems, favoring the formation of extended solid
solutions.”” Another promising aspect of milling processes is
that they can produce refined microstructures (even down to
the nanometer scale), improving the hydrogen storage proper-
ties of the materials.*>®” Despite the advantages, the milling
processes may introduce new challenges in the characterization
of the synthesized structures due to the creation of various
defects.”®*”°7 Furthermore, reproducibility constraints are
typical to these processes as the protocols are limited to a set
of materials, equipment, and conditions. Besides this, contam-
ination from abrasion of the milling tools and vial is also a
concern.’”

The synthesis and processing methods play an essential role
in the investigations and development of new materials, espe-
cially in alloys, that can present polymorphism. Moreover, the
microstructures can be refined to improve the hydrogen storage
properties via processing.

As mentioned before, combinatorial method processes may
be a promising synthesis and processing route for rapid inves-
tigation of new alloy compositions for hydrogen storage. With
these processes, portions of alloy’s compositional field can be
investigated via synthesis and subsequent characterization of
many alloy compositions simultaneously.>® Among the techni-
ques of combinatorial processes,” combinatorial thin-film
materials libraries®®®® could be a good strategy for the fast
identification of potential alloy compositions for hydrogen
storage.

BCC HEAs

Metals and alloys with BCC structure have been considered for
decades as potential hydrogen storage materials due to the high
hydrogen-to-metal ratio (up to H/M = 2). Because of the
relatively low molar weight (compared to rare-earth-based
compounds), transition-metal-based alloys can absorb gravime-
trically large amounts of hydrogen. For example, refractory BCC
metals like V absorb up to 4 wt% of H,.'°® Conventional BCC
alloys are mainly based on early 3d transition elements such as
Ti, V, Cr, or Fe."®! It has been shown that the hydrogen storage
properties vary greatly depending on the chemical composition
of the BCC alloy. For example, the hydrogen storage capacity of
3.67 wt% of H, and 2.75 wt% of H, were reached by V-rich and
Ti-rich BCC alloys, respectively, in the ternary V-Ti-H
system.'??

Recently, it has been suggested that HEAs could show
promising hydrogen storage properties as they crystallize in
BCC structure. Up to now, the hydrogenation/dehydrogenation

This journal is © The Royal Society of Chemistry 2021
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properties of dozens of HEAs with different chemical compositions
have been studied. The composition of these alloys varies from
pure A elements (i.e., elements with high affinity with hydrogen) to
materials composed of only B elements (ie., elements with low
affinity with hydrogen). As shown in Fig. 9, most of these alloys are
synthesized from 3d and 4d transition metals. The most frequently
used elements have been Ti, V, and Zr, which were used in at least
80% of reported HEAs. It should be mentioned that there are a
couple of BCC alloys composed mainly of A elements that have
been studied in more detail: TiZrNbTa,?**”'%® TivZzrNb,>'>*32 and
TiVZerNb.13’16'23’24'32’104

In the following sections, the aspects related to BCC HEAs
for hydrogen storage are discussed considering the alloys
reported to date. The summarized features and properties of
each of these alloys are shown in Table 1.

Design and synthesis of BCC HEAs

In the last years, many different strategies have been proposed
to design and evaluate HEAs with BCC structure for hydrogen
storage. For example, Zlotea et al”® explored the effect of
complete substitution of V by Ta on the hydrogen storage
properties in the TiVZrNbHf HEA. Surprisingly, the authors
have found that the hydrogenated V-free HEA behaves as pure
hydrogenated V metal and follows the same phase transforma-
tion during hydrogenation. Furthermore, a series of papers
investigating the hydrogen storage behavior of BCC HEAs have
been published.'*'®*!?*32 [n these papers, a correlation of
hydrogen storage properties of the alloys with parameters such
as VEC and ¢ has been proposed. The mentioned relations
motivated further investigations. It should also be mentioned
that the CALPHAD method has been applied to design BCC
HEAs.”

In many of the papers reporting HEAs so far, the hydrogen
storage performances have been correlated with severe lattice
distortion caused by the atomic size mismatch of the elements.
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0 (atomic size mismatch) is the proposed parameter represent-
ing the lattice strain or lattice distortion. X-Ray and neutron
total scattering measurements combined with Reverse Monte
Carlo structure modeling have shown that larger ¢ in the Ti-V-
Zr-Nb-Hf system corresponds to a higher level of local
distortion.”® Nygard et al>' have studied a series of HEA
compositions to correlate the degree of the local lattice strain
with the H/M ratio, but no correlation has been found. More-
over, the same group have shown that the HEA lattice is less
prone to strain when smaller elements are embedded in the
matrix composed of larger atoms. Therefore, these authors
have stated that ¢ can be misleading in evaluating the local
lattice distortion.*® Notwithstanding, as was suggested by Zlo-
tea et al.,” larger § can stabilize a one-phase transformation
process during the hydrogenation of BCC HEAs. As presented,
no clear overall mechanism has been proposed to link ¢ with
lattice distortion and hydrogen storage behavior, which
indicates that more investigations are needed to clarify the
usability of ¢ in designing BCC HEA for hydrogen storage.

The other parameter that has been proposed to describe or
predict hydrogen storage properties of BCC HEAs is VEC. It has
been shown that the volumetric lattice expansion per atom of
hydrogen during hydrogenation increases in a linear function
with the increase of VEC (for BCC and HCP structures). More-
over, the larger VEC, the lower is the hydride decomposition
onset temperature, and thus the lower thermal stability of the
hydride phase.*” The study of Nygard et al>* has shown that
this effect is also present at the local level. Their study demon-
strated that the fraction of occupied interstitial sites with
specific nearest-neighbor environments (in the Reverse Monte
Carlo structure model of TiVNbDs,) is reduced when the
average VEC of the nearest neighbors increases. Moreover,
the modeling showed that the size of the tetrahedral interstices
does not influence these sites’ stability concerning deuterium
occupation. It suggests that the stability of the tetrahedral
interstices concerning deuterium occupation are directly corre-
lated to the average VEC of the four coordinating metal atoms.
Thus, it means that hydrogen is desorbed first from the
interstitial sites surrounded by atoms with higher VEC. More-
over, a larger fraction of the interstitial sites are occupied by
hydrogen atoms when the VEC of the nearest neighbors is lower
(at the local level). It could indicate that lower VEC promotes
increased storage capacity. However, in this case, the hydrides’
stability is also high, limiting the reversible storage capacity.
VEC should be then finely tuned to obtain a good balance
between maximum storage capacity and reversible capacity.

It has been suggested that the reversible hydrogen storage
capacity can be increased due to destabilization of the hydride
phase by fine-tuning the HEA composition.*® In effect,
desorption of hydrogen can start at room temperature when
VEC is greater than 6.4.>* However, considering the reported
results, one should keep in mind that the increase of VEC that
causes the decrease of hydride phase stability at the same time
can reduce the reversible hydrogen storage capacity due to a
limitation in the formation of the fully hydrogenated phase
(dihydride).
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The correlation of VEC with hydrogen storage performance
has been further studied by Silva et al.,”> who showed that three
Ti-V-Nb-based alloys with the same VEC (4.87) are character-
ized by similar hydrogen storage capacity and hydrogenation
kinetics. Moreover, the authors proposed that VEC can also
determine the enthalpy and entropy of hydride formation.
However, this has not been confirmed elsewhere yet. The so
far published studies indicated that VEC might be an important
parameter in BCC HEAs for hydrogen storage and should be
taken into account while designing new alloys.

The vast majority of HEAs with BCC structure studied so far
have been synthesized by arc melting method (excluding the
lightweight alloys described in another section of this review).
In few cases, the arc melting has been followed by annealing,
suction casting, or ball milling.'®'??%?71%1 A5 an example, the
(VFe)so(TiCrCo),40_xZr, (0 < x < 2) alloys have been produced
by arc melting under Ar atmosphere followed by annealing at
1673 K for 30 min.'®* Moreover, one of the studies presented
results for ball-milled HEA (both in Ar and H, atmosphere).”” In
another study, Kunce et al.'? used LENS to synthesize the
TiZrNbMoV alloy. Different laser energies have been tested in
this work, and the respective influence on the microstructure
and corresponding hydrogen storage properties was investi-
gated. The authors pointed out that the synthesis methodology
still needs to be optimized since the flow of the used powders
varies with the morphology of the particles. Thus the obtained
chemical composition differs from the nominal content. More-
over, the full interfusion of all elements is possible when high
laser power (1000 W) with the repeated melting process is used.

Structure and microstructure of BCC HEAs

The studies described in this section aimed to obtain a single-
phase HEA with BCC disordered solid solution. HEAs’ structure
and chemical composition have been usually evaluated by X-ray
diffraction (XRD), selected area electron diffraction (SAED), and
Energy Dispersive X-Ray Spectroscopy (EDS). Moreover, the
average and local structure of HEAs have also been studied by
total scattering measurements and Reverse Monte Carlo struc-
ture modeling.>® As is summarized in Table 1, most of the
investigated alloys crystallized in the desired BCC single-phase
(the XRD of BCC structure is presented in Fig. 10a). However, in
several studies, minor phases or precipitates have also been
found.”>'*" For example, (VFe)eo(TiCrCo)s0_,Zr, (0 < x < 2)
alloys are composed of the main BCC phase with minor C14-
Laves, and Zr-based FCC phases.'”" The investigations of the
phase and chemical compositions have shown that the occur-
rence and abundance of minor phases depend on the chemical
composition of the HEA. Nevertheless, it is worth paying
attention that the reports on phase formation and stability in
HEAs are usually based on as-synthesized structures, which are
usually not stable ones in the thermodynamic equilibrium.*®>*
Thus, this should be considered when evaluating these alloys’
phase formation and stability. For example, Shen et al.,'®® who
studied the TiZrHfMoND alloy, expected the formation of HEA
with HCP structure as Ti, Zr, and Hf crystallize in HCP
structure. However, as the XRD and SAED results have shown,
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Fig. 10 XRD pattern of as-cast Tip30Vo.25Zro10Nbo2sTagio alloy and related Rietveld refinement analysis (a);

);3t ex situ neutron diffraction of

Tio.30V0.25Zr010Nbo 25Tap 1002 and related Rietveld refinement analysis (b);** hydrogen absorption in unactivated and activated TiZrNbTa alloy in a
function of temperature (heating rate 3 K min~?) (c);?° kinetics of hydrogen absorption of unactivated and activated TiZrNbTa alloy obtained at different
temperatures (0.2 MPa H,) (d);?° kinetics of hydrogen absorption in Tig30Vo25Zf0.10Nbo2sTago alloy (373 K, 3.3 MPa H,) (e);® PCT of

Tio.30V025Zr010Nbg 25Tag 10 alloy obtained at 298 K (f);*

hydrogen absorption capacity of Tig30Vo.25Zr010Nbg25Tag10 Upon hydrogen absorption/

desorption cycling (g).>! Reprinted (adapted or reprinted in part) with permission.2® Copyright 2018, Elsevier B.V. Reprinted (adapted or reprinted in part)

with permission.*! Copyright 2020, Elsevier B.V.

the equiatomic alloy composed of Ti, Zr, Hf, Mo, and Nb
resulted in the formation of a BCC structure. In another study,
Kunce et al.’* have shown that even though the LENS process
used led to inhomogeneities in the composition, an increased
laser fluence (1 kW) and threefold remelting led to the for-
mation of a major BCC structure with a residual Zr- and Ti-rich
phase. These reports illustrate how the synthesis and proces-
sing methods affect the final structures and microstructures of
the alloys, which should be taken into account to synthesize
stable BCC phases.

Scanning electron microscopy (SEM) with EDS has been
used to evaluate the microstructure and homogeneity of HEAs
with BCC structure. In most studies, the EDS shows the
formation of HEAs with a chemical composition close to the
targeted one.'®?”7>1% Moreover, the EDS mapping commonly
suggests a uniform distribution of all elements in the HEA
particles at the micrometer level. The homogeneity of the
single-phase TiVZrNbHf HEA has been confirmed indepen-
dently in two papers, with the presence of ~50 pm sized
grains.'*'®

The more detailed studies of arc melted HEAs with BCC
structure have revealed a dendritic microstructure in many
alloys.>%*H?7,7:103,104 "The SEM images combined with EDS
analysis of non-equimolar Ti-V-Nb-based and equimolar
TiVZrHIND alloys revealed a gradient of chemical composition

This journal is © The Royal Society of Chemistry 2021

between dendritic and interdendritic regions.”>'** Zhang et al.

have shown that TiZrNbTa HEA has a dendritic microstructure
with a higher concentration of Ta in the dendrites and Ti, Zr,
and Nb in the interdendritic sites.>*'°®* A comparable dendritic
structure has been found by Nygard et al.>' in their systematic
study of Ti-V-Zr-Nb-Ta-based HEAs with various degrees of
local lattice strain. The study revealed that the microstructure
of the as-cast alloys became less dendritic with increasing Zr/M
ratio in TiVZr,NbTa; , and TiVZr;.,Nb alloys. The dendritic
microstructure has also been noticed for HEA synthesized by
LENS.'” The TiZrNbMoV alloy was enriched in Nb and Mo in
the dendritic region, while the interdendritic region displayed a
large amount of Ti, V, and Zr."?

Until now, the microstructure of hydrogenated BCC HEAs
has not been studied in detail. The SEM analysis is mainly
applied when X-ray diffraction studies show separation or
segregation processes after the hydrogen absorption/
desorption.”>'% One of the very few studies has shown (by
SEM micrographs) that the hydrogen absorption in TiZrNbTa
alloy causes the nanoscale precipitation that forms a lamellar-
like microstructure with spinodal-like morphology.”>'%* The
study clarified that hydrogen rather than the aging process
induced nanoscale phase separation.>>'®® The lamellar struc-
ture was further replaced by a spherical shape after hydrogen
desorption at 1123 K.**'% The size of crystallites for the
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TiZrNbTa HEA was revealed in another study and was between
10 and 30 nm.>”'®* In another work, Sleiman et al'® have
shown that after hydrogenation of TiVZrHfND alloy, a region of
the alloy was found in the amorphous state. An amorphous
state seems to result from the small particle size and the
applied hydrogenation temperature. It should be noted that
Zlotea et al.”> proposed the HEA with TiZrNbHfTa composition
to check if the obtained BCC alloy would segregate under
hydrogenation. The separation process was expected as all
these respective elements form stable dihydride phases with
FCC structure. However, no segregation has been observed
during hydrogen absorption at 573 K under 5 MPa H,, and a
single-phase hydride with FCC structure has been formed.

Hydrogen storage behavior of BCC HEAs

BCC high entropy alloys belong to the most widely studied
materials of the HEA class in terms of their chemical composi-
tion and hydrogen storage properties, as it is summarized in
Table 1. Depending on the chemical composition and applied
temperatures, the range of possible gravimetric storage capa-
cities varies from 0.59 wt% to 3.5 wt% H,. For most alloys,
hydrogen-to-metal ratios have been reported close to 2. How-
ever, there are exceptions, such as the TiVCrNbMo and
TiVCrMo alloys, which achieved H/M ratios of 1.3 and 0.75,
respectively.

One of the important functional aspects of HEAs for hydro-
gen storage is the activation property of the alloys, which is
usually related to the material surface area, number of grain
boundaries, and surface oxidation state. In most cases, the
activation process consists of initial hydrogenation followed by
degassing at elevated temperatures under a dynamic
21,23,31,32 por example, Ek et al.,** who studied the arc
melted Ti-V-Zr-Nb-Hf system (with ternary, quaternary and
quinary compositions), activated most of the materials at 613 K
for 3 h under a dynamic vacuum. However, due to very slow
absorption kinetics, some of these alloys required elevated
degassing temperature (773 K). Sleiman et al.'®* studied the
effect of the particle size, hydrogenation temperature, and
hydrogenation pressure on the activation process of the
TiVZrHIND alloy. This study revealed that the activation proper-
ties depend on the particle’s size. The reduction of particle size
fastens the absorption kinetics and reduces the incubation
time. However, at the same time, it negatively affects the
maximum hydrogen storage capacity. Similar behavior has
been observed by Kunce et al.,"> who observed a reduction of
hydrogen storage capacity of TiZrNbMoV alloy from 2.3 wt% to
1.78 wt% of H, after activation at 673 K. As was suggested, the
reduction of hydrogen uptake is related to the increase of
surface/bulk ratio.'**

The activation of TiZrNbTa has been studied in detail by
Zhang et al.*° The studies of hydrogen absorption temperature
have shown that the activation process (based on the initial
hydrogenation at 0.03 MPa H, at 1073 K followed by desorption
under vacuum at 1123 K) decreases the hydrogen absorption
temperature from 715 K (for inactive material) to 300 K - see
Fig. 10c. Moreover, the activation process also promoted

vacuum.
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hydrogenation’s kinetics (Fig. 10d). As X-ray photoelectron
spectroscopy (XPS) studies have shown, the activation process
causes reduction of the oxides on the HEA surface, firstly to
sub-oxides and then to sub-hydroxides. It is noteworthy that
this two-step process is unusual for pure metals. The concen-
tration of sub-oxides decreases while sub-hydroxides increases
with the cyclic hydrogenation/dehydrogenation process. The
authors connected the two-step activation process with the
particular interaction among elements incorporated in the
HEA. Moreover, the researchers stated that sub-hydroxides
rather than sub-oxides are essential to activating the discussed
HEA. The proposed rationale is that the H atoms can diffuse
through the OH™ group in hydroxides and act as hydrogen
diffusion tunnels. Moreover, the mixture of different multi-
component sub-hydroxides on the surface can improve the
electron transfer between metal and hydrogen ions and gen-
erate more interfaces that can act as paths for hydrogen
diffusion.”

It has been shown elsewhere that the higher Zr-content in
(VFe)eo(TiCrCo)yo_xZr, alloys reduces the hydrogenation incu-
bation time. However, it is important to note that the activation
of these materials was based only on 30 minutes of degassing of
the samples under vacuum at room temperature. It is possible
that with proper activation, the problem of incubation for alloys
with lower Zr content would disappear. Nevertheless, the
incubation time of Zr-free alloy was only 120 s, and taking into
account the simplicity of the proposed activation process, these
alloys are characterized by excellent activation properties."**

The properly-activated HEAs with BCC structure exhibit
good hydrogenation kinetics. Ek et al.,** who have studied a
series of ternary, quaternary and quinary alloys from Ti-V-Zr-
Nb-Hf system, have shown that most of the materials absorb
hydrogen at room temperature within a few hours at 4 MPa of
hydrogen. They found out that the presence of V atoms is
significant for fast hydrogenation in this system. The deficiency
of V causes slower hydrogenation and higher temperatures
required for activation.

Sleiman et al.'® have shown that particle size should be
considered an essential factor affecting the hydrogenation
kinetics. The as-crushed TiVZrHfNb did not absorb hydrogen
at 373 K and 473 K even after incubation for 24 h. The alloy
started to absorb hydrogen when it was heated to 573 K and
673 K reaching 1.9 wt% H, within 100 minutes and 1.9 wt% H,
within 33 minutes, respectively. The sieving of particles to size
lower than 0.5 mm makes the alloy absorb hydrogen below
573 K. At 473 K it absorbs 2.2 wt% (2.0 H/M) with relatively fast
kinetics (after 27 h of incubation time).

Other studies have shown that almost full hydrogen storage
capacity can be reached even in a minute or second regime.
Silva et al.”*> have shown that Ti-V-Nb-based alloy can reach
the 2 H/M ratio (the equivalent of 3.1-3.2 wt% H,) in less
than one minute at room temperature. The arc melted
Tig.30V0.25Z110ND,5Tag 19 alloy also absorbs 2 H/M (the equiva-
lent of 2.5 wt% H,) within two minutes at 373 K under 3.3 MPa
of H,*" - see Fig. 10e. Furthermore, arc melted TiZrNbTa alloy
has reached an equilibrium state during hydrogenation under

This journal is © The Royal Society of Chemistry 2021
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0.2 MPa of hydrogen at 293 K within one minute after an
incubation time of 150 s. With the increase of temperature, the
hydrogenation time can be reduced to 20 s, while the incuba-
tion time can be shortened to 35 s. The fitting of kinetic
hydrogenation curves has indicated that this process follows
the Johnson-Mehl-Avrami equation, which means that the
hydrogen absorption in this particular HEA can be described
by the nucleation and growth mechanism.>’

Zhang et al.*® suggested that most of the large vacancy
clusters created during hydrogen absorption remain when the
hydrogen is desorbed from the structure. Their presence can
shorten the diffusion distance of H atoms and, therefore,
improve the absorption kinetics. Moreover, these clusters also
play an important role in the nucleation process in HEAs. This
behavior is different from the one known for ABs or AB, alloys,
and its presence could be explained by the random occupancy
of metal atoms in the HEA lattice.

Hydrogen-to-metal ratios higher than 2 have not yet been
reported for transition metal elements and alloys, although it is
considered that this value could be exceeded.'®” It has been
shown that this limit was surpassed in the work of Sahlberg
et al.® The hydrogen absorption measurement revealed an
extremely high H/M ratio of 2.5 (the equivalent of 2.7 wt% of
H,) upon hydrogenation at 573 K and 5.3 MPa. This high
capacity indicates that hydrogen atoms occupy not only all
tetrahedral sites but also some octahedral interstices in the
hydride structure (BCT). The corresponding PCT curve has one
pressure plateau at 0.01 MPa (H,) at 573 K, indicating a one-
step mechanism in the hydrogenation from BCC to a BCT
phase. It is also proposed that the atomic size mismatch of
elements forming TiVZrNbHf HEA facilitates significant hydro-
gen occupation at both sites: octahedral and tetrahedral. How-
ever, further studies on the same HEA composition could not
reproduce this large H/M ratio. For example, Ek et al.**> mea-
sured capacities close to H/M = 2, but no results were shown
where H/M of 2 was exceeded. Moreover, no trend has been
observed between atomic size mismatch and hydrogen storage
properties.

Further investigations by neutron diffraction of deuterated
samples have shown that deuterium can occupy both tetrahe-
dral and octahedral interstitial sites in the alloy structure. The
distribution of deuterium over the tetrahedral and octahedral
interstices has also been evaluated by Reverse Monte Carlo
structure modeling for TiVZrNbHf alloy. This study has shown
that deuterium tends to avoid occupation of smaller tetrahedral
volumes following the Westlake criterion (the interstitial
volume should be large enough to accommodate a sphere with
a radius of 0.4 A). Since in HEAs, some sites are smaller than
other ones (due to the atomic size mismatch), not all sites meet
this criterion. Therefore, it has been shown for this particular
HEA that some deuterium can occupy the octahedral sites in
place of tetrahedral. The presented distribution shows a partial
occupancy of octahedral sites (12%) together with a majority of
tetrahedral sites (94%).>*

The hydrogen occupancy in the structure of different HEAs
has also been studied by different groups. Using neutron

This journal is © The Royal Society of Chemistry 2021
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diffraction experiments on equimolar TiVZrNbHf, deuterium
was found to occupy both the tetrahedral and octahedral
interstitial sites (at a 53:47 proportion) at high temperature
and pressure (773 K, 5 MPa D,). In comparison, the ex situ
experiments at room temperature showed that the occupation
of the tetrahedral sites is preferential (92% tetrahedral
occupation, 5.2% octahedral).'® Similar findings were also
reported in the work of Ek et al.** The diffraction experiments
on deuterated TiVZrNbHf-based HEA indicated an increased
occupation of the tetrahedral interstices. These observations
suggest that the hydrogen occupancy is not limited to the
tetrahedral sites, which is also supported by combining theo-
retical models.

Interestingly, the Reverse Monte Carlo modeling has shown
for the not fully deuterated TiVCrNb that hydrogen atoms are
mobile between the available sites.>* On the other hand, in the
theoretical work of Hu et al.,"®® the absorption behavior of the
TiZrHfMoNb alloy was investigated using density functional
theory (DFT) calculation. The results indicate that the octahe-
dral sites in the BCC phase are first occupied at low hydrogen
concentrations. Above hydrogen content of 1.08 wt% H,, the
BCC structure converts to FCC, and from this point on, the
tetrahedral sites of the FCC phase are preferentially occupied.
These results are also in good agreement with the observations
of Ek et al.®* The diffraction experiments suggest that both
interstitials are initially occupied in the BCC phase, with a
slight preference toward the octahedral. At high deuterium
content, an FCC phase is formed, and the occupation of the
tetrahedral interstices dominates. Thus, this mechanism could
be attributed to HEAs upon hydrogenation, as it is shown for
TiVZrNbHT{, TiV, sZrNbHf, and TiVZrNb alloys absorbing hydro-
gen with one phase transformation.*?

Concerning the V-H system, which is of great interest for
technical applications due to its high gravimetric storage
capacity of ~4 wt% H, (H/M = 2) and the possibility of
hydrogenation at moderate temperatures and even at room
temperature. A disadvantage, however, is that the hydrogena-
tion of vanadium takes place in 2 stages (solid-solution
o-phase — f-phase (BCT) — y-phase (FCC)), represented by
two plateaus in pressure-composition-isotherms. For technical
applications, which usually operate at certain working pressure,
this could reduce the usable/storable hydrogen quantity by
half. Furthermore, for the V-H system, it was found that the
hydrogen preferentially occupies the tetrahedral sites in
FCC phase of V-H system, as in conventional BCC binary
alloys.'® 1t is where HEAs become very promising, as their
potential compositional diversity allows the respective proper-
ties to be fine-tuned and the two-stage absorption process to be
bypassed.'?'®?1723233132  Accordingly, the non-equimolar
Tio.30Vo0.25Z0.10Nbg 25Ta0 10 alloy studied by Montero et al*!
shows a single equilibrium pressure plateau below 0.1 MPa at
298 K - see Fig. 10f. The alloy initially present in the BCC
phase (see Fig. 10a) exhibits an FCC phase after hydrogenation
(see Fig. 10b), which can be identified as the dihydride
phase analogous to the fully hydrogenated V-H system. A
material with a gravimetric capacity of 2.2 wt% H,, decreased
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thermal stability concerning hydrogenation at room tempera-
ture, and increased cycle stability has been obtained.

On the other hand, some HEAs have also been studied,
which exhibit two-plateau isotherms. In equimolar Ti-Zr-Nb-
Hf-Ta alloy, the pressure-composition-temperature measure-
ments show two-plateau regions, which is characteristic for
conventional BCC alloys - with a first plateau corresponding to
the formation of a monohydride and the second plateau to the
conversion to the dihydride.”” In addition, the alloys reported by
Silva et al.”? ((TiVND)gsCrys; (TiVND)gs5C047; (TiVND)os,Nis ) also
presented a two-step hydrogenation process. These findings were
supported by X-ray diffraction experiments.”> Moreover, the hydro-
gen absorption properties of equimolar TiVCrNb alloy were reported,
and the PCT results revealed two plateaus upon hydrogenation and
deuteration at temperatures between 373 and 413 K. The arc-melted
TiVCrNDb shows a BCC structure that transforms to a BCT structure
when partially deuterated and to a CaF,-type structure (Fm3m) when
fully deuterated. These findings were in excellent agreement with the
reverse Monte Carlo modeling.>* However, considering both one-
step and two-step hydrogenation, a direct correlation between the
chemical nature of the reported HEAs and their hydrogenation-
uptake mechanism cannot yet be established. The only explanation
has been suggested by Zlotea et al.,"> who have proposed that the
character of the phase transition during hydrogenation results from
lattice distortion associated with an elemental mismatch in the
lattice. The authors proposed that larger d-values favor a one-step
reaction with hydrogen, while the smaller J-values favor a conven-
tional two-step BCC phase transition.

Furthermore, the question arises which symmetry, BCT or FCC,
can describe the dihydride phase and which parameters could be
correlated to the respective phase formation. In this regard, Ek
et al.*® pointed out that large amounts of Zr and Hf were respon-
sible for forming BCT hydrides rather than FCC. In contrast to the
elemental influence of Zr and Hf, this question was also addressed
by Nygard et al.,”® who discussed the impact of valence electron
concentration. As shown by the authors, HEAs with VEC below 4.4
follow a one-step hydrogen absorption mechanism with a phase
transformation from BCC to BCT phase (I4/mmm). With increasing
VEC (=>4.4), the created metal hydrides crystallize in an FCC phase
(Fm3m). Above 5.2, the BCC structure persists after hydrogenation,
and the resulted hydride presents a significantly reduced H/M of
1.3 (compared to those with H/M = 2). However, the studies
mentioned above did not clarify if the chemical composition of
the HEAs, regardless of VEC, was not the main reason for the
reported results.

This topic has been recently addressed by the work of Silva
et al.”* In their study, the HEAs with different alloying elements (Cr,
Ni, and Co) were designed to have the same VEC of 4.87. The
results did not show any significant differences in their hydrogena-
tion properties (the equilibrium plateau pressure, the H/M ratio,
the structure of the hydride phase), although the chemical compo-
sition of the alloys varied greatly. It suggests that the VEC may have
a crucial influence on the corresponding hydride structure whether
FCC or BCT is formed. Thus, the properties of solid-state hydrogen
storage materials with a BCC structure seem to be strongly
dependent on the VEC.
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The dehydrogenation process of hydrogenated BCC alloys
was investigated using various techniques (differential scan-
ning calorimetry (DSC), thermal gravimetry (TG), temperature
desorption spectroscopy (TDS), in situ XRD, and neutron dif-
fraction). High desorption temperatures (around 500 K or
higher) were reported for most studied BCC HEAs, indicating
the presence of stable hydride phases. For example, the hydro-
gen desorption measurements on TiVZrNbHf showed the
desorption onset temperature around 473 K, and the main
peak temperature around 673 K.'* In terms of reduced onset
temperature, a significantly better hydrogen desorption beha-
vior was found for Cr-, Co-, or Ni-containing Ti-V-Nb-based
alloys. The release of hydrogen from these alloys starts in the
range 324-409 K, depending on the chemical composition. The
reduced temperature can be attributed to the nature of the
elements added, as all three elements poorly form hydrides and
are considered B elements. Interestingly, the dehydrogenation
onset temperature has been shifted to higher temperatures
upon cycling (by 75-120 K). The authors proposed the micro-
structural changes to explain the mentioned differences in the
desorption temperature.””

Another approach to destabilize the hydride phase was
proposed in Shen et al,>® where hydrogen storage properties
of Ti-Hf-Mo-Nb alloys were investigated. By replacing Nb with
Mo and increasing Mo content, the corresponding lattice para-
meter of the BCC phase and the thermal stability of the hydride
phase was decreased. These findings have been further evalu-
ated with theoretical calculations, and it has been proposed
that the absolute value of the hydride formation enthalpy
decrease with increasing Mo content. Thus, reduced strength
of hydrogen-alloy bonding should have reduced the thermal
stability. Another interesting finding has been described in the
work of Nygard et al.,>* who have shown that Ti-V-Nb-Zr-Ta-
based hydrides can be destabilized when the zirconium-to-
metal ratio is decreased.

The results of several studies have indicated that some alloys
exhibit a more complex hydrogen desorption mechanism.*'!>7>
The DSC/TG studies of Ti-V-Zr-Nb-Hf-based HEAs have indi-
cated a hydrogen desorption process following two events. The
authors have presented the dehydrogenation onset tempera-
tures in a function of VEC and found that the onset tempera-
ture of the first process is relatively stable and is in the range of
573-613 K. In contrast, the second event temperature decreases
linearly with increasing VEC. The desorption activation ener-
gies obtained from Kissinger plots did not show any systematic
correlations with VEC, yp, or 6.*> A very similar behavior in
terms of multistage desorption has also been found by Nygard
et al.,”®* who have studied equimolar ternary, quaternary and
quinary alloys with different chemical compositions. However,
a clear interpretation of this phenomenon has not been
proposed yet. One possible explanation has been proposed by
Ek et al.,** who studied deuterated HEAs and have proposed
that the deuterium jumps from tetrahedral sites with high local
VEC to octahedral sites with low local VEC during the
desorption process causing multistage desorption process.
However, experimental evidence for this hypothesis is lacking.

This journal is © The Royal Society of Chemistry 2021
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Parallel to the hydrogen desorption mechanism, the phase
stability after dehydrogenation should also be considered, as it
is crucial for the technical use of the alloys as storage materials.
For example, hydrogen desorption in TiVZrNbHf-alloy led to
the separation of the previously obtained BCC phase into two
BCC phases."® Further studies by Nygard et al.>* showed that
this separation could be related to the strain in the HEA
structure. The researchers assumed that hydrogen absorption
relieves some of the strain caused by the different atom sizes.
Thus, when hydrogen is desorbed from the metal hydride, the
strain increases, and the phase separation might be energeti-
cally favored. In addition, the results suggest that metal
hydrides formed by Zr- and Hf-containing HEAs have presented
phase separation upon the dehydrogenation process.”* It was
also investigated in detail in another work. When HEAs with
different zirconium content were examined, phase separation
was observed after an absorption/desorption cycle for the
samples with zirconium to a metal ratio greater than 0.125.
To check the phase stability upon heat treatment, annealing for
24 h in Ar at 1473 K was applied, which did not result in phase
separation. It indicates that the observed phase separation was
induced by the desorption of hydrogen accommodated in the
structure and not by the high temperature.”*

The studies of the (VFe)eo(TiCrCo)yo_,Zr, alloys have also
demonstrated that zirconium plays an essential role in hydro-
gen storage properties. The alloys absorb around 3.5 wt% of H,
at room temperature while 1.88-2.1 wt% H, is reversible. The
hydrogen absorption/desorption properties have depended on
the phase composition, and it has been shown that the rever-
sible capacity is reduced with greater Zr content. Moreover, the
reversible capacity of (VFe)eo(TiCrCo)yo_yZr, was reduced by
4.5-10.9% upon cycling. Furthermore, it was observed that the
cycling also caused the reduction of hydrogen desorption
plateau pressure. The authors proposed the accumulation of
micro-strains as a reason for the deterioration of reversible
hydrogen storage capacity.'**

The cycling behavior of HfNbTiVZr has been extensively
studied by in situ XRD experiments. The alloy has been system-
atically tested at different temperatures (573, 673, 773, and
873 K) by alternately applying vacuum during desorption and
10 MPa of hydrogen during absorption processes. The results
have shown that the material absorbs hydrogen around 550 K
(indicated by phase transformation from BCC to distorted
FCC), but the hydride phase remained stable once the vacuum
was applied at 573 K. On the other hand, by exposing the
hydride phase to vacuum at 673 K, a decrease of the unit cell
volume of the distorted FCC structure has been observed. By
applying alternating conditions (10 MPa or vacuum at 673 K),
the materials response can be considered as “respiration” of
the material associated with absorption and desorption of
hydrogen (correlates with H/M 0.3). If we consider that the
fully hydrogenated material shows 1.91 H/M and remains
1.6 H/M under vacuum conditions, it becomes evident that
the applied conditions are not sufficient to cause complete
desorption. Only cycling at 773 K has caused a reversible phase
transformation between BCC (alloy phase) and distorted FCC
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(hydride phase). After the first cycle, however, the unit cell of
the BCC phase remained slightly expanded, for which the
authors suggest that either residual hydrogen in the structure
or activation of the material may be the causes. These studies
illustrate very well that conditions such as temperature and
pressure should be chosen carefully when studying the cycling
properties of HEAs (to allow complete absorption and
desorption of hydrogen)."®

The slight decrease in the hydrogen storage capacity during
the cycling of Ti-V-Nb-based alloys was justified by the increase
of defect number (dislocation and grain boundaries), known to
diminish the hydrogen storage uptake of metal hydrides. How-
ever, the capacity stabilizes after a few cycles, and the level of
88-90% of initial hydrogen storage capacity is retained.”
Another group has also found decay of the maximum hydrogen
capacity with the cycling of Tij 30V¢.25Zr0.10Nbg 25Ta0.10 HEA —
see Fig. 10g. In this case, the material retained the capacity at a
level of 86% of the maximum hydrogen capacity after 20 cycles
of hydrogen absorption/desorption. As was shown by SEM
images, the deterioration of the capacity did not originate from
the phase segregation process. Ultimately, a loss of crystallinity
(demonstrated by XRD measurements) was given to reduce
hydrogen storage capacity.’’ The loss of crystallinity upon
cycling has also been observed for Ti-V-Nb-based alloys.””

Zhang et al® investigated the cycling properties of
TiZrNbTa-alloy and demonstrated that the hydrogen storage
capacity is reduced from 1.6 wt% of H, to 1.38 wt% of H, upon
ten cycles. The subsequent SEM images showed a steadily
increasing pulverization of the initial particles during cycling,
associated with increased defect density due to newly formed
grain boundaries. Thus, the results have shown that the capa-
city decreases, and the incubation time was initially reduced
after the first five cycles. Interestingly, however, the incubation
time increases again after six cycles, although the particles have
been further reduced in size compared to the size measured at
the beginning of the study.

Perspectives of BCC HEAs

Considering the research to date, BCC HEAs are promising
materials in terms of their hydrogen storage performance. The
high hydrogen-to-metal ratio (H/M) of 2.5 reported by Sahlberg
et al."® attracted the attention of the hydrogen storage commu-
nity. It indicated that HEAs could have superior storage capa-
city exceeding the hydrogen storage capacity of transition
metals and conventional BCC alloys. However, the lack of
reports of this phenomenon in other HEA systems indicates
that this aspect should be more investigated to consider it a
promising feature of HEA compositions. Nevertheless, the
reported studies of BCC HEAs have indicated that the hydrogen
storage performance of these alloys can be greatly tuned by the
chemical composition, resulting in a broad group of materials
capable of absorbing hydrogen reversibly both at room and
elevated temperatures (see Table 1). Considering the high
hydrogen storage capacity (with H/M up to 2) and the vastness
of compositions in HEAs, it can reasonably be expected that
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BCC HEAs may provide a great opportunity for the development
of promising materials for hydrogen storage.

Two promising systems can be highlighted among the alloys
studied so far, which form hydrides at room temperature, like
the V-H system. The Tig 325V0.275Z0.125Nbg 275 alloy and the
alloys of the TiVCrNb system have shown a reversible storage
capacity of 2 wt% of H, over several cycles.”>>* Moreover, the
Tio.325Vo0.275Z10.125Nbo 275 alloy has been characterized by a
single-step transformation during hydrogenation so that the
maximum usable hydrogen content is not limited by certain
working pressure (considering low-pressure applications, ie.,
0.1-10 MPa), as it is in the V-H system.

Based on the data presented in Table 1, it can be concluded
that the majority of the BCC HEAs have been synthesized
by arc melting. However, a few reports indicate that other
synthesis and processing methods, such as reactive ball
milling, can improve hydrogen storage properties.”> There-
fore, further studies on the influence of the synthesis and
processing methods on hydrogen storage properties of BCC
HEAs are necessary. For example, it is known that by proces-
sing, the microstructure of the alloys can be modified and
homogenized (removing the dendrites and compositional
gradients),”® which might positively affect the hydrogen sto-
rage performance of the alloy.

Little attention has also been paid to the more complex
desorption behavior of these alloys. Although many studies
reported rapid absorption kinetics, systematic investigation of
desorption kinetics is missing. Further studies in this area
could contribute to a better understanding of hydrogen
desorption from HEAs. Therefore, with the current knowledge,
compositions of HEAs could be fine-tuned, and new methods to
destabilize the hydride phase could be developed to adjust the
decomposition temperatures to the ranges required by different
applications.

Moreover, regarding the different mechanisms of HEAs
hydrogenation, namely one-stage or two-stage mechanism (or
hydrogenation with one or two equilibrium pressures), more
systematic studies are necessary since no direct tendency
emerges from the work reported so far. It is also worth
mentioning the importance of VEC since it has been reported
that this parameter has a decisive influence on segregation
effects and the decomposition temperature. Therefore, the
combination of experimental data and modeling of the respec-
tive alloys may be very informative to obtain new insights into
the observed phenomena and tendencies.

It is well known that conventional BCCs have a great
potential for hydrogen storage. BCC HEAs offer more possibi-
lities for developing promising materials for storing hydrogen
due to the vastness of compositions. It is expected that the
synthesis of BCC HEAs that store hydrogen reversibly will be
significantly facilitated due to the compositional design meth-
ods’ development. However, the interaction of hydrogen with
the hosting alloy structure (at local and bulk level) and the
subsequent hydrogen storage properties (i.e., kinetics, cycling,
activation) must be further clarified so that the properties of the
promising alloys can be enhanced.
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Lightweight HEAs

Lightweight solids are considered materials that can reach the
United States Department of Energy (DOE) targets for hydrogen
storage materials for on-board applications (ultimate system
target 6.5 wt% H,).''° Therefore, to date, many research groups
have extensively studied lightweight materials such as metal-
organic frameworks,""" carbon materials,"** and lightweight
metal hydrides.” One of the most promising materials is Mg
since it is relatively cheap, light, highly abundant, easy to
process, and above all, capable of absorbing hydrogen up to
7.6 wt% H,. However, the use of Mg for hydrogen storage is
restrained because of sluggish hydrogenation/dehydrogenation
kinetics, and high temperatures required for hydrogen
desorption.'*? For this reason, the search for suitable light-
weight hydrogen storage material is still ongoing.

Since Sahlberg et al.'® suggested that HEAs are capable of
storing more than two hydrogen atoms over metal atoms
(H/M = 2), one of the new ideas for lightweight hydrogen
storage materials is to investigate the concept of HEAs consist-
ing partly of light elements incorporated in the solid solution
phase. In this way, a high H/M ratio could be kept while the
molar mass would be reduced, thereby increasing the gravi-
metric capacity of the HEA.

Lightweight HEAs have already been studied to evaluate their
mechanical properties."™*™"* For example, Al,LioMg;ScsoTis0
(32.59 g mol *, 2.67 g cm ™) with FCC structure has been obtained
through the mechanical alloying of elemental powders.'** The alloy
was characterized by very high mechanical hardness - 5.8 GPa
(measured with a Vickers indenter). Lightweight HEAs for hydrogen
storage have been considered those containing one or more light
elements such as Mg, Al, Li. So far, most of the studies on HEA for
hydrogen storage have been focused on the transition metals-based
alloys with heavy elements from 3d, 4d, and 5d transition groups.
As is presented in Fig. 9, the light elements such as Mg and Al have
so far been rarely used in HEA for hydrogen storage - in 6.3% and
3.2% alloys, respectively. Moreover, only seven reports have been
published, which indicates that this lightweight HEAs field is still
undeveloped.

In the following sections, lightweight HEAs for hydrogen
storage are discussed considering the studies reported to date.
The summarized features and properties of each of these alloys
are in Table 2.

Design and synthesis of lightweight HEAs

Up to date, a few lightweight HEAs have been investigated regard-
ing their hydrogen storage properties. Despite the small number of
tested systems, the studied alloys cover a very broad range of
compositions - from pure A (Mg 10Ti0.30Vo.25Z0.10NDg 25) through
A,B and AB, 5 to pure B alloys (AICrFeMnNiW). One of the proposed
strategies is to study the effect of lightweight elements (Mg) on
hydrogen storage properties of already known BCC HEA.*®
However, one challenging aspect of this approach is related
to the non-favorable enthalpy of mixing (AH,;) among the
elements. Taking Mg as an example, it presents positive AH,ix
with some transition metal elements (Mn, Cr, Ti, Nb, for

This journal is © The Royal Society of Chemistry 2021
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instance), which indicates that the solubility of these elements
in a solid solution is limited, as indicated in ref. 28. Therefore,
the mixture of Mg with transition metals is not favored, usually
resulting in segregation and multiple phases formation.>®”
All of the already investigated lightweight HEAs have been
synthesized by ball milling techniques since the use of conven-
tional melting techniques is restrained by the low melting
temperature of magnesium (923 K), aluminum (933 K), and
lithium (453 K). The synthesis of alloys containing Mg by
melting processes poses an additional challenge due to the
high difference in vapor pressure between the elements (as for
Mg with transition metals).” Moreover, it has been shown that
ball milling is an effective synthesis method of supersaturated
solid solutions, and by being so, this method is especially
interesting when non-favorable AH,,;, is present.''® The reports
indicate that ball milling techniques are appropriate to synthe-
size a single-phase lightweight HEA under optimized milling
parameters and selected chemical compositions.'*3%%%3¢ [t
should be mentioned that in one of the published works,
toluene as a process control agent has been used to prevent
cold welding during the milling process.*® Moreover, to get
better activation properties of HEAs, the ball milling process
has been supported by high-pressure torsion processing.”

Structure and microstructure of lightweight HEAs

Lightweight HEAs for hydrogen storage have been synthesized
by ball milling in a protective argon atmosphere and reactive
ball milling under a hydrogen atmosphere. Usually, the milling
under Ar results in the formation of the solid solution phase
(mostly BCC),'*3°3%3¢ while milling under H, leads to the
formation of the hydride phase (mostly FCC)"?*° - see
Fig. 11a and b. However, it is also not uncommon that ball
milling of the desired HEA chemical composition ends with the
formation of a multiphase alloy.

In one of the first papers published in the field of light-
weight HEAs for hydrogen storage, Zepon et al.'® studied the
MgZrTiFe, 5C0, 5Nig 5 alloy (A;B composition) synthesized by
ball milling under inert (0.7 MPa Ar) and reactive (3 MPa H,)
atmospheres. The mechanical alloying in Ar resulted in form-
ing a BCC phase with minor unidentified phases. The replace-
ment of Ar by H, atmosphere resulted in the formation of the
FCC hydride phase. These structures were confirmed by X-ray
and electron diffraction techniques. Surprisingly, when the
same research group tried to synthesize the equimolar
MgVAICrNi via reactive ball milling (at 3 MPa H,), they obtained
BCC structure (instead of the expected FCC hydride phase).*® As
discussed by the mentioned authors, the reason for BCC
structure formation is related to the relatively positive enthalpy
of hydrogen solution of the selected chemical composition
(discussed in detail below). The same structure with a very
similar lattice parameter was also obtained when the same
mixture of elements was milled under Ar atmosphere.*® The
authors proposed two new non-equiatomic Mg-V-Al-Cr-Ni
HEAs. The selected approach was based on the assumption
that the increase of Mg and V concentration would decrease the
average molar mass compared to equiatomic MgVAICINi.

This journal is © The Royal Society of Chemistry 2021
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Moreover, the change of chemical composition was intended
to increase the lattice parameter and, in consequence, increase
the solubility of hydrogen into solid solution. However, the
synthesis of non-equimolar Mg-V-Al-Cr-Ni HEA by reactive
ball milling resulted in the formation of secondary BCC phases
and a small fraction of MgH, in addition to the main BCC
phase.*°

Dewangan et al.”” also used ball milling under Ar to obtain
HEA. X-Ray diffraction studies revealed major BCC and minor
FCC structures for AICrFeMnNiW HEA after milling for 20 h. In
another study, a single-phase BCC structure was obtained
through ball milling of Mgy 10Tio.30Vo.25Z%0.10ND 25 chemical
composition.* Interestingly, MgVAICINi HEA crystalizes as a
BCC single-phase, although the atomic size mismatch 6 (9.7%)
significantly exceeds 6.6% - the value proposed by Yang et al. as
a maximum for creating single-phase alloys.®> Moreover, a
value over 6.6% has been calculated for most of the studied
lightweight HEAs (see Table 2). It should be considered another
evidence of milling processes’ capacity to synthesize super-
saturated solid solutions. The BCC single phase has also been
found for MgAITiFeNi HEA milled in Ar.*® However, the same
chemical composition reactively milled under hydrogen pres-
sure (3 MPa H,) resulted in the formation of multiphase
material - with major BCC phase and two minor phases TiH,
and Mg,FeH,.*

In another work, MgTiNbCr, sMn, 55Niy 5 with a BCC struc-
ture was obtained by ball milling under Ar. However, Mg, Cr,
and Mn segregation was observed in this synthesis. When the
ball-milled alloy was subjected to heat treatment (623 K for
12 h), the segregation of mentioned elements from a BCC solid
solution intensified. Furthermore, the reactive ball milling
(3 MPa H,) of the composition mentioned above resulted in
the formation of FCC hydride structure and smaller fractions of
Cr and Mg,NiH, complex hydride.?®

De Marco et al.*” processed the reactively milled MgVTiCrFe
with high-pressure torsion (HPT). The HPT process resulted in
complete amorphization of the material. The hydrogenation
studies revealed that HPT could be considered a potential
processing method as the obtained alloy was characterized by
better hydrogen absorption kinetics than the not-processed
sample. However, it should be mentioned that the cyclic
hydrogen sorption and desorption in this alloy resulted in
material decomposition into less complex compounds (such
as TiFe, TiH, TiCr,).

Some of the advantages of mechanical alloying are chemical
composition control and nanostructure formation, which
favors the hydrogen sorption properties. SEM investigations
of reactively milled lightweight HEAs revealed that ball milling
techniques promote the formation of particles with 0.5-4 um
(MgVTiCrFe) and 0.5-15 pum (MgVAICINi) sizes.>**” Further
TEM studies showed that the particles are composed of nano-
crystallites with size dependent on the chemical composition
and vary from 3 to 50 nm.">?*3%%” The EDS measurements
performed on MgZrTiFe, 5C0¢ 5Nig 5, MgTiNbCr, sMny 55Nip 5,
MgVAICrNi, and MgVTiCrFe confirmed the homogeneous
atomic distribution over the entire materials and creation of

l'26
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HEAs with a chemical composition close to the designed

15,28,30,37
one. 7T

Hydrogen storage behavior of lightweight HEAs

Most of the lightweight HEAs tested so far can absorb hydrogen
only at elevated temperatures. Among the alloys studied,
MgTiNbCr, sMn, 55Niy s (milled under Ar) can absorb hydrogen
at 603-723 K, reaching around 0.8 H/M. However, the resulted
phase is still a BCC solid solution, and the complete formation
of just FCC hydride phase is possible only when reactive milling
under hydrogen atmosphere is applied.®

The unsatisfactory results of the hydrogenation measure-
ments performed on the equimolar and non-equimolar Mg-V-
Al-Cr-Ni HEA (not exceeding 0.15 H/M) prompted the group
led by Zepon to search for an explanation. The researchers
stated that besides the enthalpy of hydride formation, another
factor should be considered to predict hydrogen storage proper-
ties of HEAs - enthalpy of hydrogen solution of the alloying
elements (the calculated values are presented in Table 2).*°
Their considerations led to the conclusion that lightweight
HEAs are even more challenging to design and synthesize since
Mg has a very negative enthalpy of MH, formation and, at the
same time, very positive enthalpy of hydrogen solution.""’
Moreover, for Al, the enthalpy of hydrogen solution is also very
positive. Therefore, the diffusion of H atoms into the Mg-Al-
containing HEA structures might hardly be hampered.
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Much better hydrogen storage properties have been
observed for MgZrTiFe, sCog sNips BCC alloy characterized
by the overall negative enthalpy of hydrogen solution
(—14.4 kJ mol~* H). The material obtained through ball milling
under Ar atmosphere absorbs 1.2 wt% of hydrogen, equivalent
to 0.67 H/M (623 K, 2 MPa H,). The absorption process resulted
in the phase transformation to the FCC hydride phase, although
this transformation was not complete. The alloy has shown poor
kinetic properties under the given conditions, reaching 1 wt% of
hydrogen absorption within half an hour."

Recently, Mg 19Ti30V0.25Z0.10Nbg 25 has been studied by
Montero et al.*®> The hydrogen storage properties of this alloy
have been evaluated using Sieverts apparatus. This HEA
can extremely fast (in one minute) absorb 2.7 wt% of hydrogen
(1.72 H/M) at room temperature — see Fig. 11c. Moreover, the
hydrogenation occurs within one phase transformation (from
BCC to FCC phase). The cycling capacity is stabilized in one
cycle of hydrogenation/dehydrogenation at the level of 2.4 wt%
H, without any phase separation during repeated hydrogena-
tion/dehydrogenation process.

In the only study showing the hydrogen desorption kinetics,
reactively ball-milled MgAITiFeNi desorbed 100% of the
acquired capacity (0.94 wt% H,) in one minute at 598 K (pre-
sented in Fig. 11d). The hydrogen storage capacity of this
material has been proven by electrochemical measurements
(galvanostatic discharge studies). However, based on XRD,

b)

(111)

Intensity (a.u.)

10 20 30 40 50 60
d) 20(°
0.0 MgAITiFeNi
2 0,
-0.2 e
)
& 0.4
2
~-0.6
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in less than 100s
.0.8 ﬂ'\-\u"%
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Fig. 11 XRD pattern of the ball-milled Mgo10Tio30V0252r010Nbg2s alloy and related Rietveld refinement analysis (a);>®> XRD pattern of
Mgo.10Tio.30V0.25Zr0.10Nbo 2sH1 7 and related Rietveld refinement analysis (b);® kinetics of hydrogen absorption in Mgg10Ti0.30Vo0.25Zr0.10Nbg 25 alloy
(298 K, 2.5 MPa final hydrogen equilibrium pressure) (c);*®> hydrogen desorption from reactively milled MgA[TiFeNi alloy (598 K, 0.01 MPa of hydrogen)
(d).%® Reprinted (adapted or reprinted in part) with permission.>® Copyright 2021, Acta Materialia Inc. Published by Elsevier Ltd. Reprinted (adapted or
reprinted in part) with permission.*® Copyright 2020, Elsevier B.V.
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quadrupole mass spectrometer (QMS), and literature data, the
authors stated that this capacity and kinetic properties are
probably related to the hydrogen absorption in the minor
Mg,FeH, phase rather than to the HEA BCC phase.®®

The hydride decomposition of lightweight HEAs has been
studied by TG, DSC, and TDS. Unfortunately, all of the studied
systems are too stable to desorb hydrogen at low temperatures
(from 298 to 373 K). As shown by the scientists from ICMPE and
Uppsala University, the Mg 10Ti0.30V0.25Z%0.10Nbo.25 alloy des-
orbs hydrogen at elevated temperature - the process starts
around 523 K. Although the authors have stated that hydro-
genation/dehydrogenation reactions are completely reversible
and occur with single-phase transformation (BCC « FCC), the
presented DSC curve indicates the presence of an additional
high-temperature decomposition process around 633-643 K.*
A similar starting hydride decomposition temperature has been
observed for MgZrTiFe, 5C0, 5Niy s (503 K). This process also
consists of two steps- at 573 and 648 K. The dehydrogenation of
the hydrogenated sample was further tested by X-ray diffraction
studies using a synchrotron light source while raising the
temperature.'> The structure evolution measurements have
shown that the first decomposition process is related to the
FCC (hydride phase) to BCC (hydrogenated solid solution)
phase transition while the second process corresponds to the
release of hydrogen from BCC solid solution. A two-step decom-
position process has also been observed for reactively milled
MgTiNbCr, sMn, 55Nig 5 alloy. The first occurs at 573 K and is
related to the decomposition of the Mg,NiH, hydride. The
other one at 653 K corresponds to hydrogen desorption from
the FCC hydride phase.*® Another material that desorbs hydro-
gen in two processes is MgTiVCrFe HEA. However, in this case,
decomposition steps are related to the multistep decomposi-
tion of Mg hydride rather than decomposition of any other
phases.’”

It is noteworthy that Dematteis et al.,"*® for the first time,
proposed a very interesting approach for hydrogen storage
material inspired by the concept of HEA. In this work, a quinary
equimolar mixture of light-metals borohydrides (LiBH4-
NaBH,-KBH,-Mg(BH,),-Ca(BH,), was reactively ball milled (1
MPa H,, BPR 30:1, 350 rpm, 50 h). This material appears to be
promising from the hydrogen release point of view because it is
created of multiple cations of light-metals borohydrides char-
acterized by low decomposition temperatures. However, a
unique solid solution has not been obtained upon mixing,
and some pristine borohydrides are detected in the XRD after
milling. Moreover, the hydrogen release temperatures of the
obtained multi-phase material are not significantly lowered
with respect to those of pure borohydrides. Nevertheless, the
proposed concept is very interesting, and a proper way for the
synthesis of new solid solutions constituted of five or more
borohydrides should be developed.

Perspectives of lightweight HEAs

As it is written at the beginning of this section, to date, the
reports on the hydrogen storage performance of lightweight
HEAs are limited to seven papers. It seems that the best

This journal is © The Royal Society of Chemistry 2021
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hydrogen storage performance reported to date has been pre-
sented by MgmOTiO_30V0.25Zr0_10Nb0.2.35 So far, this alloy is the
only one capable of absorbing a large content of hydrogen
(1.7 H/M, 2.7 wt% H,) at room temperature. Moreover, the
hydrogenation process is extremely rapid. Compared to Mg-free
Tio.30V0.25ZT0.10Nbg»  alloy, Mgo.10Tio.30V0.25ZT0.10Nbo» alloy
absorbs hydrogen around 40 times faster.> It shows that
lightweight elements could not only increase the gravimetric
capacity of HEAs but also significantly improve other hydro-
genation properties.

However, it is worth mentioning that the Mgy 10Tio.30
Vo.25Z19.10NDbg o alloy is composed mainly of transition metals,
and the lightweight element constitutes 10% of the alloy
composition. The other HEAs analyzed in this section are
composed of 17-57% of lightweight elements (Mg, Al). As it
was pointed out in ref. 28, the formation of solid solutions
(especially single phase) by mixing lightweight elements with
transition metals is challenging due to non-favorable enthal-
pies of mixing, which may limit the concentration of light
elements that can be added to these alloy systems.

Most investigated materials cannot absorb or desorb hydro-
gen at moderate conditions. Their H/M ratio is mostly (with an
exception for Mgy 10Tio.30Vo.25Zr0.10Nbg25) far from the value
obtained by conventional BCC alloys (H/M = 2) or the value
published by Sahlberg et al. (H/M = 2.5)."* Thus, taking into
account the reports published to date, these alloys’ gravimetric
capacities are generally limited by the inability to obtain the
dihydride phase. As discussed above, the possible rationale can
be related to the positive enthalpy of hydrogen solution of some
light elements (Mg, Al) that have to be balanced by other
elements with negative enthalpy of hydrogen solution in order
to allow hydrogenation o the HEAs. Therefore, the enthalpy of
hydrogen solution could be an essential factor to consider in
developing lightweight HEAs.

More investigations are required to evaluate the potential of
this group of HEAs for hydrogen storage. Moreover, there is
limited information about the cyclic hydrogen absorption/
desorption performance of lightweight HEAs with a significant
content of light elements. Compared to pure Mg, lightweight
HEAs have greater molar mass (42.6 g mol~ ' for MgVAICINi
and 24.3 g mol ™" for Mg), potentially more expensive, and show
limited performance under hydrogenation. It has been recently
shown that non-confined MgH, nanoparticles (4-5 nm) can
store 6.7 wt% of H, at 303 K and operate cyclically for at least 50
cycles at 423 K.''® Moreover, the Mg-based alloy with the
addition of multiwalled carbon nanotubes absorbs 5.6 wt% of
H, within one minute at 373 K."*° These properties are not
available for HEA at the current state of knowledge. However, it
should be once again emphasized that the studies of light-
weight HEA for H, storage have just begun, while the Mg-based
hydrogen storage systems are probably the most widely studied
among all hydrogen storage materials.

In the light of the available reports, it seems that one real
merit of lightweight HEAs could be as a potential way to
increase the gravimetric capacity of promising transition
metal-based alloy systems. However, given the limited number
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of reports, it is worth paying attention to the issues related to
mixing of higher amounts of light elements (considering the
formation of single-phase solid solutions) and achieving a
greater degree of hydrogenation (formation of dihydrides, for
instance), initially out of scientific curiosity, but with a con-
siderable potential for future applications.

Intermetallic HEAs

Since the discovery of hydrogen absorption in LaNis; and FeTi,
intermetallic compounds have been intensively investigated for
hydrogen storage.” Usually, an intermetallic compound for
hydrogen storage is formed by combining a stable hydride
forming element (A elements) with a nonstable hydride form-
ing one (B elements).> In the simplest case, a ternary system
AB,Hn can be formed by hydrogenation (A are usually rare
earth, alkaline earth, or transition metal, and B is often a
transition metal). These compounds present well-defined A:B
ratios that can form hydrides with a hydrogen-to-metal ratio of
up to two."?" However, for most of the intermetallic compounds
investigated so far, their low energy density per unit weight at
ambient conditions is a critical disadvantage.”

LaNis is a representative of ABs-type alloys, and it was
extensively investigated for hydrogen storage due to its cap-
ability of working in moderate conditions, besides presenting

View Article Online
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low hysteresis and flat plateaus in the PCT diagrams.>'*>"??
The investigation efforts have focused on improving the rever-
sible capacity, cycling capacity, kinetics, and impurity resis-
tance. AB-type alloys are another group that has been
extensively studied. TiFe is the main representative of these
alloys, presenting a storage capacity of 1.90 wt% H, with
inexpensive elements.” The main drawback of this compound
is the necessity of its inconvenient activation process that
requires high pressure and temperature.>">*"'>> Another impor-
tant group of alloys is the AB,-type. These alloys usually form
Laves phase, and the most prominent alloys from this group are
those with Ti and Zr on the A site.> Laves phase structures
present good hydrogen storage capacity, fast kinetics, long
cycling life, and relatively low-cost materials.>**¢ Some of these
alloys form stable hydrides at room temperature (they have low
equilibrium pressures at room temperature).'** However, due
to the great properties tuning possibility via elemental mod-
ification, hydride destabilization has been successfully
achieved.®” A couple of AB,-type alloys form unstable hydrides
(hydrides that present high equilibrium pressures at room
temperature), which have been investigated for the hybrid
hydrogen storage concept (in which hydrogen is stored as
pressurized gas and in the hydride).*>'*%'>°

One interesting approach that has been investigated for
improving the properties of these alloys (especially AB,-type
alloys) is the introduction of disorder in the Laves structure via

Table 3 Summary of reported intermetallic HEAs, their characteristics and hydrogen storage performance

Hydride
Maximum H, decomposition
Normalized chemical composi- Chemical Synthesis storage capa- H, absorption temperature
tion ordered by atomic number composition method  Alloy phase VEC city (wt% H,) kinetics H/M (K) Ref.
Ti,V,Cr,Mn,,Fe,Zr, Cr,Fe,Mn,Ti,VyZr, Arc C14 Laves —  0.55-2.23 19 < tpo (s) < 84 — 278,298, 353% 17
0<uvwxy  melting (298 K, 0.98 MPa >573 (DSC)
z2<2 Hz)
Ti 15Vo.17Clo.17F€0.17Nip 172017  ZrTiVCrFeNi LENS C14 Laves 6.17” 1.81 — —  323¢ 11
(major)
o-Ti solid
solution
(minor)
Tio.17V0.17CTo.17F€0.17Nip.17ZT017  ZrTiVNiCrFe Arc C14 Laves 6.17° 1.3-1.6 — —  308% 92
melting
Ti,V,;MnFeCoZr, CoFeMnTi,V,Zr,  Arc Cl4 Laves —  0.03-1.80 18 < too (5) <  0.02- 2987 10
0.5 < x < 2.5 melting 1250 (298 K, 1.17
0.4 <y < 3.0; 0.97 MPa H,)
04 <2z<3.0
Tig.17Cro.1;Mng 17F€g 17Nig 1721 17 TiZrCrMnFeNi Arc melt- C14 Laves 6.4 1.7 1.6 wt% H,in60s 1 305 29
ing + HPT (major) (303 K,
3.9 MPa Hy)
Tio 20F€0.40Ni0.15Z0.20NDo.05 TiyoZr,0NbsFe,Niys Arc Cl4 Laves 6.5 1.38 — 0.95 305 34
melting  (major)
BCC
(minor)
Tio.20F€0.20Ni0.20ZT0.20NDg 20 TiZrNbFeNi Arc C14 Laves 6.2 1.64 — 1.17 305% 34
melting  (major)
BCC
(minor)
Vo.20Mng_20F€0.20Ni0 20L80.20 LaNiFeVMn LENS Multiphase —  0.3-0.83 0.13-0.83 wt% H, —  308% 14

in 600 s (308 K,
4.5 MPa H,)

to.o — time for reaching 90% of the maximum capacity (in seconds). “ Desorption performed in a Sieverts-type apparatus. b VEC calculation based

on eqn (3). ¢ Not fully dehydrogenated (retained H, in material).
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using excess elements and non-stoichiometric compositions."*°
In this regard, the HEA concept may offer a promising oppor-
tunity since the use of multi-principal elements may generate
disorder in these structures,® resulting in improved hydrogen
storage properties. Besides that, the use of multi-principal
elements greatly increases the possibility of combinations for
developing materials with improved properties (the main
appealing aspect of the HEA concept).

In the following sections, the aspects related to intermetallic
HEAs for hydrogen storage will be discussed, considering the
set of reported compositions as a whole. To look at the features
and performance of particular alloys, refer to Table 3.

Design and synthesis of intermetallic HEAs

As has been mentioned previously, the most prominent Laves
phase alloys for hydrogen storage possess Ti and Zr in their
composition. Accordingly, in the design of new Laves phase
forming HEA systems, these elements have received most of the
attention, and other transition metals (mainly V, Cr, Mn, Fe,
and Co) have been used to compose the multi-principal ele-
ment systems.

Most of the reported compositions are equiatomic.
However, attempts have been made to understand how the
hydrogen storage properties change among different composi-
tions within the same alloy system.'®'” The results shown in
one of the reports indicate that for some systems, improved
hydrogen storage behavior can be found in non-equiatomic
compositions.>* The empirical and CALPHAD methods have
been cited as methods that guided the design of these
alloys.’"**** As for disordered solid solution alloys (such as
BCC HEAs analyzed in the previous sections), the formation
and stability of intermetallic HEAs (especially Laves phase
forming HEAs) have been related to empirical parameters, like
¢ and VEC, and thermodynamic variables like AH,,;, as can be
seen in ref. 67 and 68. In spite of this, no clear general criterion
for the formation of intermetallic HEAs is available yet. Arc
melting has been mainly used to synthesize these
materials.'®'7*>3%9 1t should also be pointed out that no
intermetallic HEAs for hydrogen storage have been synthesized
by ball milling methods.

11,29,34,92

Structure and microstructure of intermetallic HEAs

Kao et al.'® systematically investigated the CoFeMnTi,V,Zr,
alloy system. After synthesis via vacuum arc melting, all the
investigated chemical compositions presented a single C14
Laves phase (based only on XRD analysis), despite the wide
range of x, y, and z (molar fraction) used in the systematic
study. Upon hydrogenation, the alloys have remained C14 Laves
structure (no indication of phase separation has been
observed), and the H, uptake leads to expansion of the struc-
ture, as determined via XRD. Another systematic study was
conducted by Chen et al.'” In this work, alloys of the Cr,.
Fe,Mn,,Ti,V,Zr, system were also produced by arc melting,
presenting a main C14 Laves structure. This structure has been
maintained after the hydrogenation process. La-Ni-Fe-V-Mn
alloy system has also been systematically investigated, but in

This journal is © The Royal Society of Chemistry 2021
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this case, a more complex microstructure was obtained, caus-
ing difficulties in analyzing the hydrogen storage behavior of
these alloys.'* Kunce et al.'* reported that ZrTiVCrFeNi compo-
sition presented a dominant C14 Laves phase matrix with o-Ti
solid solution secondary phase. After synthesis by LENS and
annealing at 1273 K for 24 h, it was shown that the micro-
structure was composed of three chemically different areas.
Moreover, the lattice parameters of the C14 Laves phase have
changed slightly during heat treatment. This change in the
lattice could be associated with a relaxation of internal lattice
strain and diffusion of elements.

Edalati et al.”® and Floriano et al.** reported the composi-
tional optimization of different alloy systems (towards single-
phase formation) using the CALPHAD method. The former
authors calculated that the TiZrCrMnFeNi composition should
present a high single-phase field in the equilibrium (in contrast
to the multi-phase forming TiVCrMnFeCo composition). After
synthesis by arc melting, it was verified that the structure of the
TiZrCrMnFeNi was composed by a main C14 Laves phase along
with small fractions of secondary Ti- and Ni-rich cubic phase
(measured by EDS elemental mapping).>® The latter authors
reported the compositional optimization (towards single phase
formation) within the same TiZrNbFeNi alloy system. It was
shown that, although the equiatomic and the non-equiatomic
(TizeZr,oNbsFe,oNiys5) compositions present more than one
phase, the non-equiatomic one has fewer amount of secondary
phases. SEM-EDS results indicated a good level of homogeneity
in both compositions. However, the non-equiatomic one pre-
sented an evident chemical gradient (seen in the EDS
mapping).>* Zadorozhnyy and co-workers investigated the
CoFeMnTiVZr and ZrTiVNiCrFe compositions for hydrogen
storage by electrochemical and gas-solid reactions. Both com-
positions were processed by melt spinning and were character-
ized by single-phase C14 Laves structure.®*?

1.34

Hydrogen storage behavior of intermetallic HEAs

As shown in Table 3, the maximum hydrogen storage capacity
of the alloys investigated so far is in the range of 0.03 to
2.23 wt% H,. In terms of H/M, the reported values are between
0.02 and 1.17. Most of the investigated alloys present fast
kinetics. However, one common issue reported in the papers
is that segregation of some elements (Ti, Zr) might deteriorate
the absorption capacity of these alloys due to the reduction of
regions prone to hydrogen absorption (the segregated elements
can easily form oxides). Furthermore, due to the high affinity of
some elements to hydrogen (elements that present high enthal-
pies of hydride formation), hydrogen can be retained in
the structure of HEAs after absorption/desorption cycles which
limit the reversible capacity of these alloys considerably.'®'"
The reported investigations showed that these alloys’
hydrogen storage behavior and properties could be extensively
tuned via chemical composition modification.'®'” These
effects are associated with different interactions of hydrogen
in the structure (chemical interaction aspect) and the
volume of the interstitial sites (which is also a function of the
chemical composition).'>'”** In this regard, it is reported that
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Fig. 12 Characterization and hydrogen storage performance of TiZrCrMnFeNi and TiZrNbFeNi alloy systems. XRD of the TiZrCrMnFeNi composition
(@)%° and its hydrogen storage performance as measured via PCT (b);?°® XRD of the TiZrNbFeNi (c)** and TiZrNbFeNi compositions (d)** and their

hydrogen storage performance as measured via PCT for the first cycle (
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and second cycle (f).** Reprinted (adapted or reprinted in part) with

permission.2® Copyright 2019, Acta Materialia Inc. Published by Elsevier Ltd. Reprinted (adapted or reprinted in part) with permission.>* Copyright 2020,

Hydrogen Energy Publications LLC. Published by Elsevier Ltd.

B elements in the alloy systems might help in the desorption of
hydrogen from stable hydrides, and therefore increase the
reversible storage capacity.'’**

The TiZrCrMnFeNi and TiZrNbFeNi alloy systems called
attention due to their reported reversible hydrogen storage
capacity at room temperature.”®** Edalati et al>® evaluated
the hydrogen storage performance of TiZrCrMnFeNi via PCT
isotherms and kinetic curves. They have reported that the alloy
(with dominant C14 Laves phase Fig. 12a) absorbed 1.6 wt% H,
at room temperature and without prior activation process in
the first hydrogenation/dehydrogenation cycle. According to
the authors, the VEC parameter might have played an impor-
tant role in the reversibility shown at room temperature since it
was used as a criterion in the design of the alloy composition.
The VEC value of 6.4 was used because it was suggested by
Nygard et al.>? that this value would allow dehydrogenation at
room temperature. Even though this suggestion was made
based on the analysis of disordered solid solutions, Edalati
et al.?® applied it to intermetallic HEAs. The hydrogen storage
behavior is maintained upon cycling, and complete hydrogen
desorption is achieved. It should be noted that the absorbed
amount increases up to 1.7 wt% H, in the third cycle, as shown
in Fig. 12b. Moreover, no hysteresis in the PCT isotherms has
been observed. The kinetics investigations showed that the
material had reached the maximum capacity in less than one
minute. The authors pointed out that the observed capacity for
this alloy is close to the theoretical value estimated for AB,H;
hydride systems. Moreover, the capacity of the investigated
alloy is comparable to those of traditional materials for room
temperature hydrogen storage, such as LaNis and TiFe. The
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advantages of this HEA are that no activation process is needed,
and the alloy presents good resistance to the air atmosphere.
The same group investigated the hydrogen storage perfor-
mance of the equiatomic TiZrNbFeNi and the non-equiatomic
TiyeZryoNbsFe,oNiys alloys (both with dominant C14 Laves
phase Fig. 12¢ and d) via PCT isotherms obtained at room
temperature without prior activation process. It was reported
that both compositions absorbed and desorbed hydrogen at
room temperature. The values of the VEC parameter also
guided the design of these alloys. The equiatomic composition
presented higher capacity in the first cycle than the non-
equiatomic one. However, in the second cycle, the capacity of
the non-equiatomic exceeded that of the equiatomic alloy since
the equiatomic composition presented a significant capacity
loss, while the capacity loss of the non-equiatomic alloy was
slight (Fig. 12e and f). The reasons behind these reversibility
performances can be related to the chemical composition and
the volume of the unit cell. The presence of more hydride
forming elements in the equiatomic composition and the
higher unit cell volume observed for this alloy resulted in the
higher capacity that this composition presented in the first
cycle. It was proposed that the differences observed in the
second cycle are related to the retention of hydrogen in the
structure after desorption at room temperature. It means that
the equiatomic alloy retained a considerable amount of hydro-
gen after desorption (in an expanded structure), causing sub-
stantial capacity loss upon cycling, while this retention was a
minor issue in the non-equiatomic alloy. In this study, it was
also pointed out that considering the limited number of
materials with reversible hydrogen storage capacity at room

This journal is © The Royal Society of Chemistry 2021
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temperature, the reported results suggest the significance of
this kind of HEA composition.**

Perspectives of intermetallic HEAs

The results of hydrogen storage performance reported so far for
the investigated intermetallic HEAs are in general similar to
those of traditional intermetallic compounds, such as LaNis
and TiFe.>*** In terms of H/M, no alloy system or composition
was identified yet that presented an abnormal capacity of
storing more hydrogen per metal atom than the structures of
the traditional intermetallic compounds. Consequently, parti-
cularly in the case of intermetallic forming compositions based
just on transition metals, the molar weight of these alloys may
limit their potential due to limited gravimetric hydrogen sto-
rage capacity.

Nevertheless, very promising results have already been
reported in terms of compositions that presented good rever-
sible hydrogen storage capacity at room temperature without
the need for an activation process.>*** As for BCC solid solution
HEAs, it seems that VEC is also an important parameter for the
analysis of the stability of the hydrides formed from interme-
tallic HEAs. Considering that there is a limited number of
materials that present this kind of reversibility at room tem-
perature, the reported results make these kinds of intermetallic
HEAs promising solutions for stationary applications, which
require low temperatures (for energy efficiency) but are not
strict in terms of weight of the system.”*** Additionally, we
suggest further investigations on the relation of the local and
bulk structure of intermetallic HEAs and the hydrogen storage
reversibility present by them.

Various intermetallic structures have been described in the
literature, which, apart from Laves phases, showed the ability to
reversibly store hydrogen, such as Haucke phases, hexagonal
structures, and cubic structures.'®' In the case of Laves phases,
C15 is also considered a promising structure for hydrogen
storage. C15 and other intermetallic structures have already
been synthesized using HEA compositions, although single-
phase intermetallics are less frequently obtained than single-
phase disordered solid solutions.* Therefore, it is opportune to
point out that investigations of intermetallic HEAs for hydrogen
storage with structures different from C14 Laves are missing in
the literature.

Intermetallic forming compositions have also been investigated
to synthesize metal hydrides with high equilibrium pressure
(unstable hydrides).® These hydrides, combined with pressurized
hydrogen, are considered a good solution for hydrogen storage via
hybrid hydrogen storage tanks. In this regard, it is also worth
pointing out that investigations of intermetallic HEAs capable of
forming unstable hydrides are missing.

Conclusions

One of the main challenges for implementing hydrogen tech-
nologies is the hydrogen storage aspect. Metal hydrides have
been investigated for decades, and they are considered a long-

This journal is © The Royal Society of Chemistry 2021
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term alternative for many hydrogen storage applications. In
this regard, a new class of alloys, namely high-entropy alloys,
brought new and promising possibilities in the investigations
of metal hydrides. Superior storage capacities have been
reported for HEAs, but it needs further pieces of evidence.
The main interesting and promising aspect of HEAs is their
vastness of compositions, which in terms of hydrogen storage
applications offers enormous opportunities since different
structures can be formed (BCCs, Laves, and HCPs), and the
hydrogenation properties can be significantly tuned, as the
reports published so far indicate.

Given the current state of knowledge, the greatest necessity
for the progress of the field is the development and testing of
effective methods to navigate into the compositional vastness.
It is essential since systematic studies (classical approach using
alloying or elemental substitution) present limited capacity in
this case (impractical considering the vast number of composi-
tions). This review shows that screening and predictive meth-
ods are needed to correlate the alloy composition with phase
formation and stability and finally with the hydrogen storage
properties (thermodynamic properties). A great effort has been
put on the first aspect by the broad HEA community with
considerable progress by using methods such as CALPHAD
(using a thermodynamic equilibrium approach), ab initio cal-
culations (for a better assessment of specific compositions),
and combinatorial methods (for investigations of a broad range
of compositions and metastable phases). However, only a few
attempts have been made to model the hydrogenation proper-
ties of HEAs. Here, we highlighted the importance of modeling
the hydrogenation behavior of these alloys by exposing two
recent attempts that are based on thermodynamics and data
science. We think that the improvement and use of this kind of
tool to assess the full potential of HEAs for hydrogen storage is
highly significant. The modeling of the thermodynamic proper-
ties of HEA-H systems, together with the phase formation and
stability assessment methods, may allow the development of
powerful high throughput techniques, which will favor a better
investigation of HEA compositions for hydrogen storage. The
modeling may also provide the path for effective incorporation
and consolidation of machine learning techniques into this
research field, which could be considered the state of the art of
many materials science and engineering fields.

Alloy design, synthesis, and processing methods are of great
importance not just for research and development but also for
technology implementation. Melting processes (especially arc
melting) have been often used by the hydrogen storage com-
munity as it is a conventional process and relatively facilitates
structure and microstructure characterization (due to the
synthesis of structures with fewer defects). Milling processes
(high energy ball milling) are useful for synthesizing composi-
tions with low alloying affinity (positive mixing enthalpies) and
a tendency to segregate.

Among the HEAs investigated so far, those that form BCC
structures are promising for reversible hydrogen storage. This
group of alloys can absorb high amounts of hydrogen, with
H/M up to 2. Moreover, the hydrogen properties of these alloys

Energy Environ. Sci., 2021, 14, 5191-5227 | 5223


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee01543e

Open Access Article. Published on 02 September 2021. Downloaded on 4/11/2026 5:24:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

can be significantly modified based on the alloy composition.
For example, some of the alloys absorb hydrogen at room
temperature, while others need elevated temperatures to react
with hydrogen. In this regard, two alloys can be highlighted
(Tig.325Vo.275Zr0.125Nbg 275 and TiVCrNDb) as they presented the
capacity of absorbing hydrogen at room temperature, similarly
to the V-H system, with the advantage (for some applications as
stationary hydrogen storage, for example) that the equilibrium
pressures for the dihydride formation are moderate compared
to the V-H system. Concerning the BCC HEAs, it is suggested
that further attention should be put on the investigations on
their dehydrogenation processes (conditions for effectively
desorbing hydrogen and occurrence of segregation, for exam-
ple), the average and local role of VEC in the hydrogen storage
behavior, and the influence of the synthesis and processing
methods.

The lightweight HEAs investigated to date are composed of 10—
57% of light elements (Mg, Al). Although the use of higher fractions
of light elements is advantageous in decreasing the alloy molar
weight, the low number of already reported studies in this field
indicates challenges in developing this concept. One of them is
mixing the elements for obtaining solid solutions since light
elements, such as Mg, present non-favorable enthalpies of mixing
with transition metals. The other seems to be related to the positive
enthalpy of hydrogen solution that some light elements present,
which may limit the formation of fully hydrogenated structures.
Despite this, the Mg 10Ti0.30V0.25Zr0.10NDo, HEA composition has
already been reported with promising hydrogen storage perfor-
mance as it absorbed 1.7 H/M (2.7 wt% H,) at room temperature
with fast kinetics. Given the limited number of publications, more
investigations are necessary for assessing the potential of similar
compositions for hydrogen storage.

Concerning intermetallic HEAs, the reports published so far
indicate that some materials present similar behavior as con-
ventional intermetallic compounds. However, it has been
already shown that intermetallic HEAs can also reversibly
absorb large amounts of hydrogen at room temperature with-
out needing an activation process. Considering the studies
evaluated here, we consider that there is a promising space
for investigations of HEAs with C14 Laves structure, HEAs that
form other intermetallic structures and HEAs that have the
potential to form unstable metal hydrides.

Finally, we suggest further investigations on the comparative
behavior of HEAs that form disordered solid solutions (such as
BCC HEAs) and intermetallic HEAs in terms of hydrogen
storage. It could be interesting, at least out of scientific curios-
ity, to analyze systematically and comparatively how the intrin-
sic structures and compositions of these kinds of HEAs
influence on the hydrogen storage properties presented
by them.
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