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Abstract: The importance of hydrogen in economic development can be attributed to its great potential
as a clean and renewable energy source. The structural versatility of metal hydrides has proven to be
instrumental in the design of hydrogen storage components. Despite its low volumetric energy density
and light in nature, its storage remains challenging due to its high susceptibility to evaporation.
However, hydrogen desorption-absorption from a convectional metal hydride can be challenging to
gravimetric storage. The lack of effective materials with the potential of reversibility and heat transfer
also contribute to these issues. Therefore, researchers continue to explore strategies to mitigate the
drawbacks associated with metal hydrides by developing advanced materials such as high-entropy
alloys (HEAs) with improved reaction kinetics and finding ways to enhance their practical utility for
various applications. HEAs have unique compositional flexibility and diffusion properties, making
them efficient for hydrogen storage without high pressure and extremely low-temperature
requirements. In this review, we focused on the design and synthesis strategies of HEA alloys, the
thermodynamics of HEA for hydrogen storage, the thermal analysis of hydrogenation in HEAs, and
the embrittlement of structural alloys in the presence of hydrogen. The review indicated that HEAs
have the potential to improve the properties of solid-state storage materials significantly. Their
efficiency and compatibility with fuel cells make them a promising candidate for the future of
sustainable energy.
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Abbreviations: Mfit: heterogeneous strain of misfit atoms; yi: atomic radius; Kj: atomic percentage;
Ji: alloys component; t: time; C: constant term; Z: position in z-direction; A: amplitude of the
sinusoidal variation; pu: hydrogen chemical potential; Cu: compositional variable; ™G : physical

parameter; Bf,): molar fraction for each phase; A: wavelength; C: mean composition concentration of

. o ) S
substance; e: euler’s number, a numerical constant; D: diffusion coefficient; L entropy factor; E(H2):

energy of the isolated H2 molecule; AGads: Gibbs free energy of adsorption; €: emissivity of hydrogen;
m: mass flow rate; L: latent heat of the phase of the composition material; pu: dynamic viscosity of

hydrogen gas; K°: atmospheric pressure; Ky,: hhydrogen gas pressure in the atmosphere; v: hydrogen

flow rate; Ey,: energy of a hydrogen molecule; E system: total energy of the substrate with the adsorbate;

Esubstrate: total energy of the clean substrate without adsorbate; AH: enthalpy; AS: entropy; AG: Gibbs
free energy; G,,: molar Gibb energy of phase @; Tn: melting temperature (T°C); n®: number of moles;
R: gas molar constant; Pp: plateau pressure; P°: standard pressure (latmospheric); Peq: pressure
equilibrium at atmospheric pressure; Cp: specific heat capacity; p: density of the fluid or gas; A: surface
area; v: H» flow rate; Q: Heat sources; Ap system: electron charge distribution of the system; ps:
electron charge of substrate; Etwti(M): energy of the HEA without hydrogen; (AE ,pg): zero-point

.. o 8T .
energy; E: thermal conductivity; Ea: activation energy; 55 lemperature gradient; Sy, Sz: pressure drops

of hydrogen gas; AG®HY AGBHP AGBHY): Gibbs free energy of hydride in o, B, and 0
phases; H"2: standard enthalpy; S"z: entropy of the hydrogen; nm: mole numbers of metal atoms; n:
mole numbers of hydrogen; Erwtal (MH2): total energy of hydrogen in metal; Eadsorbate: total energy of
the isolated adsorbate

1. Introduction

With the rising energy cost and the need for sustainable energy solutions, researchers are actively
exploring advanced materials and optimizing their composition for efficient storage. Among these
materials are intermetallic alloys, which include AB intermetallic compounds (such as AB2, and ABs)
and HEAs [1-3]. This intermetallic compound consists of two elements labeled A and B in a specific
stoichiometric ratio as ABx (A is rare earth metals; B is a transition metal; 2 < x < 5). These alloys have
the potential to absorb and release hydrogen efficiently, and they are good for hydrogen storage
applications. A is a metal that easily forms hydride (such as Ti, V, Zr, and Y), while B is a
non-hydride-forming metal (such as Cr, Mn, and Fe). The typical examples of these compositions are
AB-alloys (TiFe), ABz-alloys (TiMnz and TiFe), and ABs-alloys (LaNis).

The AB: alloy has the promising capability of forming new phases at high pressure; nevertheless,
impurities in the hydrogen environment and the high cost of rare-metal alloys limit their applications
in energy storage [4]. Similarly, ABs alloys have attractive properties for hydrogen storage, such as
low activation energy and pyrophoricity, high intrinsic kinetics, and the ability to substitute various A
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and B elements into their lattice sites. The production of these alloys is complex and requires an
adequate vacuum environment due to their reactivity and high melting temperatures. Nonetheless, it
faces the challenges of activation, purification, and high-pressure concentration isotherm (PCT)
instability [5,6]. A possible cause is pressure composition hysteresis (Figure 1), which can lead to
unstable conditions for hydrogen absorption and desorption. In hydride formation, hysteresis can also
cause loss of thermodynamic efficiency during the thermal cycle, thus impacting the energy balance
of hydrogen storage systems [7]. In hydrogenated HEAs, a notable hysteresis eftect is observed within
the region of the pressure-composition isotherm (PCI) profile where a two-phase alloy structure is
present. This effect is controlled by elastic strain and interfacial energy [8—10].

The difference in pressure required for hydrogen absorption and desorption in HEAs can be
attributed to several factors (elastic changes, diffusion barriers, and microstructural changes). The alloy
forms a hydride phase at a relatively high pressure due to the energy required to overcome the initial
energy barrier for hydrogen atoms to occupy interstitial sites. However, a lower pressure is required to
break down the hydride back to metal in HEA. As such, the lag creates a hysteresis loop [11]. The
energy dissipated in the loop will manifest as irreversible losses, thereby reducing the usable hydrogen
capacity and increasing energy consumption in storage systems [12]. A hysteresis effect can also
cause uneven expansion and contraction of the alloy lattice, leading to stress accumulation and

mechanical degradation.
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Figure 1. Depicting hysteresis in a hydrogenated HEA, in the region of the PCI profile
where the two-phase alloy co-exists, absorption pressures tend to exhibit a hysteresis effect.

Lu, etal.[13] explored TiVNbCrMo HEAs for hydrogen storage. The study involved experimental
analysis where HEA samples underwent a two-hour evacuation process at a temperature
of 673 K (Figure 2). Each sample was tested at 300 K for ~100 s under high pressure (above 0.1 MPa).
Maximum hydrogen equilibria were achieved in the alloys Moz, Mos, and Mos, with values
of 3.57, 3.53, and 3.21 wt.%, respectively.

AIMS Energy Volume 13, Issue 6, 1463-1517.
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Figure 2. Experimental pressure composition temperature (PCT) isothermal curves were
obtained for TiVNbCrMo (HEAs) at various temperatures. PCT measurements (a) at 303 K
represent only absorption. In contrast, the PCT curves (b and ¢) were measured at 313 K
and 323 K, encompassing both absorption and desorption processes, while (d) represents
the Van’t Hoff plot [13].

In this research, we compared the experimental results against the theoretical PCT plot of
TiZtNbVMoCr HEA. The PCT (Figure 3a) plot was measured at a temperature of 25 °C (298 K) for
only absorption and at 50 °C (323 K) and 500 °C (773 K) for both absorption and desorption.
These varying temperatures provide a comprehensive understanding of the HEAs’ hydrogen
storage capabilities under different conditions. The Van’t Hoff plot for hydrogen absorption and
desorption (Figure 3b) displays two distinct lines, where each represents a different phase
transformation plateau. The absorption line present is the a-f plateau, which is an equilibrium between
the alpha (a) and beta (), thus reflecting the solid solution and the beta (B) hydride phases, while the
desorption line -0 plateau represents the equilibrium between the beta (B) hydride phase and the
delta (8) hydride phase. The magnitude of the slope is proportional to the enthalpy change. The -6
plateau has a more negative enthalpy change than that of the a-f3 transition. This indicates that 6 hydride
is a more energetically favorable process.

Figure 4a illustrates PCT curves for AITiZtNbVCr HEA that occur at various temperatures,
exhibiting similar shapes indicative of a typical hydrogen absorption plateau in BCC alloys. This
plateau signifies a two-phase region where hydrogen absorption occurs at near-constant pressure, thus
reflecting stable hydride formation. The maximum hydrogen storage capacity for AITiZtNbVCr HEA
1s 2.75 wt.%. It is an indication of its promising performance as a hydrogen storage material. From the
Van’t Hoff plot (Figure 4b), the thermodynamic properties (AH and AS) of the HEA hydride are
extracted, which indicate the heat management requirement. The slope of this plot corresponds to the
enthalpy (AH) of the HEA hydride, indicating the hydrogen absorption and desorption process, while
AS contributes to overall thermodynamic stability and equilibrium conditions. This information can
be used in the designing of a thermal management system.

AIMS Energy Volume 13, Issue 6, 1463-1517.
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Figure 3. The pressure-composition-temperature isothermal for TiZrNbVMoCr at
temperatures 298 K, 323 K, and 773 K.
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Figure 4. (a) PCT curves under different temperatures and (b) Van’t Hoff equation for
desorption and absorption.

Generally, intermetallic alloys exhibit hydrogen absorption and desorption capabilities. Many of
these intermetallic alloys have been successfully utilized in various industrial processes and
applications, demonstrating adequate performance for intended purposes. For instance, NiMH
batteries show good performance and can be used in consumer electronics and hybrid vehicles.
Similarly, lithium-ion batteries have excellent performance in terms of energy density and are
applicable where longevity is required, such as in electric vehicles [14,15]. Additionally, MgH> and
AB: alloys have a high capacity for hydrogen energy storage and are used in many applications, such
as fuel cells and hydrogen storage systems. In addition, the standard enthalpy of formation for MgH2
is —75.2 kJ/mol, which is high enough when compared with VH2 and PdH2 [16,17]. The hydrogen PCT
properties of AB composition can be modified to enhance their overall energy efficiency. More
research is needed to design and develop a cost-effective and efficient intermetallic alloy that are more
stable and reversible.

Other materials can be improvised, such as organic and inorganic porous materials: Carbon
nanotubes, graphene, fullerenes, metal-organic frameworks (MOFs), covalent organic frameworks,

AIMS Energy Volume 13, Issue 6, 1463-1517.
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and polymers, which can perform hydrogen storage [18]. These materials exhibit Van Der Waals force
properties, resulting in low binding energies and rapid adsorption kinetics. However, its weak bond
characteristic may not be suitable for ambient temperature and elevated pressure to achieve acceptable
hydrogen storage capacity. Other limiting factors include porous blockage, pore size distribution, and
complex synthesis. Therefore, there is a need to address these issues; doping these materials with other
elements is a new strategy to enhance hydrogen storage capacity. For instance, lithium-doped boron
benzene/graphene structures have demonstrated hydrogen capacity as high as 13.7 wt.%, thereby
leveraging the strong interaction between lithium sites and hydrogen [19]. Certain MOFs doped or
optimized at a low temperature (approximately 77 K) can achieve a capacity around 7.49 wt.%,
benefitting from their high porosity and tailored binding sites to optimize hydrogen [20].

Additionally, HEA materials have become increasingly important in hydrogen storage. This is
because of its high capacity for hydrogen storage, fast kinetics of absorption and desorption, and
efficient cycle stability. Also, the properties of HEAs such as high melting point, a disordered structure
and strained lattice distortion aid in effective hydrogen storage. Therefore, the synthesis of HEAs could
be a solution to address the challenges faced by AB alloys in terms of reversibility under varied
conditions. An improved functionality of HEAs has been achieved through the optimization of their
alloy composition, temperature, and pressure. However, the complexity of the microstructure of HEAs
could hinder their practical applications [16,21]. As research progresses, developing innovative
techniques such as Additive Manufacturing (AM) and optimizing existing methods to enhance the
properties and performance of HEAs [22,23] could be the solution. Likewise, understanding HEAs at
the microstructural and atomic level could also provide a solution to the above challenges [24].

2. The Design of HEA alloys, synthesis, and potential applications
2.1. Design of HEA alloys

The design of new alloys involves computational tools and high-throughput experimentation that
explores vast combinations of elements. This approach has revolutionized the field of materials science
in recent years. These alloys are typically formed by mixing various metallic elements in equal or
nearly equiatomic proportions [25]. These metallic elements are combined stoichiometrically and as
such, forming a homogeneous mixture with a uniform crystal structure poses some challenges. Some
degree of atomic disorder is caused by the presence of different elements that consequently affects the
crystal lattice. These mixings favor the formation of a single solid solution, whose concentration ranges
between 5 and 35%. Figure 5, illustrates the composition of metallic elements in HEAs, and
showcasing their random solution structure.

AIMS Energy Volume 13, Issue 6, 1463-1517.
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Figure 5. The composition of metallic elements in HEAs [26,27].

Moreover, lattice distortion can produce heterogenous and homogenous strains that will affect the
properties of HEAs [21]. The heterogenous strain usually occurs due to the effect of misfit atoms in
HEAs. Consequently, this impacts the mechanical and physical properties of alloys. The heterogeneous
strain of misfit atoms, Mfit, is given in Eq 1 [28,29].

n
Mfit = Z K [1- =2%— (1)
i=1 Zj=1 Kjyj
where yi denotes the atomic radius and Kjj is the atomic percentage of the jth component.

Several heterogeneous strain methods can show some variation in strain across a material; an
X-ray diffraction microscope (XRD) can reveal such variations by examining regions of the
crystal [30]. For instance, if a crystal experiences non-uniform stress, XRD can detect strain
differences between its surface and interior. Using this technique, one can study crystalline structure.
Unlike XRD, the transmission electron microscope (TEM) can use a beam of electrons to visualize the
internal structure of materials at a very high resolution, down to the atomic scale. As such, it provides
information about the crystal structures, defect grain boundaries, and nanoscale features [31]. Unlike
heterogeneous strain methods, with the homogenization of solid solutions, many structural phases will
be distributed evenly. Since HEAs are designed to have high configurational entropy due to the random
mixing of multiple elements at the atomic scale, this randomness may result in a disordered atomic
arrangement where atoms of different elements are distributed through the entire crystal lattice [32,33].
There are many effects this uniform distribution of elements can cause, especially in HEAs: (i) It can
suppress phase segregation, and (ii) it can form intermetallic compounds that degrade the alloys
performance [5,34]. In addition, chemical segregation usually occurs on a microscopic scale and can
influence stability. Removal of micro-segregation through solid-state diffusion processes can be
challenging as a uniformly distributed and well-defined solute will decay at a micro-segregation rate
over time. Therefore, to mitigate this effect homogenization is required [35,36]. Equation 2 showed
the homogenization of a solid solution system. As homogenization progresses, alloying elements begin

AIMS Energy Volume 13, Issue 6, 1463-1517.
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to diffuse, and this causes changes in the composition profile. The elements in a solid solution were
observed to be distributed evenly. In this case, material properties were predicted consistently across
the volume.

C{z,0}=¢ + Asin% , Q)

Dtm?
C{z,0}= ¢ +Asin% e~ 1, 3)
Therefore, 1 = 4t°G 4)

The initial concentration distribution is shown at time t = 0. It consists of a constant term ¢ and
a sinusoidal term Asin %, that varies with position z, which is the spatial coordinate. A, denotes the

amplitude of the sinusoidal variation, and A is the wavelength of this variation. C represents the mean
composition of the substance (hydrogen gas Hz) being diffused. From the initial condition (as described
in Eq 3), it outlines the dynamics of how the composition of hydrogen gas (H2) changes over time
Dl
during the diffusion process. The exponential term e"D%, accounts for the decay of the concentration
over time due to diffusion. ‘e’ is a numerical constant called the Euler’s number, otherwise known as
the Napier constant, whose value is the initial amplitude of the waves (e = 2.71828) while 1 is a
characteristic time scale that is actually equivalent to (1/e = 0.3678796886). Moreover, Dtrepresents a
constant diffusion coefficient. This Eq 3 defines the wavelength A in terms of other parameters, where

1 indicates a characteristic time scale and is the inter-diffusion coefficient.
2.2. Computational tools

The computational tool has significant roles in creating, measuring, and computing models for
alloy compositions in terms of crystal structures and phase diagrams, especially for multinary systems.
In this process, an electronic calculation machine that solved a pertinent equation rapidly was
employed [37]. The main approach of this computation is to interlink process, structure, properties,
and performance, which are the core of materials science [31]. The combination of these tools with
material development will unify the design and manufacturing processes. This strategy has resulted in
numerous successful multicomponent materials with an optimal balance of engineering properties. The
potential of using the tools lies in their capability to describe complex patterns and the availability of
resources, either from experiments or computations [38]. Various methods of using computational
tools, such as machine learning algorithms, molecular dynamics simulations, and density functional
theory calculations, have been employed to predict the properties of new entropy alloys before they
are synthesized. These tools would provide insights into the atomic-scale structure and behavior of the
alloy (mechanical, thermal, and electronic properties). Figure 6 illustrates stages of HEA alloy
preparation, from design and synthesis to the final application. This iterative process enables the
tailoring of HEAs to meet specific structural-performance requirements in diverse applications.

AIMS Energy Volume 13, Issue 6, 1463-1517.
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Machine Learning

Figure 6. Computational tools.
2.2.1. Machine learning

Machine learning (ML) is very crucial in alloy design; its application is enormous, especially in
establishing some relationships in the alloy parameters (composition, microstructure, and properties).
This model uses a variety of algorithms, such as linear regression, random forest, and neutral networks.
Each of these algorithms was created to predict and perform different functions depending on the
nature of the dataset and the specific properties required [39]. For example, a random forest algorithm
is appropriate when the relationships between alloy composition and properties are complex and
nonlinear. As aresult, it can handle a wide range of features, while the neutral network is highly flexible
and capable of capturing intricate patterns. The ML can predict the density, hardness, and strength of
hydrogenated HEAs based on their composition and processing parameters [40]. HEA features may
generally fall into the following categories of environmental descriptors (relative humidity, corrosion,
and oxidation). For instance, looking at properties, it may not be strength only but a strength under
irradiation that needs to be featured. The use of the Gaussian Process Regression (GPR) model is a
typical example, and it is a significant asset in materials science, particularly for predicting properties
such as hydrogen storage enthalpy in HEAs. The genuineness of this approach is underscored by
experimental validations of GPR predictions. For example, the confirmed reversible room temperature
hydrogen storage in TixZr2xCrMnFeNi HEA (x = 0.5, 1.0, 1.5). This highlights the effectiveness and
reliability of GPR in guiding materials research and development [41].

2.2.2. Molecular dynamics

Molecular dynamics (MD) has the potential to explore molecular behavior and atomic
properties [42]. It uses Lagrangian, Hamiltonian, and Newtonian functions for modeling special
features and properties of materials such as heat capacity and thermal conductivity [43]. MD is
applicable in investigating the role of defects (vacancies and dislocations) that influence hydrogen
absorption. It can be used to study stress evolution and changes in mechanical behavior during
hydrogen absorption and desorption. By using parallelization techniques to scale up the MD model,

AIMS Energy Volume 13, Issue 6, 1463-1517.
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the storage performance of HEAs will improve greatly, especially when dealing with large-scale
systems that involve hydrogen storage. A model based on atomic descriptors is relevant in this
simulation as they can be used to estimate elastic constants in HEAs, particularly where stress-strain
analysis is required to determine the elastic modulus [44].

Similarly, DFT and MD simulations are employed to predict hydrogen binding energy and
absorption sites within HEA lattice structures. A notable instance of this is the prediction and
subsequent experimental validation involving TiIVNbCrMo HEAs, which effectively demonstrates the
real-world utility of DFT and MD methodologies in the field of materials science. These computational
techniques offer valuable insights into material properties, guiding the development and optimization
of HEAs for hydrogen storage and other applications [45].

2.2.3. Density functional theory calculations

The simulation of HEAs-hydride requires high-performance computing. In this case, a Density
Functional Theory (DFT) model is required to study the changes in electronic structure associated with
hydrogen absorption in HEAs [46]. Using the DFT algorithm (Hamilton) to determine adsorption
energy and identify a favorable site for hydrogen absorption and desorption [47]. Zhang, et al. [48]
explored the DFT simulation to assess the phase formation and stability of HEAs. The integration of
this model with thermodynamics will provide detailed information on hydrogen absorption in HEAs.

The lattice distortion in HEA often alters the atomic spacing and electronic structure. In this case,
the distorted lattice sites produce heterogenous interstitial volumes and bonding environments where
hydrogen atoms can occupy and migrate. As such, it changes the local potential energy barriers (for
hydrogen atoms) that need to be overcome in order to hop from one interstitial site to another. These
distortions often generate an intrinsic stress field, thereby leading to a complex energy landscape at
the atomic level. DFT calculations are widely used to compute adsorption energies because they
provide accurate quantum mechanical total energies of atomic systems [49,50]. The adsorption energy
Eadsorp 1s defined as

Eadsorb = Esystem - (ESubstrate + Eadsorbate) (5)

Adsorption energy difference AEadsorb = E’adsorb — Eadsorb.

Moreover, the distorted lattice interacts with the hydrogen dislocation mechanism, affecting
trapping and emission of hydrogen atoms. Introducing a hydrogen atom at an interstitial site, the
equation for adsorption energy can be written as:

Eadsorb = EnEa+H — EHEA — %E Hy (6)

AEadsorb = E’adsorb — Eadsorb

where Ey, represent energy of a hydrogen molecule.
Charge density difference Ap plots can be obtained by subtracting the total charge of the system
from individual charges of the substrate and adsorbate.

Apsystem = Psubstrate T Padsorbate, (7)

where Ap system represent electron charge distribution of the system, pa and ps indicates an electron
charge of adsorbate and substrate respectively.

AIMS Energy Volume 13, Issue 6, 1463-1517.
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Additionally, the differential Gibbs free energy of adsorption AGags for the different surfaces were
calculated using the DFT total energy, corrected by the entropic change (TAS) and the difference in
zero-point energy (AE ;pg) derived from the vibrational frequencies.

AG 445 = AE qq50rp + AE zpp — TAS, (8)

For instance, the hydrogen binding energy Es is the energy in the TiZrHfMoNb HEA hydrides.

Ep= ~|E torar (M) + 2 E (H;) = E rorat (MHy)|, ©)

E(H:2) denotes energy of the isolated H2 molecule, Ewtai(MH2) indicate total energy of hydrogen
in metal, while Etwtal (M) described the energy of the HEA without hydrogen.

By this definition, the more positive the binding energy is, the stronger the interaction between
hydrogen and HEA [51].

The DFT simulation is also applicable for high-throughput screening for a wide range of HEA,
thus leading to the development of new alloys [52]. The use of a linear-response algorithm is crucial
in the DFT as it will help in computing the microstructure and shear modulus [53]. For example, if the
hardness property of a hydrogen storage is required, the melting temperature of the alloy will be used
to indirectly determine the bond strength [54]. In summary, the choice of algorithm will depend on the
nature of the data, the problem at hand, and the specific requirements of the task.

2.3. Synthesis of HEAs

The synthesis of HEAs requires a systematic approach to achieve the desired balance of elements
and properties. Numerous studies have been carried out to explore and optimize the synthesis methods
of HEAs. The aim is to improve the efficiency, scalability, and control of the synthesis process to
further advance the development application. A continuous exploration of new composition and
synthesis methods will push the boundaries of alloy development [55-57].

The synthesis of HEAs may require accurate control of compositional mixing to achieve a
homogenous solid solution and stable phases. However, due to the demanding nature of the processes
involved, which require the use of high temperatures and rapid cooling. Current methods often rely on
batch processing or complex setup that limits continuous, large-scale production. For example, while
plasma jets offer certain advantages, their economic scalability becomes a major obstacle. These
limitations necessitate exploring alternative approaches that can overcome these bottlenecks and
enable more efficient and cost-effective production processes [58].

The particle size distribution has a significant effect on the processability of additive
manufacturing, which operates within the size limits of 1045, 45-106, and 20—200 um, respectively.
Achieving particle size uniform distribution and composition in a nanoparticle or thin film may be
difficult in a continuous industrial process. High energy consumption as a result of extreme
temperatures, such as in plasma jets and rapid quenching, increases the cost of production [59].

The cost implications for industrial sectors are significant, as numerous synthesis methods often
necessitate the use of precious metals or pre-alloyed powder and costly equipment, such as
atomic layer deposition and plasma reactors, thereby increasing the overall financial burden on
industrial operations.

There are techniques that involve various processing routes, which start with material selection,
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compositional design, material preparation, and processing. This selection will be exposed to material
processes such as mechanical alloying, arc-melting, additive manufacturing, and casting. In this case,
the materials will be heated to a high temperature to produce liquid metal [60]. Nevertheless, the
specific steps in this synthesis can vary depending on the type of alloy being produced, the intended
application, and the desired properties. Many factors affect the stability of HEA synthesis (Table 1),
including its crystal structure, the degree of chemical ordering, and the presence of intermetallic
compounds [61]. For instance, the face-centered cubic (FCC) crystal phase is widely used in HEAs as
it is highly stable and ductile. A high level of chemical ordering can stabilize the alloy structure and
prevent the formation of undesirable phases.

Table 1. The design of alloys, synthesis, and potential applications of HEA [33].

Compositional Properties Heat treatment Application Synthesis method Cost Scalability
tools optimization challenges
Phase diagram Composition Eliminating Aerospace, Arc melting Energy intensive Ingot size
prediction refinement. defect, energy storage, Additive High purity raw High cost of
altering the homogenizing and structural ~ manufacturing, material equipment
condition of heat the alloys, materials Casting, Specialized Compositional
treatment induce the mechanical equipment homogeneity
desirable phase alloying, ball
transformation milling, radio
frequency
magnetron

The presence of intermetallic compounds can affect the stability of HEAs as they can act as
nucleation sites for the formation of new phases. Understanding the factors that affect crystal stability
is essential to designing and synthesizing new high-performance alloys with unique properties, as
buttressed in Eqs (10,11) [62].

_ KT S _ 1
D= o exp ({ - Jexp kT). (10)
Similarly, the activation enthalpy increases while the frequency factor decreases, as given in

DZ%exp (—Hl:—,:s), (11)

where AH and AS represents the enthalpy and entropy of the system respectively. Additionally, %

KT . . S
and o denote the activation enthalpy and the frequency factor. Besides, D, and > Tepresent the

diffusion coefficient and entropy factor, whereas T and K are given as temperature and Boltzmann
constant, respectively.

Other factors that influence the thermal stability and elastic properties of this alloy are lattice
vibrations. For example, at elevated temperatures, the atoms in a material vibrate more vigorously,
causing the HEAs to expand or contract, thus affecting their mechanical properties [63].

Similarly, in the development of high-entropy alloy-hydride (HEAs-h) for hydrogen storage, the
design of the material structure is vital to its usage and applications. To this end, Eq (6) refers to the
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importance of achieving a homogeneous structure at the melting temperature (7#). This phenomenon
will ensure that hydrogen storage performs at an optimal capacity. The homogenous melting
temperature of HEAs is given in Eq (12).

m 1
21 1 Ti—j {cixgjleig

i_
m-—1
E Z CjCi_j

where 7» denotes the homogenous melting temperature, Ci and C; represent the concentrations of each
element, while 7i and 7jindicate the melting temperature of each element, respectively.

The expression in (10—12) describes how the hydrogen atom moves via the alloy’s lattice structure
in HEAs. The complexity of these multicomponent alloys creates a heterogeneous atomic environment
that affects the diffusion pathways [64]. The diffusion coefficient (D) indicates how fast a hydrogen
can permeate, which is required for the charging and discharging rate of hydrogen storage. For instance,
a slow diffusion rate can lead to an increase in hydrogen trapping atoms in the lattice; as such, it
influences storage capacity but potentially reduces the release rate [64,65].

T, = fori #j, (12)

2.3.1  Optimizing the structure and properties of HEAs

Numerous techniques have been developed to improve the structure and properties of HEAs at
both cryogenic and elevated temperatures [66,67]. This technique includes alloying additions,
controlling the crystal structure, and adjusting the lattice parameters. This process will help mitigate
the impact of lattice vibrations and enhance the thermal stability and elastic properties of
materials [68]. As part of the technique, composition design will be utilized to select the elements
involved. Since each element has a significant role to play, they can influence the crystal structures
that form their properties [69]. Consequently, specific crystal structures can also be stabilized, leading
to a wide array of special properties, as depicted in Table 2 [70]. Additionally, using a simulation model
to predict the crystal structures of HEAs, specific phases with improved properties will be synthesized.
Another method is by controlling the grain size using ball milling and mechanical alloying; in this case,
a fine grain will produce smooth, equiaxed structural components [71].

Table 2. Factor affecting structure and properties of HEAs.

Alloying additions Crystal structure control Lattice parameters
Microstructural control High throughput Crystal structure prediction
Selection of elements Heat treatment and deformation Mechanical testing
techniques
Thermodynamics Modelling Iterative optimization Phase diagram and thermodynamics modelling
Compositional design Grain size control Computational simulation

Despite attributes obtained through the optimization of the structural properties of HEAs,
currently, researchers are exploring the use of refractory high-entropy alloys (RHEAs) for hydrogen
storage, particularly the body-centered cubic and body-centered tetragonal (BCC-BCT) structures.
These structures exhibit a high level of stability in hydrogen-storage reactions [72]. Besides, BCC
structures have larger interstitial sites and more open lattice frameworks, which facilitate higher
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hydrogen solubility and faster diffusion rates within the HEAs. This enables improved hydrogen
storage capacity and kinetics. The atomic arrangement in BCC alloys enables greater hydrogen-to-metal
ratios (H/M), supporting higher hydrogen uptakes than FCC structures, which tend to have denser atomic
packing. Typical examples of BCC HEAs include TiVCrFe, TiVCrFeAl, and TiVNbCr2 [73,74].
However, the presence of lave phases in the BCC structure reduces reversibility and pulverization
resistance. This may be due to their high degree of chemical bonding and structural complexity. As
such, the life cycle of hydrogen storage is limited [75]. Many authors reported that at elevated
temperatures, RHEAs undergo phase transformation due to the thermodynamic influence [76]. The
synthesis of FCC HEAs for hydrogen storage can be challenging due to the specific structural and
chemical properties needed for effective hydrogenation of alloys. The site preference for hydrogen
absorption in FCC-HEAs-hydride alloys is complex and sometimes unpredictable [77,78]. In
FCC-HEAs-hydride alloys, hydrogen atoms usually occupy octahedral and tetrahedral sites, unlike
metal hydride. In fact, it has been shown that hydrogen occupation in both interstices is a complete
violation of the Switendick criterion [79]. This means that there is abnormal behavior exhibited by
FCC-HEAs hydride, and this is due to an inherent electron decolorization that occurs between the
hydrogen atoms and HEAs. Due to this, hydrogens interact less repulsively with each other, and
electron localization at octahedral interfaces improves.

Another challenge is that the FCC structure may not be thermally stable under the various
conditions in which hydrogen is stored. Unlike other structures, such as BCC, that can offer favorable
thermodynamic stability and kinetics for hydrogen absorption and desorption. This is because binding
energy for the tetrahedral site usually increases with an increase in hydrogen content and therefore an
activation energy barrier that needs to be overcome [80]. Hu, et al. [81] explored HEAs TiZrVMoNb
and reported that when the hydrogen contents are below 0.66 wt.%, the FCC hydride becomes
thermally unstable at both the tetrahedral and octahedral sites. Similarly, a new HEA TiZrCrMnFeNi
was developed capable of absorbing and desorbing hydrogen at room temperature. The behavior of
hydrogen in FCC HEAs (CoCrFeMnNi) is highly sensitive to temperature and pressure, as such, any
changes in these conditions can influence the solubility and diffusion rate within the FCC lattice, thus
affecting the alloys performance [82]. Moreover, ball milling and plastic deformation will increase
hydrogen adsorption at room temperature and pressure in FCC-HEAs-hydride alloys. To determine the
thermodynamics of a particular alloy system, Gibbs free energy is required. This energy will be
estimated using appropriate models and thermodynamic data. These include the enthalpy of mixing,
configurational entropy, temperature, and compositional dependence of Gibbs free energy. Once this
is computed as described in Eq (8), it can be used to compute the phase diagram for the alloy system,
which will reveal the stable phases as a function of temperature and composition. The phase diagram
will provide valuable insights into thermal stability behavior and also guide the design of new alloys
with improved properties.

In multiphase equilibrium, the molar Gibbs energies for the stable phases are all at a minimum as
described in Eqs (13-15) [83].

AGmix = AHmix — TASmix, (13)
G= ), n°Gy %a", (14)

where n? is the number of moles and *Gm is the molar Gibbs energy of phase ¢.
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The computational model of hydrogen absorption and desorption was validated through the
various experimental data; examples of this analysis are shown in Table 3.

Table 3. Experimentation and theory in thermodynamic analysis [83,84].

Composition AHaps(kJ/molHy) ASaps(J/KmolH») References
Experimental Machine Leaarning
Observation
Al os(TiVNDb)o.95 =52 (£1.5) =52 —141 (£3) [83]
TiVNDb =67 (£5) —58 —157 (£11) [83]
Alp.10(TiVNb)o.90 49 (£1) =51 -154 (2) [83]
Tig4sZro5sMng33VoasNiggs — —44.2 —42 —109.1 (#4.8) [84]

For an ideal solution model for binary alloys, the molar Gibbs energy Gm is written as follows:
Gm= ZXi u = ZXi OGi + RTZXi lnXi, (15)

Furthermore, there is a tendency for this to be obvious if the phases contain sub-lattices. Hence,
this is related to different sites of crystal phase structures, especially in disordered solution phases,
which are buttressed in Eq (16)

confG® — RT ¥, B? In (BY), (16)

where R is defined as the gas molar constant, ™G is the configurational term that describes the
contribution of a physical parameter such as magnetism, Bf,’ is denoted as a molar fraction of an
individual phase.

All constituents occupying the same sub-lattice are mixed, ideally during the configurational
term [85]. The above discussions are related to the solubility and phase formation of alloys, which are
affected by several factors, including the Hume-Rothery rules, Gibbs phases, intermetallic compounds,
and enthalpy. The high degree of solubility achieved in these alloys is attributed to an increase in alloy
composition as more phases are formed. Herein, we emphasize the Gibbs phase rule owing to its
importance in modeling HEAs thermodynamic properties. The Gibbs phase rule can predict the
formation of intermetallic compounds and their stability at equilibrium. At equilibrium, the formation
of the intermetallic compound will increase, depending on the enthalpy. Other thermodynamic models,
such as the calculation of phase diagrams (CALPHAD) method, can be used to overcome these
limitations and provide a more comprehensive understanding of the phase behavior of intermetallic
systems [86]. Despite this, intermetallic phase formation that competes with solid solution phases is
not fully accounted for in the model, thus limiting the model applications. To strengthen the validity
of predicted phase diagrams, it is imperative that high throughput (HT) experimentation be required.
Nonetheless, the prediction of metastable phases and transient phases under non-equilibrium limit
CALPHAD capability. Therefore, high throughput has the potential to combine synthesis and rapid
screening, which will enable fast validation of phase stability across a vast compositional space [87].
Therefore, integration of HT experimental data together with computational CALPHAD workflow will
help in improving the accuracy and predictive power for a complex, multi-component HEA. This
combined approach will bridge the gap between the predicted equilibrium phases and those obtained
during rapid cooling [88].
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The relationship between Gibbs free energy for solid solutions and intermetallic formations is
expressed in Eq (17)

IM _ SS
AGS < AGM — ASS> A2 (17)

where AGSS and AG™ indicates the Gibbs free energies for both solid solutions and intermetallic
formations, AHSS, and ASSS denote the enthalpy and entropy of solid solutions, while AH™ and T stand
for intermetallic enthalpy and temperature, respectively.

Furthermore, extensive studies have also reported that a high lattice distortion rate can cause a
significant deviation from the ideal crystal structure, which can adversely affect the properties of HEAs.
Other factors, such as the concentration of solute atoms and their distribution within the crystal lattice,
are also significant in determining hydrogen absorption properties. This was revealed in some of the
HEAs, such as CrFeNiTiVZr and CoFeMnTixVZr [89,90]. Eq (18) shows the lattice distortion rate (d)
in HEAs, where M is the atomic number, bi is the local lattice parameter of the i atom, and bo is the
equilibrium lattice constant.

2
1 bi—b

The distortion value 6 < 6.6% is required to form a complete, solid solution. Any distortion greater
than this critical value 6 < 6.6% will lead to the formation of intermetallic precipitation (Laves
phase) [91]. Besides, in determining the practical stability threshold for HEAs is challenging due to
the complex interplay of factors. For instance, the stability of a single-phase solid solution is enhanced
by maximizing the entropy of mixing within the optimal enthalpy ranges. Computational methods,
such as ab initio calculations and machine learning, are increasingly used to predict phase stability and
explore the relationship between lattice distortion and phase stability. Additionally, empirical
parameters such as atomic size difference, mixing enthalpy, and valency electron concentration (VEC)
can be used to assess the phase stability [92,93]. Additionally, Floriano et al. [75] considered the use
of the enthalpy parameter to optimize the HEAs. The aim was to improve the hydrogen storage
capacity and efficiency of alloy materials.

Consequently, an extensive investigation was performed using a density functional theory to
predict the enthalpies and identify the most promising material. At high hydrogen concentrations, the
interaction between hydrogen and the crystal lattice dominates, affecting the crystal nucleation into
new phases. At equilibrium, the chemical potential in the HEAs composition is uniform in all crystal
phases, resulting in the system minimum free energy [94,95]. Table 4 presents the value of the
thermodynamic parameter for HEAs. Since the phase structure of HEAs has a significant impact on
hydrogen storage and application, having an understanding of this structure will be helpful in
alloy design.
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Table 4. The parameters, VEC, o, Q, ASmix, and AHmix, for typical HEAs reported.

Alloys VEC 3 Q AH,, (KJ/mol ! AS (J/mol")  Author
AITiVYZr 3.30 10.95 1.62 —14.88 13.38 [95]
AICoCrCuFeMoNiTiVZr 6.6 8.54 1.84 —17.24 19.14 [96]
TiZrNbVZn 6.6 6.5 4.62 -314 13.38 [97]
ZrTiVCrFeNi 6.17 10.02 1.66 —19.33 14.9 [98]
V35Ti30CrasFeio 5.25 53 2.83 =7.02 10.85 [99]
V30Ti30Cra2sFe oNbs 5.25 5.7 2.95 —7.48 12.04 [99]
V35Ti30Cr2sMnyg 5.14 5.0 4.16 —4.55 10.85 [99]
V35Ti30Cr2sFesMns 5.20 5.2 3.31 —6.04 11.43 [99]
Cosz9Fess0Niss ) 9.00 0.40 11.98 —1.35 9.15 [100]
Crs70Fe239Niss 7.94 0.26 3.64 -4.75 9.10 [101]
Co0253Cr2s.5Fers 3Nizs s 8.22 0.35 5.76 —3.72 11.53 [100]
Cu232C026 5F€24 9Nins 4 9.47 1.11 4.15 4.65 11.53 [100]
Alpg sCra73Fe 9Nijg 3 6.4 6.49 1.40 13.21 11.46 [102]

2.3.2  Effect of particle distribution and alloying element in HEAs

Particle size and alloying elements can significantly affect the hydrogenation properties of
materials. By reducing the particle size through milling, the intermetallic phase disappears, and a more
homogeneous solid solution is created, leading to improved hydrogen storage capacity. Additionally,
the increased dislocation density and surface area resulting from the milling process can enhance HEA
hydrogenation. This process is promising for the development of more efficient hydrogen storage
materials [103]. Nonetheless, surface oxidation poses a significant challenge when milling HEA
powders due to the increased surface area exposed to oxygen, potentially leading to oxidation. In
materials containing elements like Fe, oxidation can result in the formation of oxides such as Fe20s.
Therefore, maintaining strict control over the milling atmosphere is imperative to mitigate this issue.
Extended milling durations and elevated milling speeds amplify energy input, further exacerbating the
problem by promoting greater surface area [104]. Additionally, lattice distortion, as noted in the
provided context, can enhance hydrogen solubility by creating interstitial sites with favorable energy
levels, which may influence the oxidation behavior during milling.

Milling processes can significantly impact the reproducibility of material properties due to several
interacting factors: Parameter sensitivity, viability, and equipment variation. Inconsistencies in the raw
materials can lead to variation in the final product, thereby making it difficult to achieve reproducible
material properties; however, pre-processing of raw material to ensure uniformity can help in
mitigating these issues [105].

Milling costs vary significantly depending on the particle size reduction techniques employed.
Different milling methods have varying energy consumption, equipment costs, and operational
requirements, which may impact the overall cost of production [106].

HEAs often comprise a blend of chemical elements, notably transitional metals, alkaline metals,
and earth alkaline metals. Notable examples include vanadium, nickel, titanium, yttrium, and niobium,
which have a strong affinity with hydrogen gas. Vanadium (V) has been studied extensively as a
potential material for energy storage due to its high solubility and diffusivity of hydrogen at certain
temperatures and pressures. Vanadium (V) is indeed recognized as a strong hydride former that
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contributes to increasing hydrogen absorption capacity; in this case, it provides favorable lattice sites
for hydrogen occupation. It also enhances hydrogen diffusion kinetics by creating lattice distortions
that facilitate hydrogen mobility [107]. The addition of vanadium to TiZrVNiCrFe HEA has been
reported to increase the hardness and wear resistance of the alloy, making it potentially useful for a
variety of applications in industry and engineering (Table 5) [108].

Table 5. The role of alloying elements.

V and Nb Nickel Yttrium
Primarily stabilize phases and provide Act as a catalyst, thereby Stabilized hydride
hydrogen accommodation sites. improving reaction kinetics and thermodynamically and modified

activation, essentially for practical lattice characteristics favorably for

rapid hydrogen charging. hydrogen storage

Nickel (N1) can adsorb and dissociate hydrogen molecules, making it an attractive element for
hydrogen storage applications. Nickel (Ni) typically improves activation kinetics by lowering the
energy barrier for the initial hydrogen uptake. Additionally, it stabilized hydride phases, favoring
reversible absorption and desorption at near-ambient conditions [109]. When combined with titanium
to form Ti-Ni alloys, the resulting material exhibits enhanced kinetics for the reaction with hydrogen,
making it a promising material for onboard vehicle hydrogen storage. The addition of nickel to titanium
also has a significant effect on the properties of the hydrogen storage device. The lattice parameter is
reduced when nickel is added. This reduction can lead to a higher concentration of hydrogen atoms in
the material. Besides, activation cycles also improved even at room temperature and atmospheric
pressure. This improvement increased the efficiency of kinetic hydrogen desorption, which is vital for
onboard applications where quick refueling times are necessary [110,111].

The addition of zirconium can also reduce the plateau pressure in a fast-kinetic reaction. The
metal will absorb hydrogen more rapidly, enabling the expansion of hydrogen solubility in the solid
solution. This effect is specifically exhibited in the high content of zirconium in the alpha phase, thus
enabling rapid and massive hydrogen absorption at low pressure [112].

Yttrium is often used as an alloying element in refractory alloys due to its ability to improve phase
stability and reduce grain growth at high temperatures [113]. Yttrium usually influences the lattice
constant and creates microstructural features influencing hydrogen diffusion pathways. It can also
influence the Nano sizing and Nano confinement of the alloy. This is because the small size of the yttrium
atoms can create small, confined spaces in the alloy that are ideal for hydrogen storage [114,115].

Similarly, niobium can enhance the performance of hydrogen storage by promoting charge
transfer. This weakens the stability of metal hydrides and increases their capacity to store hydrogen.
Niobium is a hydride former and improves hydrogen solubility by expanding the lattice structure and
providing interstitial sites and also contributes to improving cycle stability; in this case, the phase
segregation is reduced during hydrogen uptake and release [116].

To determine the enthalpy and entropy values using the thermodynamic parameters, the equation
of Van’t Hoff can be explored, as shown in Eq (19) [117].

n ()= (2-%), <19>

where Pp and Po are expressed as plateau pressure and standard pressure at atmospheric pressure,
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respectively. HEAs shows a range of AH values typically between —20 to —60 kJ/mol H2 depending
on composition and phase. The lower magnitude of AH favor reversible hydrogen storage at near
ambient temperature by balancing hydrogen binding strength. AS corresponding to disorder changes
in the system [118]. In hydrogen storage, AS mainly arises from gas phase hydrogen entropy loss when
absorbed into the solid. Alloys with optimized AH and AS enable hydrogen absorption at moderate
pressure and desorption near room temperature, thereby maximizing usable hydrogen capacity and
energy efficiency [119]. Whenever AH is too negative (strong binding), high temperature or vacuum
is required for desorption, thereby reducing reversibility and efficiency, and if AH is too positive (weak
binding), hydrogen would not be stored effectively at practical pressures. If AS shift equilibrium curves
and affects hysteresis behavior, thus, influencing cycling stability. For instance, TiVNbCrMo HEAs
show AH around —35 to —40 kJ/mol Hz enabling reversible hydrogen storage near room temperature
with good cycling [120]. In summary, the variation and tuning of AH and AS in HEAs are fundamental
to controlling hydrogen absorption and desorption equilibria via the Van’t Hoff equation. These
parameters determine practical operating pressure, temperature, reversibility, and energy efficiency
crucial for advancing HEAs as hydrogen storage materials [121].

2.4. Potential applications of high entropy alloys for hydrogen storage

HEAs offer several advantages for hydrogen storage, such as tunable properties and enhanced
hydrogen uptake capabilities. HEAs can be used in the construction of high-capacity hydrogen storage.
This is due to its unique atomic arrangement and high entropy properties, which can enhance hydrogen
sorption. It also enables the storage of a large quantity of hydrogen within a given volume and weight
of materials [122]. Because of the superior mechanical properties of HEAs, they can be used as
structural materials to build a high-pressure hydrogen storage vessel, as illustrated in Table 6 [123].
The nature of these HEAs materials can facilitate rapid hydrogen absorption and desorption where
quick refueling or release of hydrogen is required, such as hydrogen fuel cell vehicles and the
production of high-purity in industrial processes [94]. Using hydrogen adsorption to cool or refrigerate,
HEAs can be used as a promising material for refrigeration systems. This is due to the exothermic
nature of hydrogen adsorption processes [124]. HEAs are applicable in the production of portable
hydrogen storage devices, such as hydrogen-powered laptops, mobile phones, and other electronic
applications for hydrogen storage gadgets, since this material can provide a compact and energy-dense
solution for mobile applications [125].

Table 6. The application of hydrogen storage.

H, storage applications

Space exploration Compression vessel Portable device -laptop and mobile phone
Fuel cell vehicle Backup-system Purification -industrial process
Adsorption refrigeration Submarine fuel cell Fuel tank

Solid hydrogen energy storage could be beneficial for submarines, especially in propulsion
systems where space is limited and a high energy density is required [126]. In space exploration, where
each gram of payload is crucial, HEAs as lightweight materials can be used in the construction of
high-capacity hydrogen storage tank for spacecraft and rovers, enabling long missions and improved
energy efficiency (Figure 7) [127]. Finally, HEAs can be incorporated in the design and construction
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of a backup power system for solar cells and wind energy, especially in critical infrastructure such as
hospitals and data centers [ 128]. Though HEASs possess exceptional promising properties for hydrogen
storage across diverse applications, the current limitation has restricted their immediate
implementation and application.

i
—Ev battery ~ @
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W, storage tank _Eectricty
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Figure 7. Hydrogen energy hubs for district resilience [129].
2.5. Prospect and limitation of HEAs for hydrogen storage

Industrializing HEAs for hydrogen storage hinges on minimizing materials and energy
costs (Table 7) while addressing production scale challenges, alongside exploiting their intrinsic
high-performance benefits. This integrated perspective will guide research and development toward
economically viable large scale HEA hydrogen storage production [130-132].

Table 7. Current limitation of HEAs for hydrogen storage.

Material cost

Synthesis energy

consumption

Large scale

production

Industrialization perspective

Cost competitiveness of raw
materials such as precious stone,
costly transition metals—Nb, Ti,
Hf, V, and Zr. This raw material
is expensive when compared
with traditional hydrogen storage
materials, thus impacting the
overall economic feasibility.
Solution: strategies of reducing
the cost by using recycled
elements and developing
secondary synthesis routes using

scrap material.

Production of HEAs
often requires energy
intensive. The energy
cost for synthesis
influences the carbon
footprint and
commercial scalability
of HEAs hydrogen

storage application.

Process control for
repeatability and
defect minimization
is essential to ensure
consistent hydrogen
storage performance

on industrial scales.

The cost of metal printing,
affected by product volume and
complexity, will enable an
evaluation of conditions where
advanced manufacturing
techniques are favored over
conventional techniques.
Realizing the practical hydrogen
storage solution using HEAs
requires balancing superior
material properties with cost-
effective, scalable

manufacturing.
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3. The design of HEA alloys, synthesis, and potential applications

The HEAs potential for energy storage is discussed considering the alloys thermal properties and
their kinetic reactions. Many HEAs exhibit remarkable thermodynamic stability at high temperatures,
making them suitable for energy storage [133]. Furthermore, the solubility of hydrogen in HEAs varies
depending on the alloy compositions and the conditions under which it is used [134].

Understanding the factors and their interactions is vital for developing HEA-based materials with
optimal properties for hydrogen storage [135]. In the context of hydrogen absorption or desorption, a
higher value of heat of formation (AH) would be required for more heat to be released or absorbed
during the kinetic reaction process. Hence, the heat of formation (AH) is paramount in determining the
stability of hydrogen in the HEAs. High-entropy alloys usually exhibit high volumetric density and
low-pressure storage features, and this is due to the formation of a disordered solid solution and their
low density in gaseous form, which makes them difficult to store in large quantities. Moreover, its poor
mass and heat transfer are also a setback. When hydrogen diffuses into metal hydrides (HEAs) or
intermetallic, it forms a solid solution with an a-phase. As the hydrogen pressure and concentration
increase, the host metal or alloys (HEAs or metal hydrides) begin to form an B-phase [136]. This
phenomenon translates into a thermodynamic process known as pressure composition isothermal (PCI).
Whenever equilibrium is reached, the two phases coexist, showing plateaus in the PCT curves. At this
point, the heat dissipation and absorption processes were under control, enabling the storage system to
operate at equilibrium pressure (Peq) and constant temperature, as expressed in Eq (20) [137].

HEAs + gHz <«— HEAs H + Heat,

B AH AS |
Peg=exp— ot — &1

(20)

where Peq denotes the pressure equilibrium.

Specific assumptions are made about the mechanism of energy transfer using a set of equations
in the development of the model. These assumptions are:

[a] Hydrogen gas phase obeys the perfect gas law and behaves as a thermodynamic ideal gas;

[b] Solid phases are isotropic with a uniform porosity distribution;

[c] Medium has a characteristic of local thermal distribution;

[d] Thermophysical properties are constant;

[e] Heat convection and radiation are negligible in the metal hydride, while the mode of heat transfer
in the media phase is conduction; advection transport is negligible, and the HEAs-phase
composition system is adiabatic.

Heat removal is essential for maintaining the continuity of a kinetic reaction and for cooling the
bed of a HEA. The mechanism for heat removal may involve the use of a coolant or a cooling system,
which can either be internal or external to the HEA. Regarding the governing equations of hydrogen
flow, it is necessary to make certain simplifying assumptions to enable mathematical modeling and
analysis. Nonetheless, it is important to note that in some situations, the assumptions in [a—¢] may not
hold, and more complex models and equations might be required to accurately describe the behavior
of the system. Hence, for the application of any modeling or analysis to a specific problem, it is
necessary to carefully evaluate its assumptions and limitations [138,139].

The expression of heat transfer associated with the reaction of the hydrogenated HEAs or metal
hydride bed are given in Eqs (21-23). This is the governing equation for energy transferred by conduction.
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PCHOToe + peCpe(U.VT) = Vx(KeVT) +Qs 1)
(PCp)e = E*p*Cpg + (1 — €) *pm*Cpm, (22)
de - E¥hg + (1 — €) *am, (23)

where Cp, represents specific heat capacity, p indicates density of the fluid or gas, u is the velocity, T
and Q stand for heat sinks and temperature, while € and K were expressed as porosity and thermal
conductivity, respectively. The subscripts e, g, p, m, and s represent effective gas pressure, metal, and
sink, respectively.

The heat and mass transfer processes for HEA must be thoroughly investigated, as well as the
technology involved in the physical phenomenon, storage design, and geometry.

3.1. Mass balance equation

Mass balance equations are essential in the design and optimization of hydrogen storage systems.
It is a potential tool for assessing the size of storage tanks and flow rates [140]. Using this equation,
one can evaluate the system efficiency and emissions, which are quite critical for the sustainability of
hydrogen energy storage. The mass balance equation always ensures that the principle of conservation
of mass in the system is upheld, which is indispensable in chemical reactions and metal flow. Hence,
mass conservation laws state that the total mass of a closed system remains constant over time [141].
In the case of hydrogen gas flow, especially in a metal bed, the mass of hydrogen entering must be
equal to the mass of hydrogen leaving the metal bed, thus obeying the fundamental principle of mass
conservation. Hydrogen is rather absorbed and desorbed in a reacting metal bed, thus causing changes
in the solid density. The mass flow rate m is defined as the mass of hydrogen absorbed and desorbed
per unit of time and volume, as buttressed in Eq (24) [142].

m = pAv, (24)

where m represents the mass flow rate, p indicates the density, and A and v denote the surface area of
the porous metal bed and hydrogen flow rate, respectively.

Nevertheless, if the solid material remains incompressible, any changes in solid density can be
ignored. Thus, the mass flow rate of hydrogen is usually dependent on the hydrogen flow rate and the
surface area of the metal bed. This relationship is based on the assumption that hydrogen flow is
uniform and that there are no significant changes in pressure or temperature along the length of the
metal bed. Eqs (25-27) obey the law of perfect gas [143].

m=(1-8=% (25)

where €, dps, and dt denote pressure with respect to time and emissivity of hydrogen bed.
Here, the hydrogen gas behaves as an ideal thermodynamic gas and thereby obeys the law of
perfect gas.

: 18 8
= E6pg + — = (pgr) + = (peliz), (26)
where r and z are radially and longitudinally coordinated, respectively.
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Additionally, pg, as expressed in Eq (19), is given as

MgPg
RTg’

(27)

Pg =

3.2. Kinetic reactions

The absorption and desorption of hydrogen gas in any material often involve kinetic reactions,
which may be closely affected by environmental conditions such as temperature, pressure, and material
properties. There are many sequences of steps involved in a kinetic reaction, and this includes the
transition of adsorption to the absorption state, bulk diffusion, dissociative chemisorption, mass
transport of hydrogen gas, and surface migration. A high temperature and low pressure will favor
desorption, while a lower temperature and high pressure will influence absorption. When a HEA is
heated, the hydrogen is released through thermal desorption. The dissociation of hydrogen molecules
into atomic hydrogen, followed by the diffusion of hydrogen into the metal lattice, increases the
absorption influence. These processes are illustrated in Eqs (28,29).

For the absorption case:

: E P
th = Caexp () In (P—fq) [psat — ps] (28)
For the adsorption case:
8ps Ea Pg .
o Caexp () In (G [pss = psl, (29)

where Ca denotes the material-dependent constant, Ea is given as activation energy, pss is expressed
as density of the solid phase at saturation, ps, indicates the density of the solid, Pg, and Peq represent

[ . . Sps . . .
gas pressure, and equilibrium pressure respectively, while % is given as the pressure gradient.

nfe = (LM AS
N5 = \rer ~ v

and then rewritten as

AH AS
Inp,, = (2 - ),
RgT Rg

Heat transfer can significantly impact the rate at which absorption or desorption occurs and the
overall efficiency of the process. The process of heat transfer by conduction is responsible for
transferring thermal energy between substances that are in direct contact and is expressed as Eq (30):

q, 6T

A 8x (3 0)

8T . o o :
where 5 18 denote as the temperature gradient in the direction of heat flow; gx is the thermal

conductivity of a material with surface area A.
From Eq (31), the thermal conductivity qx, which is the rate of heat transfer per unit area, is
proportional to the normal temperature gradient and is given as
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— AT
= kA, 31)

Additionally, in a steady-state system, a one-dimensional system where heat flows in a cylindrical
coordinate (especially in the absence of heat generated in the cylinder), the energy flow rate is given
as Eq (32) [139]

2
i+ =0 (32)

ﬁ rdr
3.3. Thermal conductivity of hydrogen gas

In the case of hydrogen gas, thermal conductivity usually occurs through the mechanism of
molecular collision. When gas molecules collide with each other or with the walls of the container,
thermal conductivity arises through lattice vibrations and electron transport [ 144]. The numerical value
of thermal conductivity for any material depends on many factors: The specific heat capacity of the
material, density, molecular or atomic structure, temperature, and pressure. Since hydrogen is a
diatomic gas, its thermal conductivity usually increases with temperature. In general, materials with
high thermal conductivity tend to have a high density or high molecular weight and a crystal structure
that allows for efficient heat transfer [145].

The absolute dependence of this density has a significant effect on thermal conductivity, meaning
that an increase in gas density will result in a reduction in thermal conductivity, especially at lower
pressures. Moreover, as the pressure increases, hydrogen gas tends to behave as an ideal gas, and the
relationship becomes more complex. Nonetheless, the presence of impurities will cause the thermal
conductivity to deviate from the ideal gas behavior [146].

3.4. Phase change materials

The energy equation for a phase-change material (PCM) is based on the enthalpy formula. In this
case, the equation will be expressed in terms of temperature and total volumetric enthalpy. As a result,
the thermal and physical properties will be determined. It includes both internal and external energy,
which are required to overcome any external forces, such as pressure or volume changes [142]. When
a PCM undergoes a phase change, either from solid to liquid or liquid to gas, it absorbs or releases a
large amount of latent heat, which is not reflected in temperature measurements [ 143]. Modeling PCMs
is not always easy due to their complex behavior. For instance, PCM sometimes undergoes a partial
phase transition in a real-life operation. As such, the energy equation needs to be modified to include
the effects of latent heat. This will enable more accurate predictions of the temperature distribution
and energy transfer within a PCM system.

In the context of a phase change, the chemical potential reflects the equilibrium conditions
between two phases. A binary alloy of metal and hydrogen requires equal chemical potential between
the two coexisting phases to reach thermodynamic equilibrium [147]. As such, the mass transfer
between phases will be under control, thus influencing the stability and boundary phase of alloys [148].
The plateau pressure is observed when the system reaches a state of dynamic equilibrium. At this point,
the rates of hydrating and dehydrating become equal, and there are no net changes in the amount of
hydrogen in the metal lattice.
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The occurrence of a plateau-pressure in HEAs-hydride systems is due to the limited diffusion rate
of hydrogen in the metal lattice. When the alloy is heated, hydrogen desorbs from the metal lattice,
creating a high-pressure region close to the metal surface. This high-pressure region will lead to a
plateau in pressure as the pressure increases and the hydrogen diffusion reduces, as expressed in

Eqs (33,34) [149].
= =V [eenV(D))], (33)

But H(T) = h(T) + ppem Lf (T),

where L is the latent heat of the phase of the composition material, f(T) is the liquid fraction, and H(T)
is the total enthalpy, which is defined as the sum of the sensible enthalpy h(T), given as h(T).

h(T) = fTT ppcm C,pcm dT, (34)

where ppcm, Cpem, and Ipcm are given as the density, specific heat, and thermal conductivity of the
PCM, respectively.

In Figure 8, PCM demonstrates a number of properties during heat exchange, including: [a] Low
volume expansivity during the phase change; [b] high latent heat of fusion for thermal energy during
the exothermic and endothermic reactions; and [c] sufficient melting temperature, but higher than
ambient temperature and lower than the maximum-minimum temperature that occurred during the
sorption reaction process [150]. Finally, PCM must be thermally stable over a large number of thermal
cycles and also maintain the phase change transition and structural properties.
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Figure 8. The characteristics of phase-change materials.

The integration of PCMs into HEAs for thermal management in hydrogen storage is critical.
PCMs, by absorbing and releasing latent heat during phase transitions, stabilize temperature
fluctuations during hydrogen absorption and desorption cycles in HEA storage beds [151].
Incorporating a heat exchanger with PCM units in thermal contact with HEA beds enables controlled
heat supply and removal. In this case, it ensures a stable temperature and prevents hot spots and thermal
gradients that can adversely affect hydrogen absorption and desorption [152]. PCMs act as buffers
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surrounding or embedded within HEA beds, improving cycling efficiency and durability. For example,
researchers have explored Ti-Zr-Hf-Ni-Cu HEAs and their phase transition behavior as solid-solid
PCMs for high-temperature thermal energy storage [153].

3.5. Momentum equation for hydrogen flow

The momentum equation of a hydrogen flow gas is a fundamental equation in fluid dynamics that
describes how the velocity of the liquid changes with time due to forces and gradients (pressure,
viscosity, and gravity) [154]. This equation can be used to analyze and predict fluid flow behavior.
Under a boundary and initial condition, the specific behavior of hydrogen gas can be modelled [155].
Figure 9, illustrates hydrogen gas flow in a storage component. As the gas travels through the HEA
bed, it will undergo various mechanisms: Surface diffusion, lattice diffusion, and grain boundary
diffusion. The dominance of a particular diffusion mechanism depends on many factors, such as
temperature, pressure, and the microstructure of the HEAs. For instance, at a lower temperature, lattice
diffusion may be more dominant, while at a higher temperature, surface diffusion or grain boundary
diffusion might play a significant role [156,157].

Hydrogen bed Air jet

Figure 9. Geometry of hydrogen energy storage component.
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Py hydrogen pressure, where S:and Sz are the pressure drops of the hydrogen gas due to viscous
dissipation as buttress in Eq (35).

Si- (E) w, (37)
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where 1 (kg/ms) indicates the dynamic viscosity of the hydrogen gas and K (m?) represents the thermal
permeability of the porous bed.

The mass and momentum balance Eqs (24—-37) used for hydrogen storage systems with HEAs
often rely on assumptions that simplify the real-world behavior of these materials. Such assumptions
include quasi-steady-state flow or steady-state flow, ideal gas behavior of hydrogen, isotropic porous
media properties, and simplified geometrics or thermal boundary conditions [158,159]. These models
provide a theoretical framework, and their validation with actual HEA materials is lacking, with studies
often focusing on analogous metal hydride systems [160]. Researchers need to focus on integrated
experimental-modelling approaches to explicitly test these equations under practical HEA bed
conditions, especially considering transient behavior during charging and discharging cycles.
Validation should include measurements of hydrogen uptake, pressure profiles, temperature changes,
and dynamic flow through porous HEA compacts, comparing these measurements with model
predictions [161]. Furthermore, models need to incorporate evolving microstructure changes, phase
transitions, and hysteresis to more accurately reflect the dynamics of hydrogen storage in HEAs, as
lattice distortion can enhance hydrogen solubility by creating interstitial sites with favorable energy
levels [162].

3.6. Thermal diffusivity

In solids, liquids, or gases, thermal diffusivity and thermal conductivity play very different roles
depending on whether the heat supply is steady-state or transient. In a steady-state measurement of
heat transport, only thermal conductivity takes precedence while the diffusivity has a partial
effect [163,164]. However, if the heat supply varies as a function of time, then the diffusivity
determines how the temperature ranges within a material in response to a thermal gradient [165]. The
choice of alloy composition in HEAs also has an impact on thermal diffusivity. Since each of these
alloys has varying thermal properties, their combination in HEAs may influence heat conduction [35].
Similarly, in hydrogen interaction, the presence of hydrogen gas in the HEAs can affect the thermal
diffusivity and consequently alter the heat transfer. Moreover, hydrogen absorption into HEAs is often
exothermic. The energy released in the form of heat will cause a rise in temperature within the
HEAs [166]. Hence, adequate control of temperature is required to avoid undesirable effects such as
excessive desorption and reaching temperature limits. The thermal diffusivity (o) of a material is
expressed in Eq (38) [167].

187 _ o7 &7 &7 . & (38)

where o = p%, with density(p) d(T), and thermal conductivity (K) while x, y, and z are variables with
p

respect to temperature.

A higher value of thermal diffusivity a signifies a faster rate of heat transfer, which is often
associated with a lower specific heat capacity (Cp). This means that materials with high thermal
diffusivity tend to absorb less heat to increase their temperature, allowing them to respond more rapidly
to thermal changes. Consequently, when the heat capacity is lower, the material requires less energy
to achieve a given temperature rise, enhancing its efficiency in thermal applications.

Effective heat management in practical HEA hydrogen storage systems is critical due to the

AIMS Energy Volume 13, Issue 6, 1463-1517.



1490

exothermic and endothermic nature of hydrogen absorption and desorption [168]. HEAs possess
variable thermal conductivities, tailored by composition and microstructures to balance mechanical
stability and thermal properties [169]. Heat exchangers integrated with HEA beds manage heat during
cycling, while embedding high thermal conductivity additives within HEA powder beds enhances
internal heat transfer [170]. Optimizing particle or pellet size and packing density of HEAs maximizes
surface area for heat exchange while maintaining hydrogen permeability. The use of phase change
materials (PCM) surrounding HEA beds stabilizes temperature by absorbing heat spikes during
absorption and desorption process. Alloy compositions are carefully chosen for thermal properties,
external and internal heat transfer enhancements are integrated, and reactor design is optimized to
ensure stable, efficient hydrogen absorption and desorption cycling. Lattice distortion can enhance
hydrogen solubility by creating interstitial sites with favorable energy levels [171].

Integrating system-level performance simulation into the design process enables a thorough
understanding of practical engineering for hydrogen storage. Simulations based on HEA material
properties can help in maximizing hydrogen absorption and desorption efficiency in reactors and
storage tanks [172]. The mechanism of modelling of this heat exchanger and reactor will help in
integrating hydrogen storage units to ensure effective thermal management during exothermic and
endothermic reactions. According to Sahlberg et al. [173] TiVZrNbHf alloys absorbed hydrogen
above 200 °C due to a reduction in hydrogen pressure in the reactor, but a complete hydrogenation
at 400 °C for 48 hours produced a BCT lattice. Furthermore, when the hydrogen storage system cycle
is simulated, the kinetics, thermodynamics, heat flow, and pressure changes can be evaluated [173].
Studies have shown that increasing the surface area of the heat exchanger can improve hydrogen
absorption and desorption. HEAs, intrinsic lattice distortion and complex elemental interactions may
contribute to exceptional hydrogen capacity and reversible storage. Nonetheless, system performance
hinges on stability under cyclic hydrogen charging, resistance to embrittlement, and mechanical
integrity at operational temperature and pressure [174]. During this, considerable system parameters,
such as HEAs, thermal conductivity, and strain tolerance, will be required because they will influence
the storage cycle time and structural longevity.

The pronounced low thermal conductivity of HEAs is demonstrated through the basic experiment.
This experiment involves comparing HEAs with several reference samples to highlight the difference in
thermal conductivity. The total thermal conductivity (k), electron thermal conductivity (ke), and phonon
thermal conductivity (k1) of (CoNi)so(TiZrHf)so compared with a variety of FCC alloys (Table 8).

Table 8. Thermal conductivities of HEAs [175].

K Ke Ki
Alloy (W/(mA-K)) (W/(mA-K)) (W/(mA-K))
Ni 88 88 0
CoNi 68.4 58.9 9.5
CoCrNi 11.4 7.2 4.2
AICrFeNi 16.7 113 5.4
FeCoNiCr 12.8 8 4.8
FeCoNiCrMn 13.7 6.8 6.9
FeCoNiCrPd 10.3 4.8 5.5
(CoNi)so(TiZrHf)so 8.4 7.8 0.6
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3.7. The interactions of the hydrogen ion with HEAs

The interaction of the hydrogen proton ion with HEAs occurs through several processes. Among
these is the diffusion process, where the proton diffuses through the lattice structure of the alloy [35].
The interaction between the proton and the alloy can also involve other processes, such as adsorption
and desorption. Hydrogen bonding occurs at a wide range of energy levels. If the overlapping is
positive, bonding interactions would occur in the atoms [176]. Since hydrogen occupies the interstitial
sites, as earlier mentioned, it can delocalize under any stress condition. Thus, any alloy that resists
stress will typically alter the hydrogen solubility [122]. This could have a significant impact on the
lattice parameter and the hydrogen concentration at the initial a-phase. When the concentration of
hydrogen exceeds the terminal solid solubility, a second B-phase (VH/V:2H) will form. The final
v-phase (VH2) precipitated more as the concentration increased.

3.7.1.  Crystal Orbital Hamilton Population (COHP)

As hydrogen reacts with HEAs, a chemical bond forms between hydrogen and the metal atom.
These chemical bonds usually vary depending on the specific element involved, such as a metallic
bond [177]. The strength of the chemical bond will be evaluated using COHP. This will help in
determining the hydrogen-induced effect on the electronic structure of the alloys [178]. Besides, the
hydrogen-induced effect can introduce energy levels within the band gap, affecting the electronic
transition [179,180] as it influences the material’s appearance and reflectance. As a function of
temperature and pressure, hydrogen solubility varies in HEAs [181,182]. Changes in solubility can
impact the extent of the hydrogen-induced effect on electronic and optical properties [183].

COHP has been demonstrated to be an excellent tool for identifying the various hydrogen-HEA
interactions [184]. However, its analysis only relies on the symmetry of the crystal lattice; therefore,
it is equally important to ensure that symmetry considerations are appropriately addressed to obtain an
accurate result [179,185].

3.7.2.  Electron Localization Function (ELF)

The electron distribution will be determined through the electron localization function, which will
reveal the nature of the chemical bond and the location of the electron pair. In a region where a high
concentration of electron pairs is found, hydrogen ions will interact with metals in HEAs [129-131].
However, in a location where the bond is critical, the electron density is at its minimum level [132,186].
Hence, the spatial representation of an electron localization will show where the electron density is
high or low [187].

The diffusion of hydrogen occurs along the migration path within the HEA lattice. Changes in the
external environment can influence the electronic structure and geometry of an alloy, thereby indirectly
affecting the value of ELF. For instance, during thermal expansion, temperature changes can alter the
interatomic distance within the HEAs, thus, influencing the ELF values [130,134]. Similarly, a high
temperature will raise the vibration motion, leading to changes in electron density distribution in the
region of high concentrations of atomic bonds [188,189]. Since high temperatures promote electron
excitation, this will lead to an alteration in the electron density distribution and could potentially affect
the ELF values [190].
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Furthermore, a change in pressure will lead to compression or expansion of the HEAs, thus
affecting the interatomic distance and overall density and, consequently, influencing the ELF value.
High pressure induces changes in the electronic band structure of HEAs, and this affects the electron
distribution. In addition, phase transitions may also occur, leading to changes in crystal. Moreover,
other factors, such as the chemical composition and temperature of the alloy, and the properties of the
proton, will also influence the interaction [191-193].

The combination of COHP and ELF helps in probing the electronics environment of hydride
phases, classifying how each element impacts hydrogen absorption sites, migration paths, and
interaction strength, which correlate with experimentally observed storage capacity and kinetics [194].
For instance, the hydrogen permeation investigation of AICrFeTiNb and AICrMoNbZr HEA coatings
utilized electronic structure and phase analyses, which showed that elements like Fe influence
hydrogen permeability and trapping [195]. These tools are useful in understanding why some coatings
resist hydrogen storage design. To comprehend hydrogen activation and transport, ELF can be used to
model the complexity of hydrogenase enzymes [196].

4. Thermodynamics of high entropy alloy-hydrogen systems

The HEA-hydride system is a complex phenomenon that affects the structural performance of the
HEAs. As hydrogen is diffused into the HEA, phase transformations occur; in this case, atoms move
from a high-concentration region to a lower-concentration region, typically from the surface to the
interior of the HEAs. At elevated temperatures, the redistribution of alloying elements at the interface
occurs, which can further affect the phase transformation [197]. The chemical potential of each element
in an alloy usually depends on the composition and concentration in the various phases, while at
equilibrium, they show an identical phase with the minimum free energy [198].

There are three phases observed in the crystalline structure of BCC, including the saturated
a-phase, unsaturated phases, and intermediate hydride, with a crystal phase structure of B, respectively.
These phases coexist and lie in a state of equilibrium, with their composition varying with temperature
and hydrogen pressure [12]. The metals vanadium (V), niobium (Nb), and tantalum (Ta) are examples
of alloys that exhibit these behaviors and form solid solutions with each other [199-201]. Similarly,
the atomic or molar fraction of each metal alloy in one phase will be the same in other phases, and it
can be represented as ), Ci =1 Eq (39) describes the behavior of either a saturated entropy metal alloy
or an unsaturated metal hydride phase, and the chemical potential of each phase is found to be the same
at the point of equilibrium.

Figure 10, describes the Gibbs free energy of the a and  phases as a function of the compositional
variable Cn. In this case, the two phases are the same, and they both coexist with hydrogen gas only
when the Cu of both phases is the same. while the combined metals in HEAs with chemical potential
are the same in both phases. Moreover, in a hydrogenated HEAs system in para-equilibrium at a
given temperature, the Gibbs free energy of these phases only depends on Cu. Besides, at reasonable
cooling rates under ambient conditions, an intermetallic phase () tends to form a single phase (o)
after solidification.
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Figure 10. The Gibbs free energy of a and 3 phase as a function of compositional variable [202].

ue® = pgP, (39)

where uy is the hydrogen chemical potential for o and B phases with compositional variable Cu, given
in expression.

Cy=2, (40)

While at the equilibrium point, where the chemical potentials are equal, the energy required to
add or remove atoms will be the same across all phases. This is because the system has reached a state
of minimum Gibbs free energy, where there is no driving force for further changes to occur. In this
case, the mobility of metal atoms will be restricted at low temperatures, except for the hydrogen atom,
which moves without any restraint. Therefore, para-equilibrium arises from the disparity in mobility
between rapidly diffusing hydrogen atoms and the slower-moving heavier alloy atoms in HEAs. This
concept has significant implications for both hydrogen storage cycle life and storage density [203].

Regarding cycle life, the limited mobility of alloy atoms under para-equilibrium conditions
ensures that the alloy’s structure remains relatively stable during repeated hydrogen absorption and
desorption cycles. This stability mitigates rapid elemental redistribution, phase segregation, cracking,
and embrittlement, thereby enhancing cycle life and mechanical durability [204]. Furthermore, the
slow redistribution of alloy atoms helps maintain consistent hydrogen sorption sites, stabilizing
performance over numerous cycles.

In terms of storage density, para-equilibrium preserves the existing alloy phases during
hydrogenation, preventing complete phase transformations that would involve substantial atomic
rearrangements. This preservation is crucial for maintaining high storage density by avoiding the
formation of undesirable phases that could reduce hydrogen capacity and cause lattice expansion or
pore closure [205]. Additionally, lattice distortion, as highlighted earlier, can further enhance hydrogen
solubility by creating interstitial sites with favorable energy levels, facilitating rapid hydrogen uptake
and reversible storage at designed densities without significant alloy lattice reorganization [206].

Figure 11, describes the pressure-composition-isothermal nature of the hydrogen mixing in the
a- and B-phases. At low pressure, only the a-phase coexists in equilibrium with hydrogen gas, and its
Cu composition depends on it; however, above the plateau pressure, only the B-phase is in equilibrium
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with hydrogen gas. As the composition changes the transitions between these crystal structures and the
pressure vary accordingly PH2 [202].

oH
CH=nu

Figure 11. The pressure-composition-isothermal in the o and B-phase [202].

Here, we present a method of system hydrogenation in multiple steps, utilizing the temperature
dependence of the isotherms to improve efficiency. The mobility of HEA atoms is limited, but not for
hydrogen atoms, and consequently, a new thermodynamic equilibrium, known as para-equilibrium, is
introduced to address this limitation in HEA [207,208]. Para-equilibrium considers the difference in
mobility between hydrogen and HEA atoms, leading to the formation of two distinct chemicals in
hydrogen, and HEA [209]. The chemical potential of an alloy in the a-phase differs from that in the
B-phase, except in rare cases where they are similar. Nevertheless, the chemical potential of hydrogen
atoms is the same in both a and B phases. The equilibrium phases depend on the changes in Gibbs free
energy and the chemical variable of hydrogen content due to the para-equilibrium condition. The Gibbs
free energy of hydrogen mixing appears in a and B-phases, as described in Eq (36) [210].

Various methods have been employed to analyze the thermodynamic properties of HEAs in a
para-equilibrium condition. One of these approaches is to use the CALPHAD method. This method
involves the use of thermodynamic databases and phase diagram software to model the behavior of
complex multi-component systems. Another approach is the use of first principles, which entails the
use of quantum mechanical calculations to predict the electronic and atomic structures of
materials [16,211].

AGm(Cn) = AHm(CH) — TASm(Cn), (41)

where AGm(Cn) indicates the changes in Gibbs free energy between phases and the enthalpy of
mixing (AHm).

As the hydrogen gas is subjected to higher pressure, its solubility in the crystalline phases (o and
B) will increase. In this case, the hydrogen will dissolve into the crystal lattice, consequently increasing
the size of the crystalline cell [212,213]. Furthermore, whenever the particles in the a and B phases
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come into contact with each other, the two atoms present at the boundary interface will experience a
change in the enthalpy of mixing (AHm). This enthalpy will later be determined using the width of the
boundary and the amount of surface area per unit volume [214].

To account for the entropy of mixing within the thermal regime, the entropy equation must include
a concentration term. This is because the entropy of mixing is dependent on the concentration of the
two substances, which coexist in multiple phases. Despite this, its major challenge is the creation of a
liquid miscibility gap in the phase diagram and alloying failure [215]. The concepts of enthalpy and
entropy of mixing are very important to understand the behavior of hydrogen gas under different
conditions. As a result, the sorption rate and exposure of HEAs to hydrogen will be determined by
combining all the models above. As expressed in Eqs (42—43), using “B” as a symbol for representing
the HEAs [216].

AHA(Crm) = HP!on — HPHelloy — SLpH2, (42)

AS*(cn) = SPey — SPHalloy — ZLgHz (43)

where HBHalloY and SBHalloy are the enthalpy and entropy of alloys in the o and B crystal phase structure,
Cu denotes composition, HBY and SBH are the normal enthalpy and normal entropy of hydrogen gas,
while HH2 and SHzindicate the standard enthalpy and entropy of hydrogen respectively.

Some of the HEAs usually form metal hydrides with similar composition but different crystalline
structures after they have been hydrogenated, such as BCC-BCT-FCC-hydride. This phenomenon
occurs in the thermodynamic para-equilibrium condition of temperature and atmospheric pressure at
times, which is the concept of body-centered cubic (BCC) HEA in disordered solid solutions. For
instance, TiVZrNbHTf alloys, when hydrogenated, form a BCT phase, which is a monohydride stable
structure at lower pressure and a dihydride stable structure of FCC at high pressure [76,217].

As stated, Gibbs free energy can establish a thermodynamic condition for phase formation. For
the a and P phases with similar chemical compositions, the Gibbs free energy for each phase can be
written as a function of C, as expressed in Eqs (44—46). Therefore,

AG(cH) = G®M¥en = G = 2L GHz, (44)
AGP(ci) = GPMPey — Gty — 1 GHz, (45)

Similarly, any other hydride and intermediate hydride phases emerge as 6 with the same composition
AG(c) = G®Mcn — GV — 1GHz, (46)

where G is expressed as the Gibbs free energy of alloys in the o, B, and 0 crystal phase structures,
AG®BHD AGBHP and AGEBHY are given as Gibbs free energy of hydrides in a, B, and 0 phases with the
same chemical composition, respectively. GHz indicates the standard Gibbs free energy of hydrogen.

Also, the value of these energies, AG*CH), AG}(CH), and AG*(CH) largely depends on alloy
composition and the crystal structure of high-entropy hydrides. This will provide a significant
achievement in the thermodynamic para-equilibrium, especially where the chemical potential of all

AIMS Energy Volume 13, Issue 6, 1463-1517.



1496

components exists side by side in the crystal structure of a, B, and 0, as shown in Egs (39—41). At the
standard equilibrium temperature and pressure (STP), the chemical potential of hydrogen gas per mole
at 1 atmosphere (STP) is described in Egs (47-50) as follows:

u? =2RTIn (S22), (47)

KO
where Ky, denotes the hydrogen gas pressure in the atmosphere and K° indicates 1 atmospheric pressure
Hy ydrogen gas p P p

8AG Pex

B B_
wPHEH) P = ——— (48)
% @ - 5AG Tan (49)
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0 o _ 8AG e(CH)
n mem © = ===, (50)

(AGa), (AGP), and (AGO) represent the Gibbs free energies required for the phase transition in the
system [145].

Adequate control of phase transitions for a, B, and 0 hydrides in HEAs is important in determining
how much hydrogen can be stored (Table 9), how fast it can be absorbed and desorbed, and how stable
the materials remain over many cycles. Hence, due consideration of this phase transition will help in
improving hydrogen storage performance [218,219].

Table 9. Phase transition [218,219].

Phases Storage capacity

1 a-Phase Corresponds to dissolution of hydrogen in solid solution with limited hydrogen content, resulting in
lower storage capacity.

2 B-Phase The transition into B-phase, a metal hydride phase, indicates substantial hydrogen uptake with a higher
hydrogen-to-metal ratio (H/M), enabling a high storage capacity.

3 0-Phase The phase indicates a complex hydride phase such as the Laves phase, which can store hydrogen density
but may require higher activation energy and exhibit slower kinetics.

4  Reversibility Reversible hydrogen storage depends on the ability of the alloys to transition between the phases

and cycling without structural damage. HEAs with stable a-f transitions with a limited formation of brittle phases

stability can sustain a better cycling performance with minimal capacity loss after many cycles.

4.1. Thermodynamic advantages of HEAs

Thermodynamics provides a fundamental framework for studying the interaction between
hydrogen and HEAs. The high-entropy alloys exhibit a number of thermodynamic advantages over
traditional alloys, including:

(a) High configurational entropy: The configurational entropy of these alloys is significantly higher
than that of conventional alloys. This is because the large number of constituent elements in the alloys
allows for a greater number of potential arrangements of atoms, leading to a higher degree of disorder.
This high configurational entropy makes it more difficult for the alloy to undergo phase
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transformations, which can lead to improved mechanical properties and greater resistance to corrosion
and oxidation.
(b) HEAs usually exhibit enhanced solid solution strengthening due to the high entropy effect. This is
because the large number of alloying elements in HEAs creates a high degree of lattice distortion,
which enhances the interactions between the atoms and increases the strength of the alloy.
(c) Additionally, HEAs display improved high-temperature stability due to the formation of a
single-phase microstructure. They also maintain superior mechanical properties at high temperatures
due to the high configurational entropy and the enhanced solid solution strengthening.
(d) These materials have a wide range of applications, including aerospace, energy, and biomedical
engineering, unlike traditional alloys, which often undergo phase separation or decomposition at high
temperatures, leading to a loss of mechanical properties [220-222].

Figure 12, lists various advantages of thermodynamics as related to the HEAs. This information
is vital for designing materials that can operate effectively under specific environmental conditions
and for hydrogen storage and transport.

Figure 12. Thermodynamic advantages of HEAs [76,217].

5. Thermal analyses of hydrogenated-high entropy alloys

Thermal analysis is a valuable technique for investigating the thermal behavior of high-entropy
alloys in various environmental conditions. This technique involves measuring the heat flow and
temperature changes in a sample as it is subjected to thermal conditions, such as heating or
cooling [223]. Figure 13, provides insights into the materials hydrogen absorption and desorption
properties, including the reaction kinetics, reaction enthalpies, and thermodynamic stability of the
hydride phases. Measuring the thermal effects on the interior parts of hydrogen storage components
can be challenging. This is because convection involves complex fluid dynamics and heat transfer
mechanisms that are difficult to quantify and model accurately [224]. In addition, to measuring thermal
effects, simulation techniques can be used to predict and analyze the thermal behavior of hydrogen
storage. These simulations typically involve the use of numerical models and computational fluid
dynamics (CFD) techniques to simulate the flow of hydrogen gas and the resulting heat transfer within
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the storage components [225]. Validating a simulation with experimental data is important to ensure
accuracy and reliability [226]. The heat transfer between metal alloys and hydrogen gas primarily
occurs through convection and conduction. This heat flows through the metal before it finally transfers
to the hydrogen environment during exothermic and endothermic reactions. Consequently, it gives rise
to thermal stress as such a thermal and structural analysis will be required using the parameters of
temperature, heating rate, pressure, and linear dimension. The presence of impurities or surface oxides

has an enormous impact on the anomalous temperature and prevents the hydrogen gas from diffusing
into entropic alloys [227].
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Figure 13. Thermal analyses of hydrogenated-high entropy alloys [227].
6. Embrittlement of structural alloys in the presence of hydrogen

The impact of hydrogen on metals and alloys is a topic of great importance in the energy sector,
particularly in the storage and transportation of hydrogen. When hydrogen diffuses into HEAs, its
atoms concentrate at grain boundaries, dislocations, and micro-voids, reducing cohesive strength and
promoting crack nucleation and growth under stress. Hydrogen stabilizes cracks at the atomic scale by
becoming entrapped in lattice imperfections, accelerating brittle fracture [228]. Furthermore, the
presence of hydrogen in the HEA may increase dislocation mobility, causing localized deformation
that concentrates stress and initiates cracks [229]. Phase transformation in brittle hydride phases can
also cause embrittlement during hydrogen absorption. Lattice distortion, as mentioned earlier,
enhances hydrogen solubility by creating interstitial sites with favorable energy levels, which further
influences hydrogen’s diffusion and concentration within the HEA’s microstructure, impacting its
mechanical properties [230].

As hydrogen atoms move through metal lattices, many factors influence their kinetic energy and
may include temperature and pressure, as temperatures generally increase atomic mobility. As such, it
increases the risk of hydrogen concentration in the HEA’s structure and potentially increases the risk
of hydrogen embrittlement. Additionally, freezing conditions can generate stresses in the metal
structure, influencing its susceptibility to cracking. For instance, exposure of HEAs to freezing
temperatures in the hydrogen environment can generate internal stress, which can build up and
subsequently lead to small fractures. As a result, the hydrogen atoms remain within the alloy metals,
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but their movement is reduced [231]. Moreover, an elevated hydrogen pressure can drive hydrogen
atoms into a metal lattice, and increase the overall hydrogen concentration. This saturation enhances
the availability of diffusion species within the interstitial site.

The change in pressure can alter the diffusion pathways. This alteration will affect the activation
energy required for diffusion of the hydrogen atom and sometimes lower the activation energy by
expanding the interstitial site. Under high-pressure, the hydrogen atom preferentially accumulates and
becomes trapped in microstructural defects such as dislocation, grain boundaries, and vacancies [232].
This trapping site effectively reduces the mobility of hydrogen by holding atoms in place, thus,
reducing the net diffusion rate despite increased overall concentration [233]. A notable example is the
contribution made by Padmanabhan et al. [234] to the development of Ti—V-Cr—Mn—-Mo—Ce HEA,
synthesized via vacuum arc melting with cerium doping [234]. This HEA demonstrates unique
hydrogen storage capabilities, up to a capacity of 3.63 wt.%. Additionally, it has potential for hydrogen
embrittlement restraint. The interplay between temperature, pressure, hydrogen atom movement, and
material integrity are therefore critical in assessing the long-term performance of HEAs in applications.

A nano-indentation technique is used to investigate the effects of diffusible hydrogen on materials
at the atomic scale. This phenomenon provides information on failure mechanisms and corrosion
effects [235]. The presence of hydrogen gas can influence the mechanical behavior of materials and
their alloys and reduces the energy required for permanent deformation, making them harder when
deformed [68,236]. Duarte et al. [235] analyzed the critical shear stress in hydrogen-rich environments
using in-situ testing and multiscale simulations. High-entropy alloys were also investigated, and it was
found that stresses were developed in both the soft and hard zones to increase yield strength and
ductility. This property was obtained as a result of grain refinement to nano-scale and ultra-fine-grain
structures [237]. A high fraction of grain boundaries can impact hydrogen diffusion and storage
kinetics, which is one of the key components required in the design of materials for hydrogen storage
and transportation [238].

Using TEM, high resolution imaging of fractures and crack morphology can be observed. In this
case, a brittle feature will be revealed that might be associated with hydrogen embrittlement. The
thickness of a TEM sample can range from 50—-150 mm, the bright field and dark field TEM imaging
may reveal dislocation structures, voids and twins related to embrittlement mechanism. For example,
a high resolution can provide atomic-scale resolution of lattice distortions and twin boundaries formed
due to hydrogen effects. Scanning TEM (STEM), together with EDS, can help in mapping the
elemental distributions and hydrogen segregation indirectly [2—5]. For instance, the hydrogen
embrittlement (HE) behavior of a CoCrFeMnNi HEA was investigated. Bright-field transmission
electron microscopy (TEM) images revealed microbands with dislocations. Nevertheless, high-resolution
TEM unveiled enlarged images of twinning and stacking fault (SF) bundles [239].

7. Exploring the safety, environmental, and economic aspects of HEAs in hydrogen storage

HEAs are considered solid-state hydrogen storage materials and inherently reduce leakage risks
compared to traditional gaseous or liquid storage methods [240]. This is because hydrogen is absorbed
into the alloy’s lattice rather than existing as a free gas or liquid. The resulting solid hydrides provide
mechanical integrity and pressure stability, thereby reducing the risk of bursts or ruptures commonly
associated with high-pressure tanks [241]. The lattice distortion, a key characteristic of HEAs, further
enhances hydrogen solubility by creating interstitial sites with favorable energy levels. The
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multicomponent nature of HEAs also promotes stable phase structures under cyclic hydrogen loading,
ensuring sustained pressure integrity over extended use [242]. Furthermore, HEAs operate at moderate
pressures and near-ambient temperatures for hydrogen absorption and desorption, which reduces
hazards compared to cryogenic or high-pressure systems. In the future, researchers should focus on
the engineering integration of HEA storage units with safety monitoring, pressure relief, and
containment systems to facilitate commercial deployment [243].

The environmental and economic implications of utilizing HEAs for hydrogen storage, as
opposed to conventional alloys like LaNis or MgHo>, are critical for future applications. HEAs that
demonstrate efficient hydrogen storage capabilities under near-ambient conditions can diminish the
energy needed for heating or pressurization, particularly when contrasted with MgH: [244]. As such,
it necessitates high temperatures, enhancing the overall lifecycle environmental footprint. Nonetheless,
the manufacturing of HEAs can be more intricate, involving multi-element melting and powder
processing, potentially leading to a larger initial environmental footprint than that of simpler
conventional alloys (LaNis or MgH2) [245]. Furthermore, HEAs often incorporate costly transitional
metals or rare earths, which may increase raw material expenses relative to the more straightforward
alloys like LaNis or MgH- [246].

8. Conclusions

Hydrogen storage remains a major challenge that needs to be overcome for hydrogen to be widely
adopted as a fuel source. Storing hydrogen in metal hydrides can be challenging as it requires high
pressures and temperatures for hydrogen to be stored. This will make the process inefficient and
potentially unsafe. The development of advanced materials for hydrogen storage is an active area of
research. Therefore, scientists are exploring a range of options to identify materials that have a high
hydrogen storage capacity, are lightweight, and are cost-effective. The use of high-entropy alloys for
hydrogenation represents a promising approach to developing more effective and efficient materials
for solid-state hydrogen storage. Because the HEAs exhibit a low melting temperature and high
solubility, these features make them attractive for high-temperature applications. The greatest necessity
for this progress is to embark on an effective method and develop new systems to navigate the vastness
of compositional space. This will involve using computational tools, such as the CALPHAD, machine
learning models, and high-throughput experimentation. As such, scientists can experiment with a wide
variety of alloy compositions and conditions to improve the properties of the resulting materials.
Nonetheless, only a few scientists have succeeded in modelling the hydrogenation of high-entropy
alloys and their properties. Models of strains around misfit atoms in heterogeneous and homogeneous
alloys were presented in this review, as was the principle of the thermodynamic process within metals
and HEAs-hydrides. With this approach, the materials community will have a solid foundation and
will be able to fully utilize the potential of HEAs for hydrogen storage. Alloy design and synthesis are
of great importance as they can facilitate the manufacturing process and aid in the technological
development of hydrogen storage. These approaches would strengthen the links between material
development and fabrication techniques. Compared to conventional alloys, the components produced
will exhibit excellent physical and mechanical properties. A variety of computational tools are being
used to explore the alloy parameters and determine some relationships between them. Among the
HEAs are the BCC crystal structures that have high volumetric and gravimetric storage capacities for
hydrogen, while lightweight metals such as magnesium have a high capacity for kinetic hydrogen
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absorption and desorption, and their composition can be modified to suit the specific purpose of any
given condition. Additionally, more phases are formed due to an increase in the alloy composition, and
this follows the rules of Gibbs phases. Moreover, if these HEAs contain intermetallic compounds, the
formation will be more rapid. At equilibrium, the formation of this compound will be promoted
depending on the enthalpy. Finally, the search for improved hydrogen storage systems remains a
constantly developing field of research, with opportunities abounding to discover new materials that
exhibit promising hydrogenation properties.
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