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Abstract: Hydrogen is an environmentally friendly fuel with a high energy density and is a critical component of
sustainable energy systems; however, storing hydrogen as an energy carrier is one of the most significant technological
challenges. This review has reviewed hydrogen storage technologies, emphasizing physical storage methods, chemical
hydrides, and emerging nanomaterials. This review gave special attention to the metals hydride, specifically magne-
sium hydride (MgHy), lithium hydride (LiH), sodium alanate, and ammonia borane, while discussing the limitations
of their thermodynamics and kinetics in addition to recent advances in the performance of these metal hydrides for
hydrogen fuel. These advances in hydrogen storage using metal hydrides will employ advanced porous materials
such as metalorganic frameworks (MOFs), covalent organic frameworks (COFs), and carbon nanostructures, showing
promising adsorbability. One section of the review also assesses the role of computational screening and machine
learning to expedite the discovery of new materials for hydrogen storage. The review synthesizes the most effective
ways to design genomic hydrogen storage devices that improve safety, efficiency, and scaling.

Keywords: hydrogen storage; metal hydrides; magnesium hydride (MgH,), MOFs; COFs; nanostructures; cryo-com-
pressed hydrogen; computational screening; machine learning; renewable energy

1. Introduction

For more than 150 years, non-renewable energy sources like coal, oil, and natural gas have been crucial in the global
economy 1. About 80% of global energy demand has been recorded in fossil fuels 2. Despite this, these sources of fossil
fuels are predicted to be depleted and will be restored [®l. Moreover, carbon is a central aspect of fossil fuels; at the time,
burning fossil fuels creates energy and generates carbon dioxide circulating into the atmosphere, giving rise to various
climate problems .. The exceptional growth of population and economy has caused the fast depletion of fossil fuel
sources and has a diverse impact on climate [678]. Thus, governments of various countries are competing to change and
replace energy sources with sustainable ones. To protect natural sources and participate in the Net Zero Emission Com-
mitment (NEC). Through 2020, over 110 countries had agreed to succeed in the nZEC focus by 2050. China is one of the
countries that has released abundant CO2 and has committed to succeeding through 20501011 . The countries have net
zero energy building (nZEB)'213. That suggests the energy used yearly in construction should equal the volume of
renewable energy change on site. Zero emission or carbon neutrality indicates that despite being given off, carbon is
grabbed, retailed, and used for some role ['#15. Renewable energy emerged with a captured utilization system can help
abode the cause of energy insufficiency and global warming 16171,

Fossil fuel, bio-mass, or their combination can be produced. Hydrogen is light energy-dense or storable I'8l. Hydro-
gen energy %20 does not directly produce pollutants or radiate greenhouse gases. Consequently, hydrogen is one of the
cleanest energy sources. Hydrogen participation is considered to obtain zero carbon emissions and can be considered
the clean, safe, cost-effective energy source of the future 212223242351, Further renewable energy sources are solar and wind
energy. Their development and expansion can encourage hydrogen that is not always accessible to complement the
demand 2627, Hydrogen is the best choice for renewable energy transfer and storage, as it is inexpensive and long-term
electricity storage. Now, hydrogen storage stays competitive in hydrogen energy applications 12629301,
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Moreover, compresses and liquefying hydrogen storage materials are essential in widespread applications in the
hydrogen industry 113233, Hydrogen material can safely store higher-density hydrogen related to compression and lig-
uefication methods. Thus, this material can be easily operated 1>+®1. Therefore, storage materials are most convenient for
both oriented and stationary applications 1637383401, These materials are categorized into chemisorption and physisorp-
tion types and have benefits and drawbacks. Particularly, hydrogen storage material must counter the requirement of
protecting inexpensive, fast kinetics, easy, manageable, suitable thermodynamics properties, and high gravimetric and
volumetric density of hydrogen 414243, Figure 1 shows the classification of hydrogen storage materials. Chemical storage
materials have high energy densities and use mainly similar liquid infrastructures, which involve systems or gas line
refueling stations 4445464748, The dehydrogenation process with ammonia and other storage compounds is the most
challenging because of the production of gaseous pollutants like nitrogen oxide and carbon oxides #5051, Metal hydride
storage materials also rate at low pressure and ambient temperature with high volumetric energy density, although
they have poor kinetics and lack dynamic stability [525354%]. Conversely, physical storage systems' control of conditions
(pressure-temperature) and selection of absorbents can be classified as cryogenic liquefication and high-pressure com-
pression technologies as pressure or temperature-controlled hydrogen gas storage systems 5]. Their shortcomings in-
clude safety concerns, expensiveness, and low storage capacities 7. Applying novel porous material as a highly efficient
hydrogen absorbent in physical hydrogen storage methods 58 will defeat the critical shortcomings of the physical stor-
age system by presenting the strength of high storage densities, fast charging-discharging kinetics, and inexpensive
(5960611, In this review, we first prioritize the storage of compressed hydrogen in hollow structures or non-mesoporous
structures used in physical storage absorbents like metalorganic framework (MOF), carbon-based materials, or zeolites.

CLASSIFICATION OF HYDROGEN

STORAGE TECHNOLOGIES
| |
PHYSICAL MATERIALS-BASED
STORAGE STORAGE
. COMPRESSED METAL HYDRIDES
=] . N]gH2
e LiH
. LIQUEFIED * NaAlHa
SORBENT MATERIALS
—— CRYO-COMPRESSED e MOFs
| e COFs
» ACTIVATED CARBON
e CNTs

Figure 1. Classification of Hydrogen Storage Technology.

2. Classification of Hydrogen Storage Methods

Physical Storage: Compressed, Liquefied, Cryo-compressed
Materials-Based Storage:

»=  Metal Hydrides (MgH>, LiH, NaAlHj, etc.)

= Sorbent Materials (MOFs, COFs, Activated Carbon)

2.1. Solid-State Physical Storage Material
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Yujue wang showed different materials for hydrogen storage like zeolite, activated carbon, carbon nanotubes, and
metalorganic framework [62. The most dominant materials are MOFs, which are used for adsorption because of their
hydrospheric properties, strong mechanical and thermal resistance, chemical inertness, and high physical adsorption
capacity. By Wang, meanwhile, zeolite can adsorb gas molecules conditionally based on their size the exhibition of
activated carbon and carbon nanotubes can be optimized by doping with other elements to increase connection with
the gas molecules. Erdogan et al. 1%l analyze zeolite-activated carbon (ZAC). Zeolite MWCNT zeolite graphene compo-
site (ZGC) and ZAC had higher hydrogen capacity at 1.3wt% at 77K and controlled ambient pressure to pure activated
carbon and zeolite. D. Broom et al. stated that the versatility of metalorganic framework and porous organic polyhedral
melecules % enriched the hydrogen storage. It was noted that hydrogen composition increases directly when BET-
specific surface area increases.

Xiahong Chen et al. %] introduce an innovative precursor to fabricate organized structures specially for modified
purposes. According to the findings, Li-F-PCNFs showed a hydrogen capacity of up to 2.4wt% at 0°C and 10MPa, 24
times better than pure porous carbon nanofibers. It was determined that 200 highly porous materials of NPF at high
volume [ hydrogen adsorption show potential. Arslan Munir 681 was found to enhance the crystallinity of carbon-
based metalorganic model and carbon-based hybrids and consumption of 6.12 wt% at 40°C of hydrogen accompanied
with a large surface area.

2.1.1. Mechanism of Hydrogen Adsorption on Solid-State Physical Storage Materials

Solid and gas phases enhance between gas molecules at physical adsorption. This occurrence is illustrated by Van
der Woal's interaction along short-range repulsive interactions interphase ¢7l. As reported by Panella, the molecule car-
ried out long-range forces that produced their charge distribution change and increased induced dipoles [l. Conversely,
when gas molecules are set close, they have a strong reputation by overlapping electron cloud ©’l. The gas molecule
binding with adsorbent might be classified using the Lennard Jones potential; due to this concept, there is no interac-
tion when nearby particles are within the limit of infinite distance %l. They are inclined to repel each other despite
shorter distances, and at moderate distances, they govern attraction "!l. Figure 2 shows a relationship between potential
energy and the distance from the surface of the adsorbent for chemisorbed (Ec) and physisorbed (Ep) hydrogen. It is
essential to grasp that physical adsorbents have no energy barrier that stops gas molecules from reaching the surface.
Therefore, physical adsorption has rapid kinetics and does not need activation due to the absence of diffusional hinder-
ness. The molecular hydrogen adsorption range is 1-10kg/mol, about ten times smaller than chemisorption [72.

The following equation determines the intermolecular potential between hydrogen atoms and atoms on the sur-
face.

Where adsorption energy is calculated by e, the distance between the hydrogen atom molecule and surface atom
is r, and r m is the interaction of hydrogen atoms where physical and chemical adsorption occurs. Figure 2 explains

hydrogen adsorption.
(a) Energy (b) density of
A Aadsorbates
physisorption chemisorption
I AE, 2
\/—I AH,,,.
AH('hcm

-

: =
T Temperature

max

Figure 2. A potential energy diagram (Lennard-Jones potential) comparing chemisorption and physisorption.

2.2. Metalorganic Framework (MOF)


https://doi.org/10.20944/preprints202504.2329.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2329.v1

4 of 28

The polynuclear clusters, which are also called secondary building units (SBN), are made of a metalorganic frame-
work, which consists of metal ions at the nodes and organic linkers as the binding groups .. MOF structures variety
can be explained by adjusting their geometry and connectivity. The long linker produced Iso-structure analogs in the
early 90s, which are the uniform type of metalorganic framework that are interconnected to the amount by altering the
pore size of the framework. The linker charger developed the neutral framework and improved the bond strength.
Chelation to produce polynuclear clusters provides many advantages for achieving a more substantial structure, such
that using SBUS and chelation of metal ions furnished the rigidity and directionality [4].

Using the slow vapor diffusion method, a mixture of trimethyl amine toluene into DMF/toluene solution of
Zn(Nos)s 6H20 and benzene carboxylic acid (HBDC) "l was synthesized MOF2. The layer structure of MOF: is pro-
duced by the dimeric Zn2(-Coo): paddle wheel SBUS instead of single metal nodes associated by BDC struts to form a
square grid. The stability of the structure SBUS increased to make it possible to remove all the solvents without de-
stroying the main body of the compound. Eventually, Li et al.” presented MOEF- s with the SB nodes as Zns«O(BDC)3
(DME)x 78], Using terephthalic as an organic linker that synthesized the structure is given in Figure 3, and SBU units are
developed on the zinc-based.

MOF

Figure 1. A 3D structure of a MOF (e.g., MOF-5 or UiO-66) showing metal nodes and organic linkers.

Almost 61% of the unit cell is shown by these substantial voids filled with solvent (DMF) molecules from the
synthesis material. It is apparent from Figure 3 that the lack of a wall surrounding the pore is one of the striking features.
The unusual empty builds allow the host molecules to pass without a hindered path, as pores have no wall present in
them. In this material where diffusion occurs are always narrow and blocked spaces as zeolites made up walls which
have a framework with accordance to Li et al. sorption isotherm at 78k and metalorganic framework having higher pore
volume (0.54-0.6cm3cm-3) showed the Dubinin Rouskhvich equation than zeolites upto 0.47cm3cm-3 76l In humid air,
MOFs are sensible, and decomposition is affected by moist solvent ”7. MOFs were first introduced when nitrogen ad-
sorption was at 77k reversibility, and gas adsorption in MOFs.

2.3. Covalent Organic Framework (COF)

Crystalline porous polymers are a covalent organic framework that combines organic components accurately for
gas storage catalysis and optoelectronic applications 8. The well-defined structure is based on specific geometrical
shapes and sizes, which contain unique molecular spaces leading to entirely different characteristics and applications
71, As reported by Jiang et al., using dynamic bonds, carbon-based configurations are formed and make an architecture
with well-defined pores and hollows 8. These carbon-containing materials have a three-dimensional sp? hybridization
network connected by covalent bonds. Gas storage or separation within other areas requires that the material have some
learning application 181 As the CFO's final crystallinity and porosity are driven by their topological design before syn-
thesis begins, it is essential to plan it. CFOs have adaptable polymer structural foundations built by monomer 2D and
3D, the most popular techniques for producing networks through chain propagation sequential growth polymerization.
Numerous connections could occur in CFOs, such as planes having covalent links and layers formed in 2D material.
Noncovalent interaction aromatics staking hydrogen bonds and van der Goals force these layers to be limited from
isolation aggregation and forming layered material. Many conceptual ideas for designing COFs have been reported by
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Jiang et al. 1821 . In the beginning, when one twist and coupler are occupied with getting the hexagonal, tetragonal, and
trigonal topology by using one twist two or three couplers when CFOs can be designed. The irregular shape of multi-
component synthesis but ordered pores. Furthermore, the formation of a complex framework can be used by many
components by the existence of adjacent edges where distinct electrical interactions are triggered. The topologies are
generally hexagonal, rhombic, tetragonal, and trigonal.

MOFs and COFs have received more attention in hydrogen storage materials because of their porous structure,
sizeable free volume, and high available surface area (83881, However, storing hydrogen in ambient conditions is almost
impossible using MOFs and COFs. The binding energy ranges from 2.2 to 5.2 KJ/mol and is one central reason: The Van
der Waals connection between hydrogen and porous material [867],

2.4. Hydrogen Storage Technology

Hydrogen is crucial for a sustainable future due to its high energy density on a weight basis. However, hydrogen's
volumetric energy storage density presented a formidable challenge for efficient and safe storage. To face this problem,
various physical technologies for hydrogen storage have been adopted. These techniques involved compression and
liquefication. These are innovative methods for hydrogen storage in dense and stable forms. These techniques are effi-
cient for hydrogen storage due to their small size, lightweight, and gaseous nature bling their efficient transportation
and use in various applications 8. These techniques unlock the green energy carrier potential of hydrogen 9. Moreo-
ver, its application in spanning fuel cell vehicles and industrial processes 01,

2.5. Compressed Hydrogen Technique

The compressed hydrogen technique is efficient, particularly in transportation powered by fuel cell cars 2. This
method involved compressing hydrogen into pressure container tanks that can withstand high-pressure containers
from 35MPa to 70MPa. During that time, safety is maintained, but this method has drawbacks, especially since it de-
mands high compression energy, which reduces hydrogen potential. Secondly, the tank stores hydrogen; although it is
lighter, it becomes heavy. The technique provides a volumetric storage capacity of 2ug/L to 40g/L at 3000 and 700 bar,
respectively, a limiting factor 1. Moreover, such demands a wide range of infrastructure, making it expensive. For
hydrogen storage, different types of vessels are categorized into four categories;

1. Type 1(seamless steel) withstands high pressure, has low energy density, and is heavier than other types. Withstand
pressure up to 20MPa.

2. Type 2 (steel liner reinforced with a composite wrap) is higher and more efficient than type 1; however, it is expen-
sive to produce. It can withstand pressure of 30MPa and is suitable for industrial applications.

3. Type 3(seamless aluminum liner fully enveloped by a composite material layer) is low-weight and maintains higher
pressure. However, it has low thermal energy, so it is not ideal for hydrogen storage. It can withstand up to 70MPa.

4. Type 4 (plastic liner fully wrapped with composite materials) vessels can withstand up to 70MPa and are lighter
than all other vessels. However, they are expensive, which limits their usage.

2.6. Liquefied Hydrogen Storage

Cryogenic preservation of hydrogen in a liquid state prevented the low energy density of hydrogen associated
with its gaseous phase94. To turn hydrogen into a liquid state, it is subjected to a cryogenic temperature less than the
critical temperature of 33k 2. Here, the advantages and drawbacks of liquid hydrogen storage have been described.
Liquid hydrogen storage has a high energy density suitable for energy storage and long-distance hydrogen transporta-
tion 5. Moreover, the technology associated with liquid hydrogen storage possesses a long history of practical appli-
cations 1. The liquid hydrogen storage process demands formidable energy demand; additionally, establishing infra-
structure for widespread adaptation poses a formidable challenge.

2.7. Cryo-Compressed Hydrogen Storage

Cryo-compressed hydrogen storage primarily aims to mitigate the challenges faced by high-pressure gas storage
and cryogenic storage .. The voluminous storage requirements and heightened pressure of conventional high-pressure
gas storage are the challenges that encircle aspects besides inevitable boil losses interact in the cryogenic hydrogen
storage solutions through diverse applications, which are the central aim of this approach with an articulate emphasis
on the automotive sector %100, At cryogenic temperature, cryo-compressed hydrogen storage runs by pressuring


https://doi.org/10.20944/preprints202504.2329.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2329.v1

6 of 28

hydrogen although 111931 The rule of operational temperature usually ranges between 20 and 70k, and pressure can be
expanded to 35MPa [1%4. Significantly enhanced volumetric storage capacity gives this technique up to 80g/L compared
to about 70g/L obtainable in the case of liquefied hydrogen storage. This technique incorporated with storage vessels
complex construct that provided the required material with the capacity to undergo the terminal of high pressure and
exceedingly low temperature. Generally, composite materials fortified with carbon fiber to certify structural robustness
are made-up storage tanks. The hydrogen storage field's crucial challenge is an innovative solution for compressed
hydrogen storage. Similarly, methodologies of cryo-compressed hydrogen storage show a spectrum of affirmative and
negative facets on the consensual front in both gravimetric and volumetric terms equipped with higher energy density
when aligned with the unique cryogenic and high-pressure storage system. The positive attributes are another protec-
tive aspect of the temperature yield of hydrogen, which is less reactive where operation occurs.

However, the cryo-compression storage model is not without challenges. The prominent concern of technological
complexity is developing a system capable of safe and efficient hydrogen storage under the exacting conditions of high
pressure and temperature involved in complex engineering solutions. Additionally, cryo-compressed storage essential
infrastructure is continuously developed and filled with many challenges, including expedition materials capable of
resisting operating conditions and the design of efficient cooling systems.

A significant aspect is that the expense of each storage technology depends on various factors, such as the scale of
the system material used, the manufacturing process, and market demands. Compared to other methods, compressed
hydrogen storage experiences lower capital costs. The more expensive is liquefied hydrogen storage because the cryo-
genic. Infrastructure that requires cryo-compressed hydrogen storage located between the two in terms of cost provides
the central solution. The continuous research and development effect reduces the price of all storage technologies.
Therefore, it improves the economic capability of hydrogen as an energy carrier. The crucial role within hydrogen tech-
nology is that these three distinctive hydrogen storage systems are furnished with diverting degrees of efficiency, safety
consideration, and technological readiness. Continuous research is undertaken to solve each method's intrinsic chal-
lenges, therefore developing the outpost of hydrogen storage and transportation technologies.

2.8. Metal Hydrides

A class of metal and hydrogen-based materials have recently emerged as a promising space-saving hydrogen stor-
age agent due to their large-scale hydrogen storage capacity and potential for use in hydrogen-based energy systems.
Their relatively high energy density, low cost, and environmental characteristics make them attractive for applications
ranging from portable electronics to electric vehicles to renewable energy systems. However, advancing metal hydrides
for hydrogen storage remains a daunting challenge concerning identifying high-level hydrogen storage materials that
retain stability, safety, and economic efficacy ['°4. Studies are ongoing on developing metal hydrides that meet the above
requirements. The performance of metal hydrides has several dependencies, including metal selection, particle size and
morphology, purity of the material, and impurities present. Metal hydrides are formed by reversible chemical reactions
when certain metals (or alloys) absorb hydrogen. Such hydrides have high volumetric hydrogen density and storage
capability 1105106, New research is pursuing the optimization of metal hydrides for hydrogen storage to store hydrogen
securely and densely by expanding the metal lattice. At the same time, it is subjected to absorption and contracting
when released. However, obtaining optimum hydrogen absorption and desorption capacity at suitable temperatures
and pressures appears impossible. Metal hydrides with an average hydrogen storage capacity for hydrogen essentially
amount to 1-2% of their weight. If active heating for hydrogen removal contributes to these higher storage capacities,
they may range from 5-7% of their total weight. While metal hydride tanks can continually store and release hydrogen,
their maximum storage capacity is compromised by clogging the spaces where hydrogen is usually stored, reducing
the tank's capacity. The amount of heat transferred, hydrogen absorbed, and hydrogen desorbed in a reversible metal
hydride operating at room temperature and atmospheric pressure generally depends on the metal alloy used for hy-
drogen storage [106,.

2.8.1. Magnasium Hydroxide MgH2

Magnesium hydroxide shows tendance gravimetric 7.6%, volumetric 110kg H2m?3, cost-effective, lightweight, and
high chemical stability 7. However, its strong bond between hydrogen and Magnesium impedes the hydrogen release.
To release the hydrogen gas at room pressure requires a high temperature greater than 300°C [1%%l. Various challenges
are associated with its practical use due to its high operating temperature, slow kinetics, and high thermodynamic


https://doi.org/10.20944/preprints202504.2329.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2329.v1

7 of 28

stability '9l. How to improve morphology using the catalyst and nanostructure by reducing the particle size 1'%l This
improves bulk Magnesium's kinetic and low surface area, resulting in low hydrogen dissociation. Suppose further mor-
phology is improved, which results in a large surface area and ultimately reduces the hydrogen dissociation ['!l. Using
ball milling, hydrogen diffusion can be reduced, and hydrogen desorption and absorption kinetics can increase.

By the ball milling method discussed above, it was recently shown in study "2 that at 523 K, about 6.28 wt%
hydrogen was absorbed and desorbed over 20 min and 50 min, respectively, under one and zero MPa pressure by using
reactive ball milling (high-pressure hydrogen gas) of magnesium powder for 25h. However, agglomeration of the milled
nanoparticles during the repeated cycles of hydrogen release and absorption may compromise the reversible hydrogen
storage capacity ['?l. Thus, using nano scaffolds is perceived as a suitable approach in general; magnesium hydride
dehydrogenation is a thermally activated and endothermic process, which requires energy input to break bonds and
release the hydrogen stored in the material. The energy barrier to this process can be expressed as the activation energy
to initiate the dehydrogenation reaction while avoiding agglomeration. This approach was utilized in a more recent
study 'l wherein a porous three-dimensional activated carbon nanostructure, modified with Ni and Fe, was utilized
to impregnate MgH>, yielding a high hydrogen storage capacity of around 6.63 wt% at 453 K and 1 MPa in only 5 min,
with a very high degree of stability of the nanoparticles. This activation energy is typically and generally in the 150 -200
kJ/mol range for magnesium hydride dehydrogenation. In a recent investigation by Meng et al. ['%], it was determined
that the activation energy decreased to 78 kJ/mol by catalyzing the reaction with ViNb1sOss microspheres at room tem-
perature with stable reversible capacity of 6.0 wt% magnesium hydride for ten cycles. In tandem with increasing the
performance and stability of magnesium hydride, Wang et al. '™ identified that 6.5 Wt% H2 was released in 10 min at
573 K and began absorbing H: at 313K with unalloyed alloys of different metals in the alloying process, including Cr,
Mn, Fe, Co, and Ni. Furthermore, the same study maintained the hydrogen storage volume at 97% after twenty cycles
of 573K.

2.8.2. Lithium Hydride (LiH)

Lithium hydride (LiH) is one of the lightweight metal hydrides available, possessing a high gravimetric hydrogen
storage capacity (up to about 12.6 Wt%) 116, but requiring high temperatures (673-973 K) and pressures for hydrogen
absorption and desorption. There continue to be challenges in the practical use of LiH relating to kinetics and reversi-
bility. One significant aspect of this is its high formation energy (-90.5 k]J/mol) and the requirement of high desorption
temperature (700-1000 K). LiH also interacts with humidity, leading to an irreversible corrosion layer, such as lithium
oxide and hydroxide. Nonetheless, LiH has been recognized for efficiently producing hydrogen at low relative humid-
ities via controlled hydrolysis, especially for mobility [117118]. There have been many efforts to deal with the thermody-
namic challenges of LiH. Mechanical milling is one example that was used to decrease the thermodynamic stability of
the lithium hydride-silicon alloy to achieve 5 wt% hydrogen capacity and storage at 763 K [19]. Similarly, blending LiH
with germanium has been evaluated, demonstrating decreased stability and storing 3wt% hydrogen at 673 K 1201211, Lei
Wang and co-workers 22 prepared LiH nanoparticles from catalytic hydrogenation of Li. They showed that when
coated with Ni, these nanoparticles can release hydrogen from 373K.

Additionally, Pluengphon et al. '*Istudied sodium-lithium-hydrogen amalgamations by collaborating sodium and
lithium cations at high pressure, employing ab initio random structure searches and cluster expansion methods. Their
research showed that pressure gives structural stabilization for NasLiHi2, NazLi2Hi2, and NaLisH12; phonon calculations
and elastic constants endorsed this. Carbon is a common additive added previously to increase the adsorption/desorp-
tion of hydrogen below temperatures of 473 K [4l. Also, a new strategy of promoting vacancy defects in the LiH struc-
ture by changing the amount of these defects from 1%-25% concentration was recently examined by Bahou et al. 81 in
2023. Ultimately, it was demonstrated that gravimetric hydrogen storage capacities were increased from 12.6 wt% to
14.6 wt% with the use of 16% lithium vacancies.

2.8.3. Sodium Alanate (NaAlH4)

Sodium Alanate is a complex metal hydride that can reversibly store hydrogen. It has a relatively high gravimetric
capacity (up to 5.5 wt%) yet extends high-temperature outputs for hydrogen while often suffering from reversibility
and stability. Sodium Alanate will undergo decomposition to liberate hydrogen throughout three sequential steps, as

described by the following reactions ['%I:
3NaAlH4 <» NazAlHg + 2Al + 3H, Taee = 453 — 463 K; AH = 40.9 kJ mol ™ @)
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NazAlHg <» 3NaH + Al + H; Taec =463 — 498 K; AH =15.6 kJ mol— 1 2)
NaH < Na + 1 / 2 H2 Tiee = 673 K; AH = 120 kJ mol '
)

Most importantly, the last step takes place at about 673 K. The effective hydrogen content is mainly obtained from
the first two reactions at temperatures below 498 K, providing a hydrogen storage capacity of 5.6 wt%. The high de-
sorption temperature and limited reversibility diminish its practical effectiveness 1?5, Transition metal compound do-
pants have been shown to reduce reaction temperatures, allowing hydrogen release at lower temperatures, improving
reaction kinetics, and enhancing reversibility [26. For example, Ren et al.1?”l prepared titanium hydride in the form of
nanoplates supported on graphene that completely dehydrogenated sodium alanate at 353K and rehydrogenated at
303K under 10MPa H: with a reversible hydrogen capacity of 5 wt%. Furthermore, other materials, such as carbon
nanomaterials, have been considered dopants 1281291,

2.8.4. Ammonia Borane (AB, HsNBH3)

Ammonia borane, produced at mild operating conditions, has a reported theoretical hydrogen content of 19.6 wt%
(130, Ammonia borane is a thermally or chemically hydrogen carrier, making it suitable for portable utilization. Extensive
research has been performed on ammonia borane due to its remarkable stability and non-toxic nature. Conventional
methods to release stored hydrogen from ammonia borane have been utilized for thermal dehydrogenation. Thermal
dehydrogenation utilizes higher temperatures to produce hydrogen relative to ambient, usually temperatures greater
than 373 K, to break the B-H and N-H bonds and liberate hydrogen gas [31l. Although it is a simple concept, it often
requires comparatively high temperatures to achieve this reaction and has slow dehydrogenation reactions. Another
possibility of releasing hydrogen via ammonia borane may be a higher efficacy of hydrogen release. The process of
releasing hydrogen from ammonia borane occurs via hydrolysis. Still, ammonia borane exhibits significant resistance
to hydrolysis in an aqueous phase (water). Therefore, a good catalyst is necessary for hydrolytic dehydrogenation under
mild conditions (ambient temperature). Metal-catalyzed hydrolysis is a good option, allowing the release of a significant
amount (7-8%) of hydrogen under mild conditions ['2l. Another option is thermodynamically unstable metal nanopar-
ticles that can be kinetically stabilized against agglomeration via solid support materials with high surface area or, in
solution, via ligands. Although metal nanoparticles dispersed in solution (held in place by ions or polymers) have higher
hydrogen release efficiency due to more significant active sites, nanoparticles typically supported on solid materials are
less prone to aggregate, giving them longer lifetimes than those held in a solution [!33l. Thus, there is no best material for
hydrogen storage; each material has benefits and disadvantages.

2.9. Metal Nitrides, Including Amides (M(NHz)x) and Imides (M(NH)x)

Complex hydrides, such as lithium and magnesium amides and imides, a class of metal amides and imides, can
provide gravimetric hydrogen storage capacities in roughly 4-10wt% or greater in some cases [134. The formulae for
metal amides and imides are represented by M(NH:2)x and M(NH)x. The capacity will depend on the metal composition,
and the conditions for hydrogen absorption will influence the capacity. Reports indicate the efficiency of hydrogen
release from metal amides and imides depending on the compound being in the 50-90% efficiency range Still, a cata-
lytic material is essential for realizing low-temperature reactions to get high hydrogen storage content with high release
efficiency. Furthermore, amides and imides undergo a dehydrogenation reaction, liberating ammonia ['3]. As a result,
ammonia production lowers the hydrogen content available to fuel cells, poisons the catalyst, and can lead to compli-
cations. In a recent analysis by Che et al.l34], the catalytic impact of LisVO1@LiVO2 was examined to improve the hydro-
gen absorption and desorption performance of a lithium-magnesium imide (Li — Mg — N — H) system, employing three
catalyst weight ratios (5, 10, and 15 wt%). LisVO4@LiVO: with a 10 wt% ratio demonstrated the most significant im-
provement, enhancing absorption from 4.1 wt% with the parent hydride to 4.7 wt%, and desorption efficiency changed
from approximately 4.2 wt% to 4.8 wt% at 523 K and 0 MPa. The activation energy for the hydrogen desorption process
decreased from 117.86 kJ/mol to 99.44 kJ/mol with 10 wt% of LisVOs@LiVOs.

2.10. Activated Carbon and Carbon Nanomaterials

Activated carbon has a hydrogen storage capacity of approximately 1-2 wt% at room temperature under moderate
pressures, lower than various advanced materials such as metal hydrides. In addition, the desorption efficiency of hy-
drogen gas from activated carbon is often limited because it typically requires low temperatures ranging from 70 to 398
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K for desorption and can be energy-intensive. Nevertheless, researchers are interested in investigating activated carbon
materials in hydrogen storage due to their availability (and low cost) and high surface area. Furthermore, activated
carbon can be used to adsorb impurities from hydrogen gas streams in an adsorption-based hydrogen purification and
gas separation process, where it selectively adsorbs impurities such as carbon dioxide and moisture. One of the standard
methods to enhance the hydrogen adsorption efficiency of various materials like activated carbon is ball milling, which
increases the surface area. Twenty years ago, Shindo et al. [ employed this approach and observed a hydrogen storage
capacity of nearly 3 wt% after milling a commercial sample of activated carbon for 80 h. Another widespread approach
for improving activated carbon's hydrogen adsorption efficiency involves cryogenic temperatures. In this vein, Jemma
et al.l% noted a hydrogen uptake efficiency of 1.8 wt% with carbon prepared from pyrolyzed lignin material of euca-
lyptus chips at 0.1 MPa and 77 K. Using the same temperatures, Wrobel-Iwaniec et al.l'38 demonstrated storage capaci-
ties of 2.95 wt% and 5.61 wt% at 0.1 MPa and 4 MPa, respectively, with activated carbon derived from chitosan.

Additionally, Akasaka et al. 'l reported an increase in storage efficiency from 0.6 wt% to 4 wt% after cooling from
298 K to 77 K, with a carbon material made from coffee beans. These studies provided further evidence of the viability
of enhanced storage efficiencies at cryogenic temperatures. Researchers have considered using carbon nanotubes as
potential materials for hydrogen storage due to their unique structure and properties. The hydrogen storage capacity
of carbon nanotubes also depends on certain factors, such as the diameter and length of the nanotubes, functionaliza-
tion, and operating conditions. The hydrogen adsorption capacity of single-walled carbon nanotubes can be theoreti-
cally large at room temperature, up to 5 to 10 wt% hydrogen by weight 140l There are still experimental challenges to
realize that storage level is on-situ because of structure optimization, hydrogen adsorption/desorption kinetics, safety,
and cycling. As a result, carbon nanotubes are not practical for broader commercial applications for onboard transpor-
tation systems 11, The amount of hydrogen commercially available at room temperature and ambient pressure has
consistently fallen short of the Department of Energy's target for onboard hydrogen storage systems in the different
samples of carbon nanotubes.

However, upon interrogation at reduced temperatures such as 77 K, select samples of carbon nanotubes exceeded
or met the Department of Energy target for hydrogen storage. Specific carbon nanotubes and their hybrid versions using
metal and metal oxide nanoparticles can exceed the final goal set by the United States Department of Energy for onboard
transportation applications in terms of hydrogen storage capacity. In this sense, Akbarzadeh et al. 4?2l reported a hydro-
gen storage capacity of 10.94 wt% for a nanocomposite of iron-silver/titania/carbon nanotube. Kadri et al. 4l used a
composite of carbon nanotubes with magnesium hydride with a vanadium catalyst. They obtained a hydrogen storage
capacity of 6.50 wt% in a minute and hydrogen release of 6.50 wt% in 10 min at 473 K and 573 K, respectively. Also,
nitrogen-doped carbon nanotubes are very efficient hydrogen storage materials, such as the composite of nitrogen-
doped carbon nanotubes with lanthanum oxide that Liang et al.'*l recently prepared. These showed a gravimetric ca-
pacity of 7.4 wt% at 373 K and 1.8 MPa.Therefore, it is true that many materials are continuously being studied to
improve the storage capacity of carbon nanotubes. Figure 4 shows a comparative summary of various materials for
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Figure 4. A bar chart comparing gravimetric and volumetric hydrogen storage capacities.

3. Designing Material for Hydrogen Storage
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The design and optimization of chemical hydrogen storage materials incorporate thermodynamics feasibility for
energy-efficient hydrogen uptake and release. Kinetics significantly influence hydrogen storage success, dictating hy-
drogen value absorption and release rates. Material stability is key for materials that undergo multiple cycles of absorp-
tion and desorption of hydrogen, being able to withstand those cycles without degrading. Materials with reversibility
enable you to use the material numerous times.

3.1. Design Considerations and Strategies for Hydrogen Storage Material

The restriction in using hydrogen as an energy carrier usually arises from the difficulties in storing it. Hydrogen
has a low volumetric energy density, only about 0.7 kJ L-1 at 25°C under atmospheric pressure. Storing hydrogen com-
presses it to 70 MPa, where its volumetric energy density increases to =3 MJ L-1 at a system level with composite tanks.
These high-pressure hydrogen tanks have already been deployed in the early commercial adoption of hydrogen vehi-
cles. However, compressed tanks are not economical for stationary applications due to their high costs, estimated to be
about AUD 685 per kg H: at system level 1431,

Using proper and sustainable materials is essential for sustaining the growth of a hydrogen economy. There have
been many theoretical and experimental studies on hydrogen storage. The main processes involved in hydrogen storage
include physisorption (molecular hydrogen storage) and chemisorption (storage of atomic hydrogen)!'#6l. The perfor-
mance of the storage materials depends on two primary considerations: gravimetric and volumetric density. These
considerations require materials to be light and bulky. The gravimetric density is calculated as the stored hydrogen
weight divided by the weight of the entire system (hydrogen + container). The volumetric density is calculated as the
mass of stored hydrogen divided by the unit volume of the system [147.148],

Several key pathways exist under the banner of advanced storage materials, each offering different benefits and
possibilities to improve hydrogen storage capacities. Metal hydrides, which can store relatively large amounts of hy-
drogen, have received significant attention. Research is actively searching for new metal hydrides and using alloying
and nanostructuring approaches to increase their storage capacity and improve hydrogen absorption and desorption
kinetics.

Metal hydrides are chemical storage systems that utilize an absorption process to charge hydrogen (as a solid) with
potentially higher capacity than other storage methods. Certain materials, such as metals, intermetallics, or alloys, can
absorb hydrogen at ambient temperature and moderate pressures, forming reversible solid compounds (i.e., metal hy-
drides)'#l. The absorption mechanism can provide hydrogen storage with high density and relatively low pressure
because the formations of metal hydrides are high density and usually repeatable 1501511,

When analyzing different storage approaches, the gravimetric storage capacity or volumetric energy density is
often the first important metric analyzed. For the evaluation of metal hydrides, the gravimetric capacity is the maximum
mass of absorbed hydrogen divided by the weight of the hydride material, with results in weight percent (wt%). Typi-
cally, metal hydride materials in this group that can be classified as interstitial hydrides show gravimetric storage ca-
pacities in the 1 to 2 wt% range 0121,

The selection criteria for metal hydrides for hydrogen storage and compression depends upon various essential
factors. The first one is how reversible the hydride formation and decomposition occur at the specified operating tem-
peratures and hydrogen pressures required by the application. The material must also have an ample, reversible hy-
drogen storage capacity under specified operational conditions. These characteristics are apparent in the pressure-com-
position-temperature characteristics for the hydrogen gas and hydride forming materials systems. The reversible ca-
pacity is dependent on the width of the plateau on the pressure-composition isotherm, where the process direction
(hydrogenation/H2 up-take or dehydrogenation/H: release) is dependent on the actual hydrogen pressure value com-
pared to the plateau pressure at the temperature. In addition to the reversible capacity, other important properties of
metal hydrides for hydrogen storage and compression include fast hydrogen absorption and desorption kinetics, re-
sistance to poisoning from impurities in the supplied hydrogen, easy activation, long cyclic stability, low cost, and ease.
These properties all contribute to the applicability of the metal hydrides for use in hydrogen applications [153154],

Hydrogen storage in solid-state methods through metal hydrides has various benefits over conventional and alter-
native approaches. Metal hydrides can store large quantities of hydrogen with high density volumetrically and are at
least inherently safer than mechanical storage methods. The safety features are because they operate at relatively low
temperatures and pressures, similar to fuel cell vehicles, and upon release of hydrogen from metal hydrides, it is via
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fractional endothermicity. Metal hydrides can release hydrogen either through the addition of temperature or external
pressure.

Developing a different meta has presented a practical method for improving metal hydrides' storage capacity.
Alloying is the practice of mixing different metals to form a new material. Alloying can change metal hydrides' proper-
ties toward hydride storage without changing the metal's frequent value. Alloying different metals creates new syner-
gistic properties in metallurgy, and benefits can be achieved by designing combinations and compositions tailored to
the desired storage capacity and structural modifications 1%,

Complex hydrides, a class of compounds with light elements like Li, Na, and/or Mg, have recently received signif-
icant attention. In complex hydrides, hydrogen forms (non)covalent bonds with another metal or non-metal element
(X), which is typically documented as M[XHm]n. These complex hydrides are unique in the very high hydrogen contents
they can achieve. This high hydrogen content has driven significant interest in researching the possibility of hydrogen
storage applications [1%. Complex hydrides have been shown to have high hydrogen density, and more importantly,
the de/rehydrogenation processes can occur without the necessity of applying high pressures or having them be at low
temperatures, which inherently adds to the interest in investigating complex hydrides as potential hydrogen storage
materials. This intense interest in complex hydrides is primarily based on the high hydrogen capacity and favorable
conditions necessary to release and uptake hydrogen in solid-state materials.

Complex hydrides have a wide range of chemical compositions and bonding due to a wide variety of complex
anionic species formed from the combination of hydrogen with elements such as boron, nitrogen, carbon, oxygen, alu-
minum, transition metals, and more. This variety allows for many different materials with tunable functionality and a
wide range of possibilities for optimizing properties. Regarding hydrogen storage over complex hydrides, the steps of
hydrogen storage involve dihydrogen dissociation into surface H atoms and the diffusion of H into the bulk.

The mechanisms for this dissociation, whether homolytic or heterolytic, occurring on the surface of complex hy-
drides share similarities to the activation and conversion of hydrogen on transition metal substrates. Some complex
hydrides have a reductive, electron-rich nature, which enables them to deliver electrons that can assist with chemical
conversion reactions. This further increases the versatility and possible routes for using complex hydrides to mediate
chemical reactions involving hydrogen ['57..

Complex hydrides such as alanates and borohydrides have recently emerged as attractive hydrogen storage media
(138, Though they have exhibited promise as potential hydrogen storage materials, their thermodynamic and kinetic
properties are unsuitable for cycling at moderate pressure and temperature. Nanoscale hydrides have fast hydrogen
desorption and absorption at moderate temperatures due to their high surface area, grain boundaries, and total diffu-
sion distances compared to bulk hydride materials !%l. The conventional way of preparing nanoscale hydrides is by
high-energy ball milling, which mechanically reduces the size of the hydride particles. High-energy ball milling tends
to produce a large particle size distribution, generally obtaining the smallest size of 100 nm, even with crystallite sizes
as small as a few nanometers. These particles do not typically show a side effect. Thus, other methods must be explored
[160]

Conversely, nanoconfinement—the newer bottom-up synthesis strategy —produces smaller, more uniform na-
noscale hydrides by filling scaffolds with hydrides. This technique has produced nanoconfined alanates 161162, ammonia
borane [163-165] borohydrides 1%, magnesium hydrides in mesoporous silicas [67168l nanostructured carbons '], and MOFs
0170 Many studies focus on alanates, a type of complex hydride that includes a metal cation and [AIHs]-/[AlHs]3- anion.
The focus of the publications on the reversible hydrogen storage properties of alanates, especially with the examples of
NaAlH4 and Ti catalysts, has created tremendous momentum in hydrogen research altogether. NaAlHs was the most
studied alanate because of specific favorable characteristics. It produces moderate amounts of reaction heat de/rehydro-
genating, relatively high gravimetric and volumetric hydrogen densities (7.4 wt% and 59 kg m-3) ['71], and inexpensive
raw materials (Al and NaH). The controversy for NaAlHs as a practical hydrogen storage material comes from its slow
reaction kinetics. Several strategies have been utilized to enhance response kinetics, including adding additives and
catalysts such as transition metals (Ti, Sc, Nb), rare-earth metals (Ce, Sm, etc.), and carbon-based materials. These com-
pounds are incorporated into NaAlHs with wet doping, ball milling, or synthesis [172],

Additionally, nanoconfinement strategies using NaAlHs in porous materials have been demonstrated to improve
hydrogen storage properties. This new approach has successfully addressed NaAlH4 kinetic's limitations, thus paving
the way for improving its applicable potential as a hydrogen storage material 173174,
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Alanates have received considerable attention because of their suitable enthalpies of dehydrogenation and high
hydrogen capacities, yet they still experience limitations in reversible capacities. Similarly, amide-hydride composites
have suitable thermodynamics and hydrogen capacities. However, they contend with undesired side reactions, such as
the evolution of ammonia, and often suffer from slow kinetics when operating under suitable conditions. However,
borohydrides offer high gravimetric amounts of hydrogen, and borohydrides experience slow kinetics, side-product
evolution, and purely irreversible thermodynamics. Over the years, the scientific community has made viable attempts
to ameliorate these drawbacks, leading to various strategic paths. Many viable strategies have been employed to over-
come the limitations of hydrogen storage materials, including tuning compositional changes via substitutions of one of
the anions and/or cations, forming composites with other hydrides or other compounds, and coordinating neutral mol-
ecules to the cation of the complex hydrides. Many efforts have been made to find catalytic modifications, associating
and/or adding other catalysts or additives that may enhance various complex hydrides' hydrogen sorption and desorp-
tion kinetics. Others have attempted nanoconfinement by incorporating complex hydrides into nanoporous hosts to
modify kinetics and/or thermodynamics.

In addition, new candidate materials are becoming available in hydrogen storage. For example, metalorganic hy-
drides, which combine inorganic and organic parts, have diverse chemistry, and there are possibilities for evolving
materials design and development. Not to mention, organic complex hydrides (which use organic complex hydrides
with various organic compounds and rich synthetic strategies) also hold much promise and still warrant investigation.
We will continue collecting experimental and theoretical data to expand our understanding of the physical and chemical
properties of complex hydrides. As new knowledge and experience are available, we will pursue different research
avenues to provide complex hydrides with hybrid capabilities to resolve obstacles related to clean energy production,
storage, and conversion. These approaches involve changes in compositional design, additions of catalytically driven
species, and/or efforts for nanoconfinement. Each of these strategies serves as an avenue for increasing the performance
of complex hydrides related to hydrogen storage and similarly related applications 12011,

Porous materials, which are defined by their complex structure of pores and the fact that they usually have a high
specific surface area, have become of interest due to their potential for adsorbing and storing huge volumes of hydrogen
151, MOFs have gained significant attention as a highly-studied class of hydrogen adsorbents because of their unique
structure of metal ions or clusters coordinated with organic ligands. This results in an infinite range of structural diver-
sity and tunability, allowing for the development of custom-made frameworks with defined pore sizes and functional-
ities. This extraordinary feature positions MOFs as competitive options for hydrogen storage since they provide com-
plete control over surface area and pore volume for enhanced hydrogen adsorption 1751,

Microporous crystalline MOFs form via the self-assembly of metal clusters and organic linkers. This means that
MOFs can be configured with a wide range of building blocks and many possible combinations. This is an advantage
for obtaining a wide range of properties, especially in surface area, which typically exceeds that of other materials.
While the flexibility in the design of MOFs allows for the specification of properties, this also complicates the determi-
nation of the best composition due to the vast parameter space 1176177,

In recent years, significant effort has been put into stimulating the performance of MOFs by adding a range of
functional materials, including polymers['”8], graphene ['7?], metal nanoparticles (NPs) ['8%], enzymes ['81], and carbons [182],
In composite materials, combining components aims to optimize their intrinsic properties and create new physicochem-
ical properties from mutualistic partnerships. Using functionalized MOFs to expedite progress in energy technologies
such as hydrogen storage 83 has serious potential.

A meaningful way to improve the functionality of MOFs is through their pyrolysis, in which their organic ligands
and metal nodes are converted to a range of materials necessary for energy applications, including porous carbons,
metal oxides, metal sulfides, and multicomponent hybrids. These pyrolysis processes can be tuned for variations in
temperature, time, and gas compositions, allowing for parameterization of product structures and ratio of components
and adding different functionalities. Taking advantage of MOFs' benefits, such as ordered pore structures and high
surface areas, these derivatives demonstrated improved performance compared to the traditional synthesized material.
[184]

Adding nitrogen, oxygen, or any other electron-rich group into the structure of MOFs is yet another route to en-
hance hydrogen holding capacity ['%3l. These materials provide more active sites based on the altered electronics and
geometric structure, thereby exhibiting enhanced properties that come from the change in the base composition and
structure of the material186. This is exemplified in the work of Li et al. 22, which used nitrogen-heterocyclic carboxylate


https://doi.org/10.20944/preprints202504.2329.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2329.v1

13 of 28

ligand 2,2-bipyridine-5,5'-dicarboxylate (bpdc) and a zirconium-based metal salt to produce UiO(bud). The hydrogen
storage capacity obtained for this material was 5.7 wt % at 77 K and 2 MPa, compared to 4.5 wt % for the University of
Oslo Framework 67 (UIO-67) 187, as the Lewis basic sites (bpdc) were anchored onto the surface of pore walls with no
loss in the high original porosity when hydrogen was adsorbed. Furthermore, there are many other approaches where
MOFs may be applicable in hydrogen storage.

Along similar lines, Ma et al. studied two composites made of magnesium hydride with cobalt (II) and iron (II)-
based MOFs developed using ball milling with the following results. The gravimetric storage capacities were 6.91 wt%
using magnesium hydride, which decreased to 5.19 wt%, and 5.37 wt% using the composites of the cobalt-based MOF
and the iron-based MOF at 648 K and 1 MPa respectively. The activation energy also declined from almost 100 kJ/mol
using magnesium hydride to 67 kJ/mol and 74 k]/mol by the iron-based MOF and the cobalt-based MOF, respectively,
for decomposition. The dehydrogenation temperatures for Magnesium hydride-cobalt MOF and magnesium hydride-
iron MOF composites were 151 kJ/mol and 142 kJ/mol compared to 181 kJ/mol using pure magnesium hydride. Simi-
larly, Lu et al. synthesized a composite of vanadium-based MOF and magnesium hydride, which successfully released
hydrogen at an almost 6.4 wt% rate in just 5 min at 573 K and 3.2 MPa with an apparent decrease in absorption and
release activation energies of 157 to 78 kJ/mol and 98 to 30 kJ/mol, respectively. Therefore, these MOFs' capacity has
been verified to enhance hydrogen release kinetics from other storage materials.

Regarding porous materials, carbon-based materials, including activated carbons, carbon nanotubes, and gra-
phene, are extensive considerations. These carbon-based materials are well known for their advantageous properties,
such as high surface area, impressive mechanical strength, and extremely high thermal conductivity. They have also
begun to understand their hydrogen storage capabilities better. Specifically, graphene and carbon nanotubes exhibit
high hydrogen adsorption capacities that BENEFIT from more significant accessible surface areas Supported by porous
structures.

Several carbon materials have been studied as hydrogen storage media, including activated carbon, carbon aerogel,
templated carbon, carbon nanotubes, carbon fibers, and graphene. These carbon materials can be synthesized using
various synthesis methods from traditional synthetic carbon precursors. However, they could also come from naturally
recurring sources such as wood, coal, agricultural by-products, and biomass. The physicochemical properties of carbon
material, specifically total pore volume, micropore surface area, total pore volume, and pore size, can be tailored as
needed by selecting the correct methods of synthesis and the appropriate experimental parameters so that hydrogen
uptake capacity can be optimized in these porous carbons.

Improving porous carbon materials' performance in physically adsorbing hydrogen includes methods to enhance
the thermodynamics of hydrogen binding. Two main avenues have been pursued when trying to do this. The first is to
increase the specific surface area of the carbon materials while creating engineered pore spaces on the nanometre scale
to increase the number of adsorption sites and possible wells. The second method is to functionalize porous carbon
materials by doping them with lightweight elements to create electron-deficient carbon, increasing the carbon frame's
polarity and ultimately increasing hydrogen's interaction with the substrate. Developing porous carbon materials with
high surface areas and intermediate hydrogen adsorption enthalpies is key to reversible hydrogen storage at ambient
conditions, thus highlighting their material importance to future hydrogen economies %,

4. High-Throughput Computational Screening and Machine Learning

Scientific computing has significantly advanced the discovery and development of new materials in the last few
decades and has been key in supporting experimental work. With advances in, for example, physics, chemistry, mate-
rials science, and computer science, computational methods have evolved into a core area of materials science and
technology, adding value directly and indirectly to the development of new materials, including low-dimensional na-
nomaterials '], Li-ion battery materials [, and topological insulators [%1l. Early computational approaches, which
were limited by the algorithms, software, and computing power available at the time, were constrained to the extraction
and interpretation of experimental observations. However, over the years, their applications have expanded 192,

In present-day scientific research, computational techniques are widely used to investigate the fundamental prin-
ciples of the physical and chemical properties of the material. They provide comprehensive quantitative relationships
between composition, structure, and material properties. In technology development, computation is vital to rapidly
screen new material compositions and structures and optimize the parameters of their virtual fabrication and processing
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(98], In addition, computational methods are critical for deploying materials, enhancing new materials rapidly, optimiz-
ing performance characteristics, diagnosing accrued damages, and estimating the overall service life.

Design and development of materials have become more challenging due to the increasing complexity of materials.
The challenges associated with developing and designing materials arise due to the numerous dimensions of the mate-
rial, components, structures, processes, and service environment [194.

High-throughput screening, a second-generation method of discovery of materials, consists of modeling the prop-
erties of many structures to find those with a satisfying set of properties and those at low energy for selection for syn-
thesis. Most computational methods of high-throughput screening have four basic steps: (1) identification of target
properties, (2) specification of screening spaces, (3) prediction of properties, and (4) selection of candidate materials.
Target properties vary widely regarding the prospective desirable functional materials being developed for specific
applications, e.g., lithium-ion battery electrodes. However, for materials scientists, identifying the desirable macro-
scopic properties of function materials for energy conversion or storage devices is usually straightforward (1.

4.1. Designing New Materials Is a Complex Task with Many Parameters, Methods, and Paths

Virtually unlimited combinations of variables in materials design create enormous design space well beyond the
scope of traditional trial-and-error experimentation. Efficient virtual screening methods have become critical to defining
and implementing design space and allowing an experimental search to be more strategic and focused [1%I.

When modeling materials, interactions between the constituent atoms are generally described in energy-force
methods classified as semiempirical and first-principles. Semiempirical methods utilize force fields or classical poten-
tials, which are specified for particular parameters to represent experimental or quantum-chemistry-defined results. We
can explore many hydrogen-storage materials in various thermodynamic bounds and limited complexity. They have
exceptional known capabilities such as modeling chemical reactions, i.e., bond forming and bond breaking, using spe-
cialized reactive force fields as an example of a semiempirical or classical potential. However, they may have limitations
with extrapolation to conditions different from those it was designed. These methods are valuable because they are
cheaper and allow explicit modeling of thermal and structural disorder effects, which can be core to the simulation of
hydrogen-storage materials. Quantum nuclear effects (QNE) are relevant to gases occupying these materials at room
temperature. Following thorough analysis of hydrogen and deuterium gas adsorption onto carbon-based nanotubes
using semiempirical potentials and quantum simulation approaches (e.g., path-integral Monte Carlo methods) ['8, the
role of QNE is now better established.

However, first-principle methodologies like quantum Monte Carlo provide atomic interaction information derived
directly from quantum mechanics, increasing accuracy in computational studies. Density Functional Theory (DFT), in
particular, balances accuracy and speed of computation, making it widely used for research on hydrogen-storage ma-
terials (191,

For MOFs, most computational studies utilize Grand Canonical Monte Carlo (GCMC) simulation techniques to
calculate Hz adsorption on these materials, which is the primary driving force for their potential as hydrogen storage
materials. GCMC helps estimate gas adsorption in porous materials and validates experimental gas adsorption iso-
therms. The required inputs to run a GCMC simulation include the MOF's crystallographic information file (CIF). The
CIF of a MOF can be found in literature describing the synthesis of the MOF, computation-ready databases like CoRE-
MOF that offer CIFs for molecular simulations, or in the Cambridge Structural Database where CIFs are deposited. In
addition to the CIF, the GCMC simulation requires potentials for the H> molecules ((this may include Buch's, Darkrim,
and Levesque's potentials) and MOFs (Universal Force Field, Dreiding, etc.) as well as the temperature and pressure for
the adsorption process [191.

A standard way of evaluating GCMC input parameters has been to assess gas uptakes from GCMC simulations by
comparing them with gas uptakes determined experimentally, as long as the temperature and pressure conditions for
the simulated and experimentally measured gas uptakes are identical. Since GCMC will generate data on how much
H2 is adsorbed in a MOF for specific situations and can also give heat of adsorption data, which considers adsorbent-
gas interactions at lower loads, the evaluated amount of adsorbed Hz is used as a reference for calculating the deliverable
H: of a material, which is defined as the amount of hydrogen that is released between adsorption and desorption pres-
sures. Increasingly, as new MOFs are synthesized experimentally or designed theoretically and as computational tools
have improved and computing speeds have increased, work on HTCS has progressed at a rapid rate in searching
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materials for H2 storage, and because HTCS has enabled the quick evaluation of countless materials, the most positive
candidates can be identified if they are tailored to desired applications stemming from overall performance metrics [97..

The impact of the interaction between MOFs and H: on deliverable H: capacity affects both the saturation capacity
at the adsorption pressure and the amount of gas released at the desorption pressure. Optimizing this interaction to
establish an aspect that is neither weak nor too strong is critical for achieving high deliverable H: capacities. Modifica-
tions have been employed to improve the adsorbent-Hz interactions at room temperature. Magnesium alkoxide func-
tionalization has been utilized on MOFs and porous aromatic frameworks, resulting in the development and character-
ization of hypothetical materials, which were then subjected to GCMC simulations to evaluate their potential for im-
proving adsorbent-Hz interactions [1°5].

Ahmed et al. '] performed computational screening of MOFs and found some reasonable candidates with nice
gravimetric and volumetric hydrogen densities. They experimentally tested these candidates, and one MOF, IRMOE-
20, exhibited an unusual combination of highly usable volumetric and gravimetric capabilities. The IRMOF-20 meas-
ured capacities were better than the benchmark compound MOE-5, a reference for combined volumetric and gravimet-
ric performance. They found the most accurate computational predictions using pseudo-Feynman-Hibbs-based grand
canonical Monte Carlo calculations. This approach enabled the authors to estimate hydrogen capacities in MOFs and
illustrated the role of computational screening in identifying materials that lead to optimal overall storage performance.
The report addressed the trade-off between gravimetric and volumetric hydrogen densities in identifying MOFs, which
is especially significant for maximizing the driving range of fuel cell vehicles.

Then, the same research team provides a systematic review of the hydrogen storage capability of MOFs. The au-
thors computationally screened a dataset of about half a million real and hypothetical MOFs and experimentally as-
sessed those with promising materials. They discovered three MOFs, SNU-70, UMCM-9, and PCN-610/NU100, which
had useable capacities that exceeded the highest previous combined volumetric and gravimetric performance of
MOF20. They also evaluated trends across the dataset, concluding that there is a volumetric ceiling of approximately
40g-H2 L-1, meaning that it will be necessary to develop adsorbents with greater volumetric capacities. The useable
capacities of the best-performing MOFs were negatively related to density and volumetric surface area but optimized
with increasing gravimetric surface area and porosity, in contrast to prior studies. This suggests that property perfor-
mance trends identified for total capacities do not follow through to useable capacities. The computed results also
demonstrated that volumetric capacities increased with increasing gravimetric capacity up to around 10 wt%, but vol-
umetric performance ended at a plateau. The study also reported 102 compounds with greater useable capacities than
MOF20 relative to the volumetric and gravimetric evaluation bases 22!,

Deniz et al. 1200l conducted a computational study on Li-doped fullerene pillared graphene nanocomposites
(Li-FPGNSs) to evaluate their hydrogen storage capabilities. The study utilized grand canonical Monte Carlo (GCMC)
simulations to evaluate hydrogen physisorption in Li-FPGNss at different temperatures and pressures. The GCMC sim-
ulations indicated that Li doping and other types of fullerenes could significantly improve the hydrogen adsorption
performances of the undoped FPGNs. The authors optimized the gravimetric, volumetric, and deliverable hydrogen
adsorption performances of the FPGNs by utilizing different doping types, ratios, and types of fullerene. The results
indicated that Li-FPGNs with a doping ratio of Li: C = 15:100 can have the capability with promising performance
characteristics. Overall, the gravimetric hydrogen adsorption for the Li-FPGNs reached 9.1 wt percent at 77 K and 1 bar,
almost twice as much as the undoped FPGN.

Moreover, Li doping increased the excess hydrogen storage capacity of the FPGNs up to three times at room tem-
perature. This indicates that Li-FPGNs can be an effective material for hydrogen storage applications. The work also
introduces computational aspects through GCMC simulations, which provide significant information for improving Li-
FPGNs for hydrogen adsorption. In particular, value-based data, such as gravimetric adsorption capacity and improve-
ment ratios, reflect how much Li doping contributed to the increases in the nanocomposites studied.

Bian et al. 2l investigated the structural features and hydrogen storage properties of five boron-phosphorus cube-
based covalent organic frameworks (BP-COFs) via DFT and molecular simulations to study the hydrogen storage prop-
erties of COFs. The study focused on aspects of hydrogen storage concerning investigations into computational chem-
istry. The structures of the five BP-COFs were characterized, while hydrogen adsorption properties were obtained from
GCMC simulations. Simulations were performed at a temperature of 77 K and 298 K with pressure ranges from 0.1 to
100 bar. The results indicated that BP-COF-4 and BP-COF-5 had significantly higher hydrogen adsorption capacities
than BP-COF-1 to BP-COF-3 at both temperatures. The authors performed DFT calculations and molecular simulations
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on BP-COFs in computational chemistry to understand the hydrogen storage properties. The computational simulations
allow materials and their structural properties to be explored and evaluated to design and develop efficient hydrogen
storage materials.

Regarding metal hydrides, Li et al.[20?l examined the potential of graphene as a catalyst to increase the dehydro-
genation kinetics of MgH?2 for hydrogen storage for the present study. The research employed computational chemistry
techniques and utilized spin-polarized first-principles calculations based on DFT. The authors have now accounted for
the graphene dopants in the hydrogen release from MgH2. It was shown that graphene dopants, specifically B/P codo-
ped graphene (BP@graphene), can improve dehydrogenation by terming down the reaction barrier and, consequently,
the reaction energy. Based on the authors' computational results, it was predicted that the MgH2/BP@graphene hetero-
junction has better dehydrogenation thermodynamics and kinetics.

In a recent work, Rana et al. 2% reported a computational method for the analysis and prediction of thermodynamic
properties of metal hydrides, specifically for hydrogen storage applications. The authors built a computational method
based on the lattice reverse Monte Carlo (RMC) and implemented it in the nickel hydride (NiHx) system. Their method
enabled the authors to quickly construct the phase diagram of NiHx in minutes, using fewer than 10 configurations.
Significantly quicker than the most commonly used method of GCMC, which would sample millions of configurations.
The computation workflow presented in this study is a powerful tool to quickly analyze and predict the thermodynamic
properties of metal hydrides to assist in the discovery of new materials for hydrogen storage. The results conveyed the
efficiency of the RMC in integrating configurational terms and efficiently constructing phase diagrams. Aside from the
negligible computational overhead of the RMC approach compared to the GCMC or the traditional form of thermody-
namic modeling, it benefits systems with many atoms. The current study indicates the need to advance computational
methods to increase the rate of discovery and optimization of materials for hydrogen storage.

In a research effort, Jing et al.l?l sought to make metalorganic hydrides for hydrogen storage by using both theory
and experiment. They aimed to identify materials with elevated hydrogen capacities and favorable thermodynamic
features to take up and release hydrogen efficiently. Through theory, they generally screen a ProSet of over 90 metalor-
ganic hydrides, considering replacing the H in organic compounds with light alkali metals like lithium (Li) and sodium
(Na). They identified 20 pairs of screened metalorganic hydrides that exhibited both high hydrogen capacity (= 5wt%)
and favorable thermodynamic properties (heat of H2 desorption: 25-35 kJ/mol-Hz) for hydrogen storage. Four metalor-
ganic hydrides were selected for the study and synthesis. Theoretical predictions suggested that lithium indoline and
lithium octahydroindolide pairs had a potential hydrogen capacity of 6.1 wt% and an ideal heat of hydrogen adsorption
(AHd) of 33.7 kJ/mol-Hz. Experiments demonstrated the Theoretical predictions and showed partially reversible hydro-
gen uptake and release at a relatively low temperature of 100 -C. A computational study was also conducted to deter-
mine the metalorganic hydrides' hydrogenation enthalpy change (AHh). Metal substitution significantly reduced the
AHd of the organic compounds, indicating improved hydrogen storage properties of the metallated compounds. Meta-
lation ensured stabilization of H-lean and H-rich compounds contributed to reducing AHd. This study identified the
potential of metalorganic hydrides to address addressing storage issues. The combination of theoretical predictions and
experimental validation successfully identified new materials for synthesis and proved effective in guiding synthesis.
The computational study provided helpful information on the thermodynamic properties of the metalorganic hydrides,
assisting in the rational design of suitable materials for hydrogen storage.

With the increasing data-driven approach to research and work at the forefront of digital advances today, particu-
larly machine learning (ML) has the most traction at the moment in the pure research space as well as business space,
being utilized across many areas of science and business, and in a variety of fields such as natural language processing
2052061, computer vision [207.208], biomedicine [29219], robotics 12112121 data classification and mining 23], etc. Researchers have
often applied ML models to assess specific material characteristics in databases. Moreover, for high-dimensional, com-
plex systems, ML models better predict material behavior, reveal hidden relationships in the data with material perfor-
mance, and dramatically accelerate the design process for new materials. The data-driven approach minimizes time and
cost while providing precise direction to the projects researchers are trying to accomplish.

ML methods have uncovered many materials, including carbon materials 1214, MOFs [219], lithium-ion batteries [219],
and catalytic materials [?71. ML not only enhances materials' performance but also has the potential to relate performance
to material composition and structure. In this regard, it enhances theoretical and computational methods, optimizes
parameters, and determines settings for different systems, replacing traditional semiempirical parameters.
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4.2. ML Techniques Can Be Grouped Broadly into Four General Categories:

Supervised learning, unsupervised learning, semi-supervised learning, and reinforcement learning. In supervised
learning, algorithms are trained using labeled input and output data sets (x, y). This allows computers to build classified
and/or regressed unknown data based on the learned mapping from input to output. Supervised learning models in-
clude neural networks (NN), decision trees (DT), support vector machines (SVM), k-nearest neighbors (KNN), and Na-
ive Bayesian. In contrast, unsupervised learning does not have labeled data, requiring clustering based primarily on the
similarities and associations among the input samples. Clustering and association rules minimize intra-class gaps and
maximize inter-class gaps. Unsupervised learning approaches include principal component analysis (PCA), self-encod-
ing algorithms, and deep learning.

Semi-supervised learning combines features of supervised and unsupervised learning by using a dataset with la-
beled and unlabeled data to identify patterns. Two common approaches in semi-supervised learning are transductive
learning and inductive learning. The most fundamental difference is that the unlabeled data is used for testing in trans-
ductive approaches. In contrast, in incompleted inductive learning, the unlabeled data is treated as novel examples that
must be used in model training and testing.

Reinforcement learning teaches computers to learn through trial and error to maximize rewards and performance
in a given environment. It is based on rewarding and/or punishing signals from interacting with the environment.
Temporal differential learning and Q-learning are two common approaches in reinforcement learning 211,

First-Principles Methods Accurately Calculate Essential Physical.

Quantities relevant to hydrogen storage materials with appropriate characteristics, such as the free energy of stor-
age/release reactions and the decomposition of materials processes. However, discovering the best...... reaction paths,
adsorption sites, and chemical structures through these first-principles calculations ultimately required some combina-
tion of guesses across various possible processes and configurations based on chemical intuition. That instinct may or
may not be complete and could be wrong, especially for complicated problems. The hope would be for theoretical
methods that could predict the thermodynamically optimal reaction paths, states, and configurations while relying only
on the chemical composition of the system (and analog information) for those "open" problems. Machine learning meth-
ods provide an alternative that relies on computational cost and objective nature instead of chemical intuition [1#.

In hydrogen storage materials, ML uses different algorithms and statistical models to improve the computational
aspect of specific tasks. An example of a task is predicting the lowest-energy configurations and the decomposition
reaction pathways. However, ML models require training on data sets that are often of sufficient size and generated by
first-principles methods, which may be challenging to obtain. ML is just beginning to develop systematic theoretical
studies of hydrogen storage materials and is likely to continue to expand systematically. ML allows tremendous versa-
tility for studying materials, thus enabling the screening of multiple systems and processes. Examples of these include
assessing the catalytic activity of the hydrogen evolution reaction on nanoclusters, generating thousands of new alloy
combinations with favorable enthalpies of formation that could be useful for high-pressure hydrogen compressor ma-
terials, and determining performance limits of physical hydrogen storage in a variety of nanoporous materials 2192201,

As such, the most recent article by Nations et al. 22!l aimed to investigate machine learning methods to predict both
the energy of formation and hydrogen storage capacity of metallic hydrides. The study used various machine learning
methods, including ridge regression, decision trees, random forests, and ensembles of gradient-boosted methods. The
researchers obtained relevant data from public domain resources, such as Materials Project and HydPark for metallic
hydride system data. Additionally, the researchers performed various feature engineering to yield features like electro-
negativity, density, atomic density, d-character, f-character, band gap, hydrogen weight fraction, magnetization, tem-
perature, and pressure. The model performance benchmarking was completed, and based on out-of-sample perfor-
mance on the test set, the random forest had the lowest test set error. Subsequently, it was carried out to fill in acetate
of energy of formation for missing entries. The materials were re-evaluated, focusing on hydrogen storage capacity and
suitability based on the energy of formation. Based on the results, features could be relatively accessible, and there were
promising features, including some derived solely based on chemical formulas that were good at predicting positively
in the context of high-throughput screening of novel hydride formalization. This helpful study demonstrates how the
machine learning methodologies in this study allowed for relationships to be established with property responses that
would not necessarily be apparent through interpretation.

The research conducted by Kim et al. ???l aimed to predict the pressure-composition-temperature (PCT) curves of
AB2-type hydrogen storage alloys using machine learning techniques. Three machine learning models were used:
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random forest, K-nearest neighbor, and deep neural network (DNN), for the predicted purposes. The study used two
separate data generation techniques to strengthen the dataset and proposed a new type of PCT curve function to im-
prove the accuracy of predictions. The study found that the DNN had the highest accuracy, with a high average corre-
lation value (R2=0.93070), which indicates a strong linear relationship between the predicted and measured values. The
accuracy of the predictions was determined by mean absolute error (MAE), and root mean squared error (RMSE), which
was not specified in the provided content. However, the article did indicate that these accuracy metrics were applied.
The study focused on predicting the hydrogen absorption behavior of AB2 alloys at a constant temperature (303 K)
using machine learning models. Input features for the models included temperature, pressure, and nine alloy composi-
tions. The prediction accuracy was evaluated by comparing the predicted values to the measured values, where higher
correlation values indicated better predictive capability. Overall, the study illustrated that machine learning has the
potential to predict the PCT curves of hydrogen storage alloys. The study elucidated the behavior of AB2-type alloys
through machine learning models, which can help inform the selection and design of hydrogen storage materials for
many applications.

Thanh et al. 22 focused on carbon-based materials by predicting hydrogen storage using ML models, specifically
the random forest (RF) model combined with nature-inspired algorithms. The work aimed to establish a predictive
model for hydrogen storage on porous carbon adsorbents (a process usually referred to in its entirety as physisorption).
In developing their ML model, the authors employed many input variables, including carbon-based adsorbents, chem-
ical activating agents, ratios, micro-structural characteristics, and operational parameters. High accuracy was achieved
for the RF model coupled with particle swarm and grey wolf optimizations (PSO and GWO) within the training and
test, with R2 values of around 0.98 and 0.91, respectively. Thus, the sensitivity analysis (the analysis allowing for eval-
uation of standard scores of selected inputs concerning their application) demonstrated temperature, total pore volume,
specific surface area, and micropore volume being the most relevant factors contributing to hydrogen uptake, with
relevance scores of 1 and 0.48, respectively. The authors also evaluated the feasibility of undertaking the relevant algo-
rithms with differing training sizes of 80% and 60% relative to the dataset. The RMSE and MAE-related values ranged
from 0.6 - 1 for RMSE values and 0.38 - 0.52 for MAE values, representing reasonable accuracy measures for the predic-
tive model.

In summary, the study contributes towards developing sustainable energy resources by providing better design
principles for porous carbon adsorbents for hydrogen storage. The ML model development process used in this study
involved the application of nature-inspired algorithms that can also be utilized in other disciplines within materials
science and engineering. This study demonstrates the capabilities of ML techniques to predict the performance of po-
rous carbon materials for hydrogen adsorption.

Shekhar and Chowdhury 224 focused on predicting hydrogen storage in MOFs with machine-learning methods.
The authors sought to advance the limitations in computational high-throughput investigation by predictively using
machine learning methods compared to traditional approaches (e.g., experimentation and simulations). The study ulti-
mately benchmarked a feed-forward neural network (FNN) and an extremely randomized tree (ERT) model, determin-
ing the hydrogen delivery capacity of a sizeable sample of MOFs. The FNN method ultimately provided the best model
when predicting gravimetric capacity, whereas the ERT was more reliable when predicting volumetric capacity. The
data set used for training/evaluation was 918,734 from various databases, including harvested data from the studies
using GCMC simulations for machine-learning verification of predictive capacity. Overall, the research suggests ma-
chine learning solutions, especially FNN and ERT, have a potentially valuable ability to accurately predict the hydrogen
storage capacities of MOFs with a substantial reduction in computational time, in contrast to traditional molecular sim-
ulations. The authors emphasized the promise of machine learning to speed the discovery of optimal MOFs, reduce the
amount of input data required, and provide an efficient screening of large MOF databases for high-capacity materials.
The research showcased the ability of machine learning to predict hydrogen storage capacities in MOFs, revealing the
potential for the advancement of clean and sustainable fuels from a means of utilizing machine learning.

Like the work of Ahmed et al. 225 discussed their development and then the application of machine learning mod-
els to predict the hydrogen storage capacities of MOFs. This work can accelerate hydrogen adsorbent discovery for
high-capacity hydrogen storage using models that can accurately predict hydrogen uptake across a range of MOFs. The
authors used 918,734 MOFs in their dataset collected from 19 databases and built machine-learning models using seven
structural features. The seven structural features enabled the authors to identify 8282 MOFs capable of surpassing the
capacities of state-of-the-art materials. The MOFs identified had low densities (<0.31 g/cm3), high surface areas ( >5300
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m2/g), large void fractions (>0.90), and large pore volumes (>3.3 cm3/g). The authors quantified the relative contribu-
tions of the input features in prediction and explored dependence on machine learning algorithms and training set size.
Pore volume contributed most to prediction formation for gravimetric capacity, while void fraction was more critical
for volumetric capacity. The authors have made the machine learning models publicly available, allowing for rapid and
accurate hydrogen capacity predictions for new MOFs even with very few structural features additively considered. In
this context, machine learning provides an excellent opportunity to address the concerns of the vast universe of MOFs
and the limited experimental data available, enabling us to discover effective hydrogen storage materials.

Machine learning models have considerable advantages in predicting hydrogen storage capacities in MOFs. This
allows researchers to screen and select the best MOFs for experimental studies by narrowing the possibilities to a more
manageable and practical number. It also saves much experimental time and cost in screening many possible MOFs.
Using machine learning models to accurately predict the hydrogen storage capacities of MOFs will lead to better oper-
ational conditions for hydrogen storage processes that utilize MOFs.

Conclusion

Hydrogen storage presents a key challenge to the uptake of hydrogen solutions for clean energy transition. In this
review article, we have provided a comprehensive overview of the many materials and methods currently being studied
to further the capabilities of hydrogen storage. Although physical storage through compressed and liquefied hydrogen
can be immediately employed from a scientific perspective, cost and safety considerations highlight the need to continue
investigating advanced materials. Metal hydrides like MgH, and LiH are strong candidates due to their high gravimet-
ric densities, but it is crucial to address the thermodynamic and kinetic barriers. Advances in catalysis, nanoconfine-
ment, and alloying have successfully studied these materials' capabilities. Porous adsorbent materials like MOFs and
COFs have excellent physisorption of hydrogen gas due to their surface properties, but tuning for ambient conditions
remains to be addressed. Computational methods, including machine learning paradigms on material discovery, are
changing the entire field by employing predictive means of new candidates. Future research must consider the full
range of hydrogen potential and how material design integrates with scalable manufacturing and supporting infra-
structure.
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