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Abstract Article Info
Hydrogen has significant potential as a clean energy carrier to support the Received 25 December
transition toward sustainable energy systems. However, the widespread 2025

implementation of a hydrogen economy is still limited by challenges Received in revised 26
associated with safe, efficient, and high-capacity hydrogen storage February 2026
technologies. In general, hydrogen storage systems are classified into Accepted 27 February
physical storage, chemical storage, and solid-state storage. This review 2026

article systematically discusses various hydrogen storage technologies, with a Available Online 28
particular focus on solid-state hydrogen storage, including metal hydrides, February 2026

complex hydrides such as alanates, and chemical hydrides encompassing
borohydrides and liquid organic hydrides. Each class of materials is
evaluated in terms of storage capacity, thermodynamic and kinetic
characteristics, as well as issues related to reversibility and regeneration. The
review highlights that, despite considerable progress, no single hydrogen
storage system currently satisfies all practical requirements. Therefore, a
fundamental understanding of hydrogen—material interactions, along with
material design and catalytic strategies, is essential for advancing hydrogen
storage technologies toward practical applications.

Keywords: Hydrogen storage; Solid-state hydrogen storage; Metal hydrides,
Chemical hydrides; Thermodynamic and kinetic properties

Abstrak (Indonesian)

Hidrogen memiliki potensi besar sebagai pembawa energi bersih untuk mendukung transisi menuju sistem
energi berkelanjutan. Namun, tantangan utama dalam implementasi ekonomi hidrogen secara luas terletak
pada pengembangan teknologi penyimpanan hidrogen yang aman, efisien, dan berkapasitas tinggi. Secara
umum, sistem penyimpanan hidrogen diklasifikasikan menjadi penyimpanan fisik, penyimpanan kimia, dan
penyimpanan solid-state. Artikel ulasan ini membahas secara sistematis berbagai teknologi penyimpanan
hidrogen dengan penekanan pada penyimpanan solid-state, termasuk hidrida logam, hidrida kompleks seperti
alanat, serta hidrida kimia yang mencakup borohidrida dan liquid organic hydrides. Setiap kelas material
dievaluasi berdasarkan kapasitas penyimpanan, karakteristik termodinamika dan kinetika, serta tantangan
dalam aspek reversibilitas dan regenerasi. Ulasan ini menunjukkan bahwa meskipun kemajuan signifikan
telah dicapai, belum ada satu sistem penyimpanan yang sepenuhnya memenuhi seluruh persyaratan aplikasi
praktis. Oleh karena itu, pemahaman fundamental mengenai interaksi hidrogen—material serta pengembangan
strategi material dan katalis menjadi kunci untuk meningkatkan kinerja teknologi penyimpanan hidrogen di
masa depan.

Kata Kunci: Penyimpanan hidrogen; Penyimpanan hidrogen keadaan padat; Hidrida logam,; Hidrida kimia,
Sifat termodinamika dan kinetika
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INTRODUCTION

Hydrogen has emerged as one of the most
promising clean energy carriers to support the
transition toward sustainable, decarbonized global
energy systems [1-3]. In the context of the global
commitment to achieve net-zero emissions by 2050,
hydrogen is increasingly regarded as a strategic
solution for decarbonizing hard-to-abate sectors such
as steel production, cement manufacturing, heavy-
duty transport, aviation, and chemical industries [4].
Several global energy transition scenarios project a
substantial increase in hydrogen demand by 2050
under net-zero pathways [5,6], underscoring its
critical role in deep decarbonization strategies.
Hydrogen possesses a high gravimetric energy density
(120-142 MJ kg™), produces zero greenhouse gas
emissions during use in energy conversion systems,
and is compatible with fuel cells for efficient
electricity generation [1]. These attributes allow
hydrogen to play a pivotal role in transportation,
stationary power, industrial processing, and large-
scale energy storage [7].

Traditional storage methods—compressed gas
(350—700 bar) [8] and cryogenic liquid hydrogen
(—253°C) [5], present several limitations, including
high energy consumption for compression or
liquefaction, boil-off losses, and concerns regarding
safety and long-term storage stability. Consequently,
solid-state  hydrogen  storage has  attracted
considerable research interest due to its potential to
store hydrogen at moderate temperatures and
pressures with improved safety and volumetric
density [9].

Solid-state  hydrogen storage mechanisms
include  physisorption, chemisorption, Kubas
interactions, and spillover effects. These mechanisms
differ fundamentally in binding strength, reversibility,
and temperature dependence. Physisorption involves
weak van der Waals interactions with low adsorption
enthalpies (=4-10 kJ mol™ H:), resulting in highly
reversible adsorption but generally requiring low
temperatures to achieve significant hydrogen uptake
[10]. In contrast, chemisorption forms stronger
chemical bonds between hydrogen and the host
material, with binding enthalpies typically ranging
from ~40-200 kJ mol™ H-, enabling stable storage at
ambient conditions but often requiring elevated
temperatures for hydrogen release [10,11]. Kubas
interactions represent an intermediate bonding
mechanism in which molecular hydrogen binds to
transition metal centers via o-donation and =-
backdonation, with binding energies generally in the
range of 20-70 kJ mol™! Ha, providing a balance
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between stability and reversibility under moderate
conditions [12]. Meanwhile, the spillover mechanism
involves dissociative chemisorption of hydrogen on a
catalytic metal site followed by migration of atomic
hydrogen onto a support material, potentially
enhancing hydrogen uptake at moderate temperatures
[13]. Correspondingly, extensive research has focused
on material classes such as metal hydrides, complex
hydrides, and chemical hydrides, which exhibit
diverse hydrogen storage behaviors and performance
characteristics. Each class presents unique advantages
and challenges, creating a complex materials
landscape that requires systematic evaluation [14-16].

Although many review papers address specific
aspects of hydrogen storage, most focus on individual
material families or provide limited discussion on the
interplay between storage mechanisms,
thermodynamic constraints, and kinetic limitations. A
systematic and integrative framework that correlates
hydrogen—material interaction mechanisms with
performance metrics and practical scalability
considerations remains insufficiently developed.

In this context, the present review provides a
critical and comprehensive assessment of solid-state
hydrogen storage materials. Metal hydrides, complex
hydrides, and chemical hydrides are comparatively
evaluated by correlating material performance with
thermodynamic behavior, kinetic barriers, and
practical feasibility. Furthermore, key technological
challenges and scalability issues are identified, and
future research directions are proposed to advance the
development of efficient, safe, and application-
oriented hydrogen storage systems.

MATERIALS AND METHODS
Materials

This review is constructed using a structured and
rigorous literature analysis consistent.

Literature Source

Scientific publications were gathered from:
Scopus, Web of Science, ScienceDirect, SpringerLink,
ACS Publications, IEEE Xplore, etc. Additional
sources include benchmark texts and authoritative
reviews in: International Journal of Hydrogen Energy,
Journal of Materials Chemistry A, Energy Storage
Materials, Advanced Energy Materials, Renewable
and Sustainable Energy Reviews, etc.

The literature survey covered peer-reviewed
publications published between 2000 and 2024. While
seminal studies published prior to 2000 were
considered when relevant to foundational concepts,
particular emphasis was placed on research from the
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past 1015 years to reflect recent advances in solid-
state hydrogen storage materials and mechanisms.
Literature searches were conducted using
keywords such as “solid-state hydrogen storage,”
“metal hydrides,” “complex hydrides,” ‘“chemical
hydrides,” “physisorption,” “chemisorption,” “Kubas
interaction,” “hydrogen spillover,”
“thermodynamics,” and “kinetics.” Articles were
selected based on their relevance to hydrogen storage
mechanisms, material performance, thermodynamic
and kinetic analysis, and scalability considerations.

Methods

The gathered literature was categorized into
thematic sections covering: Hydrogen end-use
applications,  Storage  technologies,  Storage
mechanisms, Material  classes, Comparative
evaluation, Challenges and future prospects. This
structure facilitates a systematic analysis, beginning

2 (13
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with hydrogen applications and storage technologies,
then examining storage mechanisms and material
classes, and concluding with comparative evaluation
and future research directions

RESULT AND DISCUSSION
A. Hydrogen

Hydrogen is the most abundant element in nature;
however, only a small fraction exists freely on Earth.
On Earth, hydrogen is predominantly found in
compound forms, such as water (11.1%),
hydrocarbons including natural gas (25%) and
petroleum (14%), as well as carbohydrates such as
starch (6%)[17].The physical properties of hydrogen
are presented in Table 1. Hydrogen, as an energy
carrier, possesses a significantly higher energy
content compared to various other fuels, as shown in
Table 2.

Table 1. Physical properties of hydrogen [17-20].

Property Description
Name, Symbol, Atomic Number Hydrogen, H, 1
Category Non-metal
Electrons, Protons, Neutrons 1,1,0

Relative Atomic Mass 1.008

Color, Odor Colorless, odorless
Hazard Mild asphyxiant
Phase Gas

Ionization Energy (kJ mol™) 1310

Liquid-to-Gas Expansion Ratio
Boiling Point / Melting Point
Higher Heating Value (HHV)
Lower Heating Value (LHV)
Octane Number

Density (g cm™)

Flash Point

Critical Temperature

Atomic Radius (nm)

Standard Electrode Potential (V)
Flammability Range in Air

1: 848 (at atmospheric conditions)
—259.14 °C / -252.87 °C
141.9 MJ kg!

118.8 MJ kg!

>130

0.00009

-253 °C

33K

0.037

0

4-75%

Table 2. Comparison of hydrogen energy with other energy sources [14], [17], [21].

Ener er Mass  Ener er Carbon Emissions
Fuel Type g(ﬁlll)(g) Volumgey(.})/mﬂ Energy Reserves (kg C/kg)
Liquid Hydrogen 141.90 10.10 1.00 0.00
Gaseous Hydrogen 141.90 0.013 1.00 0.00
Oil 45.40 38.65 0.78 0.84
Gasoline 47.40 34.85 0.76 0.86
Jet Fuel 46.50 35.30 0.75 -
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Ener er Mass  Ener er Carbon Emissions
Fuel Type g().;/ll)(g) Volumgey(.})/mﬂ Energy Reserves (kg C/kg)

LPG 48.80 24.40 0.62 -

LNG 50.00 23.00 0.61 -

Methanol 22.30 28.10 0.23 0.50
Ethanol 29.90 23.60 0.37 0.50
Biodiesel 37.00 33.00 - 0.50
Natural Gas 50.00 0.04 0.75 0.46
Coal 30.00 — — 0.50

B. Hydrogen Applications pathways, supported by policy incentives,

Hydrogen plays an increasingly significant role
across diverse sectors due to its high energy density,
versatility, and compatibility with decarbonization
strategies. Its applications can be grouped into four
major domains: transportation, power generation or
stationary  applications, and portable device
applications.

Transportation Sector

The transportation industry represents one of the
most promising domains for hydrogen utilization [2],
[16]. Hydrogen Fuel Cell Electric Vehicles (FCEVs)
offer quick refueling times, long driving ranges, and
zero-emission profiles [22,23]. Several commercial
vehicles, including passenger cars, buses, trucks, and
forklifts, have adopted fuel cell technology.
Compared to lithium-ion battery vehicles, FCEVs
exhibit advantages in heavy-duty applications where
weight and long-range performance are critical.

Currently, many major automotive companies
such as GM, Honda, Hyundai, and Toyota are actively
developing large-scale hydrogen programs. Over the
past decade, BMW, Nissan, Volkswagen, and several
small and medium-sized companies have also
introduced hydrogen-powered concept vehicles to the
public [18], [24]. Hydrogen mobility is increasingly
considered competitive with battery-electric mobility
[22].

Recent peer-reviewed analyses indicate that
global deployment of fuel cell electric vehicles
(FCEVs) has increased steadily over the past decade,
exceeding 70,000 units worldwide by the early 2020s,
with major markets concentrated in South Korea,
Japan, China, the United States, and Germany [25].

In parallel, the number of hydrogen refueling
stations (HRS) has surpassed 1,000 globally, with
Asia leading infrastructure expansion, followed by
Europe and North America [26]. Furthermore,
hydrogen mobility markets are projected to
experience substantial growth under decarbonization
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infrastructure investments, and advances in fuel cell
technologies [25]. These quantitative trends
demonstrate that hydrogen mobility is transitioning
from  demonstration  phases toward early
commercialization.

Several key limitations associated with batteries
in electric vehicles include their low power density
per unit mass, which is approximately 35 Wh/kg for
lead—acid batteries, 65 Wh/kg for NiHz, and 93 Wh/kg
for lithium-ion batteries. In addition, electric vehicles
require very heavy battery packs, often exceeding 200
kg, and take around 5-7 hours to recharge. Achieving
a charging time of less than 10 minutes would require
charging equipment with extremely high power
capacity.

Hydrogen mobility is capable of combining the
advantages of both hydrogen and electric mobility,
offering driving range and refueling times comparable
to those of conventional vehicles, smaller hydrogen
storage and lower fuel cell capacity requirements than
fully hydrogen-powered vehicles, and reduced battery
capacity requirements compared to battery electric
vehicles [27]. The comparison between electric
vehicles and hydrogen-fueled vehicles is presented in
Table 3.

The application of hydrogen as a vehicle fuel can
be distinguished based on the form of hydrogen
bonding and the type of energy converter employed.
Hydrogen stored in its molecular (pure) form can be
used directly by transportation systems without
requiring further conversion into another energy
carrier. In this context, hydrogen can be utilized in
both internal combustion engines and fuel cell
systems [27].

Despite these advantages, the widespread
deployment of hydrogen-powered transportation
systems critically depends on the development of safe,
lightweight, and high-capacity hydrogen storage
technologies that can meet stringent onboard
requirements.
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Table 3. Comparison between electric vehicles and hydrogen-fueled vehicles [28].

Vehicle Type Electric Vehicle Hydrogen-Fueled Vehicle
Example BYD E6, Cina Honda Clarity, Japan
Lx WxH (m) 4.55x1.82x1.63 4.83x1.85x1.47
Weight (kg) 2100 1600

Maximum power (kW) 115-200 100

Maximum speed (km/h) 160 160

Driving range (km) >300? 4300°

Energy storage type Lithium-ion battery Hydrogen (350 bar)
Energy capacity (kWh) >60 136 (4.1 kg H»)
Refill time:

Home >20h -

Fast 50% (10 min) 2-3 min

Notes: * Rounded to 400 km; detailed information on operating conditions is not available (n/a); ® Based on the
combined EPA driving cycle with an average speed of 48 km/h.

Stationary Applications

Stationary hydrogen fuel cells (SHFCs) are a
promising application of fuel cell technology beyond
hydrogen-powered  vehicles. = These  systems
electrochemically convert chemical energy into
electrical energy, with heat and water as by-products,
enabling both residential power supply and heat
utilization. SHFCs provide clean and reliable off-grid
electricity, are suitable for telecommunications and
utility applications, do not require backup batteries,
and involve relatively simple maintenance [29]. Solid
oxide fuel cells (SOFCs) are commonly used due to
their long operational lifetime and stable performance
[30]. In Indonesia, PEMFC-based stationary hydrogen
fuel cell systems have been commercially deployed as
backup power sources for numerous base transceiver
stations [31].

Portable Device Applications

Portable electronic devices, including mobile
phones, laptops, and power banks, have garnered
increasing attention due to their potential to enhance
safety, convenience, and operational reliability. This
interest is particularly pronounced in military and
defense applications, which rely heavily on advanced
electronic equipment such as communication radios,
night-vision systems, and portable computing devices
[32,33]. These applications require power sources that
are compact, lightweight, and capable of providing
long operational durations without frequent
replacement or recharging [34].

Conventional battery technologies are often
inadequate for high-power and long-duration portable
applications because of their limited specific energy
and restricted operating time [35]. As a result,
hydrogen-based fuel cells have emerged as a
promising alternative to batteries. Fuel cells offer
several advantages, including rapid refueling,
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independence from electrical grids, extended
operational lifetimes, relatively low operating
temperatures, favorable anode reaction kinetics, and
environmentally benign by-products, primarily water
[32-34]. These attributes position hydrogen fuel cells
as a viable energy solution for next-generation
portable power systems.

Despite its significant advantages, hydrogen
deployment faces several critical challenges that must
be addressed to ensure its large-scale adoption. The
development of hydrogen refueling infrastructure
remains limited and capital-intensive, with high
investment requirements for production, storage,
transportation, and dispensing systems [36]. In
addition, the production cost of green hydrogen via
water electrolysis is still considerably higher than that
of conventional fossil-based hydrogen, primarily due
to electricity prices and electrolyzer capital costs [6].

Furthermore, the overall well-to-wheel efficiency
of hydrogen energy systems—considering electrolysis
efficiency (~60-70%), compression or liquefaction
losses, distribution, and fuel cell conversion (~50—
60%)—is generally lower than that of direct
electrification pathways such as battery -electric
vehicles [37,38]. These systemic challenges highlight
the need for technological innovation, cost reduction,
and integrated system optimization to fully realize
hydrogen’s role in a sustainable energy transition.

These systemic challenges highlight the need for
technological innovation, cost reduction, and
integrated system optimization to fully realize
hydrogen’s role in a sustainable energy transition. In
this context, a closer examination of quantitative
performance indicators—such as efficiency, power
density, durability, and storage capacity—provides a
clearer understanding of the remaining technical and
economic barriers to large-scale deployment.
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Proton exchange membrane fuel cells (PEMFCs),
which are widely used in hydrogen mobility
applications, typically achieve electrical efficiencies
of approximately 50-60% under automotive operating
conditions, with optimized systems exceeding 60%
[39]. In terms of durability, automotive PEMFC
systems have demonstrated operational lifetimes of
5,000-8,000 hours, whereas stationary systems may
exceed 40,000 hours, depending on degradation
mechanisms and operating conditions[40].

From a storage perspective, light-duty fuel cell
vehicles typically store 5—6 kg of hydrogen at 700 bar,
enabling driving ranges above 500 km [8]. However,
compressing hydrogen to such high pressures requires
additional energy input equivalent to approximately
10-15% of its lower heating value, thereby reducing
overall system efficiency [37]

Economically, although the cost of PEMFC
stacks has declined to approximately $70-80 kW™ at
scale, further reductions toward long-term targets
below $30 kW' are necessary to achieve full
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competitiveness [41]. In addition, high-pressure
composite storage tanks remain a major cost
component due to the extensive use of carbon fiber
materials [8].

Collectively, these quantitative indicators
demonstrate that while hydrogen technologies have
reached  significant  technological = maturity,
improvements in efficiency, durability, storage
density, and cost reduction remain critical for large-
scale commercialization.

C. Hpydrogen Storage Technologies

Hydrogen storage remains a fundamental
challenge in the realization of a full hydrogen
economy. Existing storage systems are categorized
into physical storage, chemical storage, and solid-
state storage. Although solid-state hydrogen storage is
sometimes regarded as a subset of chemical storage, it
is frequently discussed as a distinct category due to its
unique hydrogen—material interaction mechanisms
and technological characteristics, as illustrated in
Figure 1.

Hydrogen Storage

I
Physical Storage

I
Chemical Elnmgn

= Compressed H, tank
= Liguid H, tank

* Cryo-compressed tank
= e * MDF {metal-organic

framworks)

« Carbon-based material

. Sump!e metal hydrides . E!.Dmhydnd es
* Complex metal « Ammonia borane
hydrides* ‘

Reversible on-board

* Some complex metal hydrides are not reversible on-board.

Regenerable off-board

Current Opindon in Chemical Engineering

Figure 1. General methods of hydrogen storage [42].

Physical Hydrogen Storage

Physical hydrogen storage involves storing
hydrogen without altering its chemical structure,
typically in gaseous or liquid form. Compressed
hydrogen stored at pressures of 350—700 bar is the
most mature storage method. Modern Type-IV
composite tanks offer good mechanical strength and
relatively long lifetimes. However, high-pressure
storage systems pose safety risks, require energy-
intensive compression (approximately 10-15% of
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hydrogen’s energy content), and provide limited
volumetric energy density [8].

To achieve higher hydrogen density, hydrogen
can also be stored in liquid form through cryogenic
liquefaction at —253 °C. Cryogenic tanks are
commonly used in aerospace, heavy transportation,
and industrial storage applications. Nevertheless,
liquid hydrogen storage is associated with high

energy consumption during liquefaction
(approximately 30-40% of hydrogen’s energy
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content), boil-off losses over time, and the need for
sophisticated insulation systems [3].

Chemical Hydrogen Storage

Chemical storage involves materials that release
hydrogen through catalytic decomposition or
hydrolysis. Common examples include ammonia
(NHs), formic acid (HCOOH), metal-organic liquids,
and chemical hydrides such as ammonia borane
(NHsBHs). These systems offer high gravimetric
capacity but often suffer from limited reversibility and
complex regeneration processes [9].

Solid State Hydrogen Storage

Solid-state hydrogen storage materials have
attracted significant research interest due to their high
volumetric density, improved safety, and potential for
onboard hydrogen technologies. Based on the
interaction between hydrogen and host materials,
solid-state systems can be categorized into
adsorption-based porous materials, metal hydrides
(including complex hydrides), and chemical hydrides
[9,43].

These categories differ in the fundamental nature
of hydrogen—material interactions. In adsorption-
based porous materials, hydrogen is stored via weak
van der Waals forces (physisorption) with low
enthalpy change (AH), resulting in fast and reversible
storage but typically requiring low temperatures or
high pressures to achieve significant capacity [44]. In
contrast, metal hydrides involve chemisorption
through the formation of metal-hydrogen bonds,
leading to stronger binding energies and higher
volumetric hydrogen density [45]. Complex and
chemical hydrides store hydrogen through stronger
ionic or covalent bonding within their crystal
structures, which often provides high gravimetric
capacity but may require elevated temperatures and
careful thermodynamic management for hydrogen
release [46].

1. Adsorption in Porous Materials

Hydrogen storage using porous materials has
been extensively investigated. This method offers
several advantages, including relatively high
gravimetric capacity and fast adsorption—desorption
kinetics. However, it also presents several limitations,
such as metal clustering, the requirement for low
operating temperatures or high pressures, and
relatively weak interactions between the adsorbent
material and hydrogen molecules [47]. Porous
materials commonly employed for hydrogen storage
via adsorption include carbon nanotubes (CNTs) [48-
52], metal-organic frameworks (MOFs) [53-63], and
zeolites [64-69].
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2. Metal Hydrides

Metal hydrides are considered promising
materials for hydrogen storage due to their high
hydrogen storage capacity, flexible applicability,
rapid charging and discharging characteristics, and
high operational safety [70-72]. Hydrogen storage in
metal hydrides typically occurs at relatively low
temperatures and pressures, making these materials
suitable for fuel cell applications. Metal hydrides are
reversible chemical compounds formed through the
reaction between metal alloys and hydrogen gas, in
which hydrogen absorption is an exothermic process,
while hydrogen desorption is endothermic [73]. A
representative example is LaNisHs, which has been
applied in proton-exchange membrane fuel cell
(PEMFC) systems under operating pressures of 1-10
bar and temperatures ranging from 25 to 100 °C
[42,71]. The formation reaction of metal hydrides can
be seen in Reaction (1).

X
Mo+ 5 Ho = MH (),
M(y+ 3 H0) + 3 T=MH () + ZOH™ ... (1)

Beyond hydrogen storage, metal hydrides have
been explored for various applications, including
large-scale solid-state hydrogen storage combined
with thermal energy storage, solar heat storage
systems, sensing and smart window technologies
based on reversible optical properties, and energy
systems  for transportation and underwater
applications [74]. Among the diverse classes of metal
hydrides, alkali and alkaline earth alanates as well as
magnesium hydride (MgH2) are regarded as
particularly promising hydrogen storage media due to
their high storage capacities and potential for practical
implementation [75]-{77].
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Figure 2. Schematic illustration of metal hydride
applications [74].
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Metal hydrides can also be applied in various
other applications, as illustrated in Figure 2.Among
the various classes of metal hydrides, complex
hydrides particularly alanates have attracted
significant attention due to their high gravimetric
hydrogen storage capacity and potential for practical
solid state hydrogen storage applications.

3. Alanates

Alanates are aluminum based complex hydrides
that have attracted considerable attention as solid state
hydrogen storage materials due to their high
gravimetric hydrogen storage capacity and favorable
thermodynamic characteristics. The most widely
studied alanates include aluminum hydride (AlHs),
sodium alanate (NaAlH4), and lithium alanate
(LiAlH4). Figure 3 compares the gravimetric and
volumetric hydrogen storage densities of various
metal hydrides, highlighting the favorable hydrogen
storage performance of alanates such as AlHs,
NaAlH4, and LiAlHa relative to conventional metal
hydrides [77-79].

Aluminum hydride (AlHs) is a metastable
crystalline solid at room temperature with an
exceptionally high volumetric hydrogen density of
approximately 148 g H. L™ and a gravimetric
hydrogen density exceeding 10 wt%. AlHs also
exhibits a relatively low reaction enthalpy and fast
hydrogen release at temperatures below 100 °C,
making it attractive for hydrogen storage applications
[68]. However, its practical use is limited by the lack
of direct hydrogen reversibility, despite favorable
thermodynamic properties [80-82].

Sodium alanate (NaAlHa) has been extensively
investigated because it offers a promising balance
between hydrogen storage capacity and potential
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reversibility. Nevertheless, NaAlHa suffers from slow
reaction kinetics and requires elevated temperatures
and pressures for hydrogen desorption [84]. The
addition of catalysts, particularly titanium based and
other transition metal compounds, has been shown to
significantly improve reaction kinetics, lower
desorption temperatures, and enable reversibility
under practical conditions [14][39, [85] [86] [87] [88].
NaAlHs can be synthesized through mechanical
milling followed by hydrogenation assisted by
catalysts or dopants [89].

Lithium alanate (LiAlH4) exhibits a higher
theoretical gravimetric hydrogen storage capacity of
approximately 10 wt% compared to NaAlH4 [90] It is
classified as a kinetically stabilized hydride with
relatively low reaction enthalpy and high equilibrium
hydrogen pressure at moderate temperatures [91].
However, similar to NaAlH4, LiAlH4 is limited by
slow hydrogen absorption and desorption kinetics,
primarily due to high activation energy barriers and
sluggish solid-state diffusion during its multi-step
decomposition reactions, as well as high desorption
temperatures. Strategies such as ball milling and the
incorporation of titanium based catalysts, carbon
based materials, and metal halides have been widely
applied to enhance its hydrogen desorption behavior
[14][39, [92] [93]-106]. Overall, alanates provide
significantly higher gravimetric hydrogen storage
capacities than conventional metal hydrides such as
MgH- and FeTi, but challenges related to kinetics,
desorption temperature, and reversibility remain.
Continued  development  of  catalytic  and
nanostructuring strategies is therefore essential for
their practical application.
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Figure 3. Curves of several metal hydrides in terms of gravimetric and volumetric hydrogen density [83].
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4. Chemical Hydrides

Chemical hydrides that are currently being
intensively  investigated include amides and
borohydrides. Within this class of materials,
borohydrides and liquid organic hydrides have
attracted significant attention due to their high
hydrogen storage capacities and their potential
applicability in fuel cell systems. Chemical hydrides
offer good volumetric hydrogen storage capacity at
ambient conditions and enable hydrogen release at
relatively low temperatures and pressures when
appropriate catalysts are employed [107]. However,
their practical implementation is still challenged by
the lack of feasible on board regeneration and the
requirement for efficient thermal management
systems. Consequently, the development of energy
efficient and cost effective regeneration processes
remains a critical issue [108]. Within this category,
borohydrides and liquid organic hydrides represent
two major classes of chemical hydrides, distinguished
by their hydrogen bonding characteristics and
hydrogen release mechanisms

Borohydrides

Among various chemical hydrides, borohydrides
are regarded as promising hydrogen storage materials
due to their exceptionally high hydrogen content,
which often exceeds 10 wt%. For example, LiBHa
exhibits a theoretical hydrogen storage capacity of up
to 18 wt%, while NaBH4 also possesses a high
hydrogen content; however, its practical application is
limited by challenges associated with regeneration
processes [109].

Ammonia borane (NH:BHs) is one of the most
extensively studied borohydrides owing to its very
high hydrogen content of approximately 19.6 wt%, as
well as the relatively low flammability and toxicity of
its spent fuel products [74]. NHsBHs decomposes
through multiple reaction steps, releasing hydrogen at
moderate temperatures. Nevertheless, its practical use
is constrained by irreversible hydrogen release, by-
product formation, and complex regeneration
chemistry.

Hydrogen can also be generated from ammonia
borane via catalyzed hydrolysis, which is initiated by
the controlled addition of water. Despite this
advantage, borohydrides generally suffer from high
dehydrogenation  temperatures,  formation  of
thermodynamically stable intermediates, and poor
reversibility resulting from strong B-H bonds [109].
To address these limitations, chemical hydride fuel
systems have been developed using high-energy ball
milling of ammonia borane with Ni—Co/r-GO
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catalysts, which has been shown to significantly
enhance hydrogen generation performance [107].
Liquid Organic Hydrides

Liquid organic hydrides constitute another
important category of chemical hydrides for hydrogen
storage applications. Cycloalkanes are considered
suitable hydrogen carriers due to their relatively high
gravimetric ~ hydrogen  storage  capacity of
approximately 6.5 wt% and high volumetric hydrogen
density of about 60.62 kg H> m™= [110]. Hydrogen
storage using liquid organic hydrides is based on
reversible catalytic dehydrogenation of cycloalkanes
such as methylcyclohexane, cyclohexane, and decalin,
coupled with the corresponding hydrogenation of
aromatic compounds. Aromatic hydrogenation is a
well established industrial process, making liquid
organic hydride systems a promising approach for
hydrogen storage, transportation, and on demand
hydrogen supply for proton exchange membrane fuel
cell applications [110].

Despite the promising hydrogen storage
capacities and practical advantages offered by
chemical hydrides such as borohydrides and liquid
organic hydrides, their real world application is
ultimately governed by thermodynamic and kinetic
limitations. The efficiency of hydrogen release and
uptake, operating temperature, reaction reversibility,
and overall system performance are strongly
influenced by the thermodynamic stability of the
hydride and the kinetics of hydrogenation and
dehydrogenation reactions. Therefore, a fundamental
understanding of thermodynamic and kinetic
properties is essential for evaluating and optimizing
hydrogen storage materials, regardless of their
chemical classification.

Hydrogen diffusion in metal hydrides primarily
occurs through interstitial sites within the metal lattice
and is strongly affected by microstructural defects
such as vacancies, dislocations, and grain boundaries,
which can act as trapping sites and modify the
effective hydrogen diffusivity [111]. In addition,
reducing particle size to the nanoscale shortens
diffusion pathways and increases surface to volume
ratio, thereby lowering activation energy barriers and
enhancing hydrogen absorption—desorption kinetics
[112]. The overall phase transformation kinetics in
metal hydrides are governed by nucleation and growth
mechanisms, where interfacial energy and phase
boundary migration can introduce significant kinetic

limitations during hydrogenation and
dehydrogenation  processes [113].  Moreover,
interfacial ~ engineering strategies have been

demonstrated to facilitate hydrogen transport across
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phase boundaries and improve reaction kinetics in
composite hydride systems [114].

D. Thermodynamic and Kinetic Properties

The thermodynamic and kinetic properties of
hydrogen storage materials can be improved by
controlling particle size and employing suitable
catalysts [115]. From a thermodynamic standpoint,
the dehydrogenation temperature can be reliably
estimated using the enthalpy change AH and entropy
change AS of the dehydrogenation reaction [83]. The
thermodynamic behavior of metal hydrides is
commonly described by the van’t Hoff relationship
[72,116,117]:
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where P is the equilibrium hydrogen pressure, 7 is the
temperature, AH® is the standard reaction enthalpy,
AS° is the standard reaction entropy, and R is the
universal gas constant [43,64,70,72,116]. This
equation highlights the intrinsic trade off between
equilibrium pressure and operating temperature
during hydrogen absorption and desorption processes.
Accordingly, the thermodynamic behavior of
hydrogen itself plays a critical role in storage system
design. Selected thermodynamic properties of
hydrogen at 25 °C and 1 atm are therefore presented
in Table 5 for reference.

Table 5. Thermodynamic Properties of Hydrogen at 25 °C and 1 atm

Property Value
Specific volume (m3/kg) 12.1
Density of liquid at atmospheric pressure (kg/m?) 71.0
Absolute viscosity (centipoise) 0.009
Speed of sound in gas (m/s) 1315
Specific heat, ¢, (kJ/kg-K) 14.310
Specific heat ratio, ¢,/c, 1.405
Gas constant, R (kJ/kg-K) 4.126
Thermal conductivity (W/m-°C) 0.182
Boiling point at saturation pressure of 1 atm (K) 20.4
Latent heat of evaporation at boiling point (kJ/kg) 447
Freezing or melting point at 1 atm (°C) —259.1
Latent heat of fusion (J/kg) 58,000
Critical temperature (°C) —240.0
Critical pressure (MN/m?) 1.30
Critical volume (m3/kg) 0.033
Heat of combustion (kJ/kg) 144,000

In addition to thermodynamics, reaction kinetics
play a decisive role in determining the practical
usability of hydrogen storage systems. The kinetics of
hydrogenation and dehydrogenation reactions are
governed by the activation energy barrier and the
reaction rate constant, which follows the Arrhenius
relationship [21]. High activation energies and low
operating temperatures significantly slow reaction
rates, thereby limiting hydrogen release and uptake
under practical conditions.

For hydrogen storage applications operating at
relatively low temperatures, minimizing the activation
energies for both dehydrogenation and hydrogenation
reactions is therefore essential [83]. This can be
achieved through catalytic doping and hydride
destabilization strategies, which effectively lower
energy barriers and enhance reaction kinetics [115].
While thermodynamic improvements have been
realized through approaches such as hydride coupling,
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partial cation substitution, and stabilization of
decomposition products [3,33]. these methods often
have limited impact on kinetics. As a result, the
incorporation of suitable catalysts is frequently
required to further reduce activation energy barriers
and achieve fast and reversible hydrogen storage
behavior [115].

CONCLUSION

Hydrogen has considerable potential as a clean
energy carrier, yet its large-scale deployment is
primarily constrained by limitations in hydrogen
storage technologies. Conventional physical storage
methods, including compressed and liquid hydrogen,
face challenges related to safety, energy efficiency,
and volumetric density. Consequently, solid-state
hydrogen storage has gained increasing attention as a
promising alternative capable of operating under safer
and more compact conditions.
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This review has discussed key classes of solid-
state hydrogen storage materials, including
adsorption-based materials, metal hydrides, complex
hydrides such as alanates, and chemical hydrides
encompassing borohydrides and liquid organic
hydrides. Each class exhibits distinct advantages and
limitations in terms of storage capacity,
thermodynamic stability, kinetic behavior, and
reversibility. Despite significant progress, no single
material system currently fulfills all practical
requirements. Therefore, future advancements in
hydrogen storage will depend on a fundamental
understanding of thermodynamic and kinetic
processes, coupled with material design strategies and
catalytic approaches to achieve efficient, safe, and
scalable hydrogen storage systems.
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