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Abstract
The increasing global emphasis on sustainable energy alternatives, driven by concerns about climate change, has resulted 
in a deeper examination of hydrogen as a viable and ecologically safe energy carrier. The review paper analyzes the recent 
advancements achieved in materials used for storing hydrogen in solid-state, focusing particularly on the improvements 
made in both physical and chemical storage techniques. Metal–organic frameworks and covalent-organic frameworks 
are characterized by their porous structures and large surface areas, making them appropriate for physical adsorption. 
Additionally, the conversation centers on metal hydrides and complex hydrides because of their ability to form chemical 
bonds (absorption) with hydrogen, leading to substantial storage capacities. The combination of materials that adsorb 
and absorb hydrogen could enhance the overall efficiency. Moreover, the review discusses recent research, analyzes key 
factors that influence performance, and discusses the difficulties and strategies for enhancing material efficiency and 
cost-effectiveness. The provided observations emphasize the critical significance of improved materials in facilitating the 
transition towards a hydrogen-based economy. Furthermore, it is crucial to highlight the necessity for additional study 
and development in this vital field.

Keywords  Hydrogen storage · Solid-state materials · Physical adsorption · Chemical absorption

Abbreviations
COF	� Covalent-organic framework
DFT	� Density functional theory
H/M	� Hydrogen-to-metal atom ratio
MOF	� Metal-organic frameworks
NPF	� Nitrogen-rich porous framework
PCI	� Pressure-composition isotherms
SBU	� Secondary building unit
THF	� Tetrahydrofuran
ZIF	� Zeolitic Imidazolate framework

 *  N. Nuraje, nurxat.nuraje@nu.edu.kz | 1Renewable Energy Lab, National Laboratory Astana, Nazarbayev University, Astana 010000, 
Kazakhstan. 2Department of Chemical and Materials Engineering, School of Engineering and Digital Science, Nazarbayev University, 
Kabanbay Batyr Ave. 53, Astana 010000, Kazakhstan.



Vol:.(1234567890)

Review	  
Discover Nano (2024) 19:195 | https://doi.org/10.1186/s11671-024-04137-y

1  Introduction

Currently, a green energy transition is more significant than ever in global energy forecasts, which is driven by con-
cerns about climate change [1]. Hydrogen energy is known as a viable option due to its efficient energy exchange, 
zero-emission generation from water, abundance, versatile storage options, minimal loss during transportation, and 
environmental friendliness [2]. Figure 1 shows a schematic representation of technologies available for hydrogen 
production, including methane steam reforming, gasification, water electrolysis, biological processes, and others.

It is significant to note that the increased focus on solid-state hydrogen storage, as opposed to conventional 
gaseous and liquid storage methods [5], is due to its superior volumetric capacity (100–130 g/L), good safety, a sim-
ple system (gas cylinder- and compressor-free solution), and good economy [6–8]. While the gravimetric capacity 
of solid-state hydrogen storage is low, limiting the amount of hydrogen that can be stored per unit weight of the 
storage material [6], solid-state hydrogen storage materials are more suitable for stationary applications (such as 
hydrogen refueling stations and backup power supplies), where weight is not a critical factor, rather than for on-
board applications (such as vehicles) [8, 9]. In recent years, to tackle this problem, the leading vehicle manufacturers 
(Honda, Toyota, GM) have integrated hydrogen storage devices of cylindrical configuration (~ 10–100 L) to optimize 
the utilization of constrained vehicle volumes.

It is worth mentioning that the United States and China have been the leading countries in terms of the number 
of publications in the hydrogen storage field from 2000 to 2021 [10]. Additionally, China is known as one of the 
frontrunners in the sale of fuel cell vehicles between 2016 and 2023, accounting for half of the total worldwide 
sales [8]. However, the high cost of material preparation can hinder mass production and increase manufacturing 
expenses. Consequently, significant efforts are dedicated to enhancing the storage properties and economic pro-
duction processes.

Nowadays under investigation are metal–organic frameworks (MOFs), metal-doped metal organic frameworks, 
covalent organic frameworks (COFs), clathrates, nanostructured carbon materials, metal-doped carbon nanotubes, 
and complex chemical hydrides as solid-state hydrogen storage materials [11]. As shown in Fig. 2, this review paper 
focuses on MOFs and COFs as materials with a physical hydrogen storage mechanism, as well as metal-, intermetal-
lic-, and complex-hydrides as materials with chemical hydrogen storage.

The novelty of this study lies in its comprehensive review and analysis of recent advancements in both physical and 
chemical solid-state hydrogen storage materials, highlighting key performance factors and strategies for improving 
efficiency and cost-effectiveness to support a hydrogen-based economy.

Fig. 1   Schematization of technologies available for hydrogen production (left) (Data source: Ref. [3]), DOE target areas for hydrogen storage 
technologies: volumetric and gravimetric density specifications (Data source: Ref. [4])
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2 � Solid‑state physical storage materials

Regarding research on solid-state physical storage materials in the early 2020s, several examples are presented below. 
Yujue Wang revealed that zeolites, activated carbons, carbon nanotubes, and metal–organic frameworks are effective 
materials for hydrogen storage among other materials [13]. For example, MOFs are the most prevailed materials used 
for adsorption due to its hydrophobic properties, strong mechanical and thermal resistance, chemical inertness, and 
high physical adsorption capacity. According to Wang, while zeolites can adsorb gas molecules selectively based on their 
size, the performance of activated carbon and carbon nanotubes could be improved by doping with other elements to 
increase contact with gas molecules. Erdogan et al. studied zeolite/activated carbon (ZAC), zeolite/MWCNT, and zeolite/
graphene composite (ZGC) and found that ZAC has higher hydrogen capacity at 1.3 wt% at 77 K and ambient pressure 
compared to pure activated carbon and zeolites [14]. The flexibility of metal–organic frameworks and porous organic 
cage compounds has also been reported by D. Broom et al. for enhanced hydrogen storage [15]. It was found that with 
an increase in BET specific surface area, hydrogen uptake increases linearly. Sébastien Rochat et al. developed polymer 
decorations allowing 6.7 wt% of hydrogen to be stored in microporous composites at a temperature of 77.4 K [16]. 
Within that same context, Xiaohong Chen et al. introduced a novel approach where carbon nanofibers are co-doped 
by fluorine co-deposition with lithium precursor to fabricate organized structures especially tailored for such purposes 
[17]. According to the results, Li–F–PCNFs demonstrated a hydrogen capacity of, up to 2.4 wt% at 0 °C and 10 MPa, which 
shows better performance—over 24 times more than that of pure porous carbon nanofibers. It was found that NPF-200, 
a highly porous material, holds promise for hydrogen adsorption at high volumes [18], while Arslan Munir et al. noted 
that copper-based metal–organic frameworks and carbon-based composites have improved crystallinity and a larger 
surface area along with a hydrogen uptake of 6.12 wt% at − 40 °C [19].

2.1 � Mechanisms of hydrogen adsorption on solid‑state physical storage materials

Physical adsorption occurs when gas molecules enrichment happens between solid and gas phases [20]. This phenom-
enon is also described as van der Waals interactions with short-range repulsive interactions between phases. According 
to Panella, the interaction starts from the long-range forces applied to molecules by making their charge distribution 
fluctuate and increasing induced dipoles. However, gas molecules located nearby tend to have more intense repulsion 
due to the overlapping of electron clouds [20].

Fig. 2   Classification of materials for hydrogen storage presented in this review article
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The interaction of adsorbent with gas molecules could be explained using the Lennard–Jones potential. Based on this 
concept, there is no interaction in the case of two contiguous particles in the limit of infinite distance. However, they tend 
to repel each other at shorter distances, and their attraction dominates at moderate distances. Figure 3 shows correlation 
between potential energy and the distance from the surface of the adsorbent for chemisorbed (Ec) and physisorbed (Ep) 
hydrogen. It is important to understand that there is no energy barrier in physical adsorption to stop gas molecules from 
reaching the surface. As a result, in the absence of diffusional obstacles, physical adsorption is characterized by quick 
kinetics and it does not require activation. It is known that the range of molecular hydrogen adsorption is 1–10 kJ/mol, 
which is around ten times smaller than that of chemisorption [21].

To determine the intermolecular potential between hydrogen atoms and atoms on the surface, the following equa-
tion is used:

where ε is the calculated adsorption energy, r is the distance between the hydrogen atom (molecule) and surface atoms, 
and rm is the interaction between hydrogen atoms or molecules and surface atoms when the physical or chemical adsorp-
tion occurs. This equation quantifies interaction strength and provides insights into adsorption efficiency by modeling 
the relationship between distance and potential energy.

Thus, The Lennard–Jones potential is crucial for understanding the interactions between hydrogen molecules and 
the solid-state hydrogen storage materials, helping to determine sorption efficiency by capturing both attractive and 
repulsive forces.

2.2 � Metal–organic frameworks (MOFs)

Metal–organic frameworks are made of polynuclear clusters namely secondary building units (SBUs) which contain 
the metal ions at the nodes and organic linkers as the binding groups [22]. The diversity in the MOF structures can be 
accounted for by adjusting their geometry and connectivity. In the early ‘90’s it was reported that long linkers create 
isostructural analogs of the same type of metal–organic frameworks that are interpenetrated to a varied extent by alter-
ing the pore sizes of the frameworks [23].

The charge on the linker facilitated the development of neutral frameworks and enhanced bond strength while 
chelation of metal ions supplied rigidity and directionality to create polynuclear clusters leading to many advantages 
for achieving stronger structures using SBUs [12].

MOF-2 was synthesized using slow vapor diffusion method of the mixture of trimethylamine/toluene into a DMF/tolu-
ene solution of Zn(NO3)2⋅6H2O and benzenedicarboxylic acid (H2BDC) [24]. Rather than single metal nodes, the dimeric 
Zn2(–COO)4 paddle wheel SBUs build the layered structure of MOF-2, which is linked by BDC struts to form a square 
grid (sql). This kind of structure of SBUs increased their stability which made it possible to remove all solvents without 
destroying the main body of the compound. Later on, Li et al. introduced MOF-5 with the SBU node as [Zn4O(BDC)3]
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Fig. 3   Relationship between 
potential energy and distance 
(Data source: Ref. [20])
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(DMF)x [25]. The structure is given in Fig. 4, which is synthesized using terephtalic acid as organic linker and zinc based 
salt to buid the SBU units.

Approximately 61% of the unit cell is represented by these substantial voids that have been filled with solvent (DMF) 
molecules from the synthesis material. As it is obvious from Fig. 4, one of the more striking features of the MOF-5 struc-
ture is the lack of walls surrounding the pores. This exceptionally empty build allows guest molecules to pass through 
without obstructing their path since there are no walls present in the pores. When diffusion occurs in these materials, 
there is always the possibility of having narrow or blocked spaces because zeolites have a framework made up of walls. 
According to Li et al., sorption isothems at 78 K and following the Dubinin-Raduskhvich equation showed metal–organic 
frameworks having higher pore volume (0.54–0.61 cm3 cm−3) than zeolites (up to 0.47 cm3 cm−3) [25]. Further studies 
showed that MOFs are sensible to humid air and moist solvents which affect their decomposition [26]. The reversibility of 
nitrogen adsorption at 77 K for MOF-2 was first introduced, and since then the gas adsorption in MOFs has been studied 
according to the above-mentioned example [12].

2.3 � Covalent‑organic frameworks (COFs)

Covalent-organic frameworks can be thought of as a type of crystalline porous polymer that integrates atomic-level 
organic components in a precise manner for gas storage, catalysis, and optoelectronic applications [27]. They are designed 
with specific geometrical shapes and sizes making it possible to provide well-defined structures which contain special 
molecular spaces leading to completely different characteristics and applications [28]. According to Jiang et al. carbon-
based configurations are formed by using dynamic covalent bonds and create an architecture with well-defined pores and 
voids [29]. These are carbon-containing materials, which possess a network of sp2-hybridized atoms that are connected 
by covalent bonds into ordered skeletons in three dimensions. By using topology-guided polymer chain development, 
the building blocks predict the COFs structures to create polymers with both 2D and 3D proportions. Some applications 
thus are inclined towards gas storage or separation among other areas that demand for such materials [30].

Since the ultimate crystallinity and porosity of COFs are determined by their topological design, it is important to plan 
them before synthesis begins. COFs are adjustable polymers. Monomers construct their structural foundation. The most 
popular technique for creating 2D and 3D networks via chain propagation is step-growth polymerization. In the COFs, 
several interactions could take place. For instance, on a plane where layers have developed in 2D materials, there is a 
covalent link. Non-covalent interaction, aromatics, π-staking, hydrogen bonds, and van der Waal’s forces prohibit these 
layers from isolating, aggregating, and forming layered material.

Jiang et al. have reported several conceptual ideas for designing COFs [31]. It was found at the beginning one knot 
and one linker is employed to obtain hexagonal, tetragonal, and trigonal topology. However, COFs can be designed using 
one knot and two or three linkers. Multicomponent synthesis results in irregularly shaped but ordered pores. Moreover, 
the use of several components enables the formation of intricate frameworks where distinct electrical interactions are 
triggered by the existence of adjacent edges. Overall, there are four main topologies of COFs, namely hexagonal, rhom-
bic, tetragonal, and trigonal.

In the last years MOFs and COFs have drawn much attention as hydrogen storage materials due to their porous struc-
ture, large free volume, and high available surface area [32–34]. Nonetheless, using MOFs and COFs is nearly impossible 
in the ambient conditions to store hydrogen. One of the main reasons is the van der Waals interaction between hydrogen 
and porous materials which have a binding energy range of 2.2–5.2 kJ/mol [35, 36].

Fig. 4   Structure of MOF-5 
(Data source: Ref. [12])
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3 � Solid‑state chemical storage materials

3.1 � Metal hydride

Metal hydrides (MHx), known as hydrogen ‘sponges’, have garnered significant attention as potential candidates for 
hydrogen storage since the 1970s [37–51]. Most elemental metals will form metal hydrides in a simple and direct (exo-
thermic) reaction when the pressure level is above the equilibrium pressure [40]:

where M is hydride forming metal; Q is heat released during the hydride formation or absorbed during its decomposition.
A reversible (endothermic) reaction can occur when the pressure is below the equilibrium pressure. Besides metals, 

alloys and intermetallic compounds can also react reversibly with hydrogen under moderate pressure and low tem-
peratures to form hydrides [41, 47]. The application of low temperature is explained by Le Chatelier’s principle, which 
states that lowering the temperature favors the exothermic formation of metal hydrides, enhancing hydrogen storage.

Hydrogen can be stored in metal hydrides at high density and low pressure through absorption, making this method 
safer than other storage techniques [47, 52]. Apart from safety, metal hydrides are known as the most promising hydrogen 
storage materials due to their high hydrogen storage capacity, good cyclic stability, and fast reaction kinetics [8, 53, 54]. 
The utilization of metal hydrides for hydrogen storage can be categorized into on-board (vehicle, mobile) and stationary 
applications (hydrogen refueling stations and backup power supplies) [8, 9]. For on-board applications, both gravimetric 
and volumetric capacities are prioritized to minimize weight and space, whereas for stationary applications, volumetric 
capacity is prioritized to maximize storage within limited space.

Successful selection of metal hydrides for these and other applications requires knowledge of many engineering 
properties. This section will delve into the fundamental principles underlying hydrogen absorption and desorption by 
metal hydrides, their classification, key properties affecting storage performance, recent advancements in material devel-
opment, and the persistent challenges alongside strategies aimed at enhancing storage capacity and kinetics (Table 1).

3.2 � Mechanisms of hydrogen absorption on solid‑state chemical storage materials

Understanding the mechanisms of metal hydride formation and decomposition is crucial for optimization because 
it enables the design of more efficient, safe, and cost-effective hydrogen storage systems by tailoring conditions and 
materials to achieve the best performance. There are two mechanisms of formation and decomposition of the metal 
hydrides: gas phase (Eq. 1) and electrochemical (Eq. 2) [55]. Mykhaylo V Lototskyy et al. noted that the principal difference 
between the two mechanisms lies in the hydrogen source: in the first mechanism, atomic hydrogen is generated by split-
ting molecular H₂, whereas in the second mechanism, it is derived from water molecules. The distinction between these 
mechanisms is significant since it directly impacts the efficiency and practicality of metal hydrides for different applica-
tions. For instance, the gas phase mechanism is used for high-pressure systems, while the electrochemical approach is 
relevant for integrating hydrogen production with renewable energy sources.

(1)M(s) +
x

2
H2(g) ⇄ MHx(s) + Q

Table 1   Properties of 
hydrogen storage alloys (Data 
source: Ref. [4]) (N/M = Not 
Mentioned)

Formula Gravimetric 
capacity (wt%)

Volumetric 
capacity(g/L)

Desorption temperature
(℃)

Application

LiH 7.7 150 910 Laboratory
AlH3 10.1 84 99 (high pressure is 

required 2.5 GPa)
Laboratory

MgH2 7.69 84 400 Stationary hydrogen storage, 
High temperature heat 
storage

FeTiH2 1.9 88 40 On-board applications
LaNi5H6 1.4 120 106 On-board applications
NaAlH4 3.99 53 150–200 N/M
Mg2FeH6 5.5 120 350 N/M
Mg2NiH4 3.6 95 290 N/M
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Figure 5 (left) shows the reaction of hydrogen penetration into a hydride-forming metal. Considering the gas phase 
mechanism, the reaction begins with the dissociative chemisorption of hydrogen molecules on the metal’s surface [55]. 
Vinod Kumar Sharma noted that as concentration along with pressure increases, dissociation of hydrogen molecules 
occurs due to the increase in vibrational gas energy [57]. This is followed by the diffusion of hydrogen atoms into the bulk 
through the interstitial sites in the metal matrix. The α-phase (H/M < 0.1), known as the interstitial solid solution, is the 
result of hydrogen in the host metal. Subsequently, the transition from α-phase to β-phase (H/M > 1; hydride formation), 
occurs due to the increase in hydrogen concentration. It is significant to note the accommodation of hydrogen atoms 
leads to the expansion of the metal sublattice without changing its original symmetry [55].

The most important parameters for gas phase applications of metal hydrides are the operating temperature and 
hydrogen pressure, which are defined by the thermodynamic properties of the hydrides [55]. The thermodynamics of 
Eq. (1) are governed by the relationship among hydrogen equilibrium pressure (Peq), hydrogen concentration in the 
solid (CH = H/M), and temperature (T), as depicted by pressure-composition isotherms (PCIs) in Fig. 5. Having deeply 
considered the PCI isotherm, the plateau at each temperature (T1-T3) represents the amount of hydrogen that can be 
reversibly stored [56]. There is an indirect relationship between temperature and the length of the plateau, i.e., with an 
increase in temperature, the length of the plateau decreases.

As shown in Fig. 5 (right), the equilibrium plateau pressure is highly dependent on temperature and is connected to 
the absolute values of enthalpy and entropy changes, ΔH and ΔS, respectively. Plotting the logarithm of the plateau 
pressure as a function of 1000/T, the slope will give the enthalpy of the reaction, and the intercept will give the entropy 
of the reaction. The enthalpy reflects the bond stability between metal and hydrogen atoms; stronger bonds result in 
higher enthalpy changes. While entropy is related to change from hydrogen molecules to hydrogen atoms in the solid 
metal hydrides. For metal hydrides to be practical for hydrogen storage, they should operate within a pressure range 
of 1 to 10 bar and a temperature range of − 20 to 100 °C. These conditions correspond to an enthalpy change (energy 
change during hydrogen absorption/release) of 28 to 48 kJ/mole of hydrogen. Hence, the gravimetric hydrogen storage 
capacity of most metal hydrides is less than 2 wt% [57].

3.3 � Classification of metal hydrides

Metal hydrides are formed from transition metals or alloys; hence, they exhibit metallic characteristic properties: high 
thermal and electrical conductivity, hardness, and luster [61]. Seven classes of metal alloys with different crystal struc-
tures have been studied for hydrogen storage over the past three decades, including AB5, AB2, AB3, A2B7, A6B23, AB, 
and A2B [57]. These alloys consist of transition metals A (such as Ti, Zr, Ca, Mg, and V) capable of creating hydrides, and 
non-hydride-forming metals B (such as Fe, Co, Ni, Cr, and Cu) [58–60]. Element A refers to rare earth elements with a high 
affinity for hydrogen, whereas element B is responsible for controlling the absorption and dehydrogenation cycle [59]; 
A usually forms stable hydrides, while B decreases stability [57].

(2)M(s) +
x

2
H2O(l) + e− ⇄ MHx(s) + OH−(l)

Fig. 5   Schematic representation of hydride formation process (left) (Data source: Ref. [55]) and pressure-composition-isotherms of a typical 
hydrogen absorption or desorption process and corresponding van’t Hoff plot (right) (Data source: Ref. [56])
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3.4 � Key properties influencing hydrogen storage performance

Ease of activation, heat transfer rate, kinetics of hydriding and dehydriding, resistance to gaseous impurities, safety, 
weight, and cost are the main properties of metal hydride storage [61].

Ease of Activation: Activation consists of two steps: changes in surface structure/barriers and internal particle 
cracking. The surface/barrier changes involve dissociation, catalytic species, and oxide layers. The second step involves 
the self-pulverization of large metal particles into powder due to a combination of changes in hydriding volume and 
the brittle characteristics of hydriding alloys, especially when they contain some hydrogen.

Kinetics of Hydriding and Dehydriding: To keep hydride weight and volume small, short hydrogen loading/unload-
ing cycle times are crucial. The rate-limiting factor is poor heat transfer due to the low conductivity of the finely 
divided powder and poor heat transfer between the particles and the container wall. Improving both heat transfer 
and hydrogen flow is essential for efficient hydrogen hydriding and dehydriding processes. Kinetics are typically 
measured by hydrogen concentration over time. Several factors could influence these measurements: sample quan-
tity, shape, porosity, thermal conductivity, particle size, hydrogen overpressure, and gas purity.

Resistance to Gaseous Impurities: Alloy-impurity concentrations can cause various types of damage and perfor-
mance degradation: (1) poisoning, with rapid capacity loss but stable initial kinetics; (2) retardation, with quick kinetic 
loss but stable ultimate capacity; (3) reaction, involving slow corrosion of the alloy; and (4) innocuous effects, with 
no surface damage but potential pseudo-kinetic decreases due to inert gas blanketing. Poisoning and retardation 
damages are typically fixable, whereas reaction damages are generally permanent.

3.5 � Challenges in metal hydride hydrogen storage

Absorption, on the other hand, involves storing hydrogen within the lattice structures of solid materials. Metal 
hydrides are a prominent example, where metals like magnesium or palladium absorb hydrogen, forming metal 
hydrides. This method of storage is highly efficient and can store hydrogen at much lower pressures compared to 
gaseous storage. Additionally, these materials can release hydrogen on demand, making them very convenient for 
various applications.

Storing hydrogen in materials is particularly important because it can potentially address some of the major challenges 
associated with hydrogen storage. By utilizing adsorption and absorption techniques, it is possible to achieve higher 
storage densities, improve safety by avoiding the high pressures and extreme temperatures required for gas and liquid 
storage, and facilitate easier transportation and handling.

Furthermore, these materials-based storage solutions open new possibilities for decentralized and portable hydrogen 
storage systems. They can be integrated into vehicles, portable power systems, and remote energy applications, signifi-
cantly broadening the scope and utility of hydrogen as a clean energy carrier. These innovative storage techniques offer 
enhanced safety, efficiency, and practicality, paving the way for the broader adoption of hydrogen technologies in the 
quest for sustainable and clean energy solutions.

Hydrogen storage is a critical component of hydrogen-based energy systems. Metal hydrides are considered promis-
ing candidates for hydrogen storage due to their ability to reversibly absorb and release hydrogen. The key criteria for 
selecting suitable metal hydrides include high hydrogen storage capacity (weight fraction of H), low decomposition 
temperature, and favorable thermodynamic properties. Metal hydrides are evaluated based on the provided criteria: 
hydrogen content higher than 4.5 wt% and lower decomposition temperatures are preferred for practical hydrogen 
storage applications.

3.6 � Complex hydrides

A metallic cation and an anionic group make up complex metal hydrides. These two parts work together to make com-
pounds like alanates and borohydrides. These compounds can form chemical bonds with four hydrogen atoms via alkali 
metal [62]. Although complex hydrides need low dehydrogenation pressure and temperature, they have a large hydrogen 
storage capacity, which makes them ideal for hydrogen storage applications [63]. Nevertheless, most complex hydrides 
exhibit elevated thermodynamic stability and sluggish kinetics [64]. Furthermore, the performance and durability of 
these materials after repeated cycles, the challenges in handling them, and their very stable breakdown products are 
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significant factors that restrict their use for recharging motor vehicles with hydrogen (Table 2). Therefore, thermodynamic 
destabilization, nanoconfinement, and catalysis could be employed to improve the properties of complex hydrides [47].

3.6.1 � Alanates

Alanates are compounds with the chemical formula MAlH4, where M represents either alkali or alkaline earth metals. 
Researchers have extensively studied aluminum-based compounds for hydrogen storage due to their large storage 
capabilities [66, 67].

Sodium alanate (NaAlH4) is one type of cost-effective alanate with a theoretical hydrogen capacity of almost 7.4%. 
Additionally, it exhibits favorable operating pressures and temperatures [68]. Nevertheless, it exhibits sluggish reaction 
rates, has a limited ability to reverse the reaction, and requires harsh dehydrogenation conditions [69]. It is also subjected 
to a three-step breakdown process [62]:

The addition of a catalyst can significantly enhance thermodynamic characteristics. However, the robust covalent 
connection between aluminum and hydrogen makes it challenging to release and absorb hydrogen.

Synthesis of alanates. Metals or metallic hydrides commonly produce alanates by reacting with Al and H2 in the pres-
ence of a catalyst (usually titanium compounds) and organic solvents [70, 71]. The reactions involved in the formation 
and transformation of alanates can be described by the following equations:

This technique necessitates the application of hydrogen pressure ranging from moderate to high (100–150 bar) and 
moderate temperatures (120–150 °C). However, LiAlH4 needs a higher pressure (350 bar) [70]. This process is extremely 
hazardous because it involves an explosive combination of organic solvents, metal hydride, and Al with oxygen and 
humidity. The materials generated require subsequent filtration and dehydration processes. Researchers commonly 
store and sell the alanates in a solution of tetrahydrofuran (THF).

(3)NaAlH4 →
1

3
Na3AlH6 +

2

3
Al + H2(3.7wt%, 180

◦C)

(4)Na3AlH6 → NaH + Al +
3

2
H2(1.8wt%, 240

◦C)

(5)NaH → Na +
1

2
H2(1.8wt%,> 425 ◦C)

(6)MH + Al +
3

2
H2 ↔ MAlH4

(7)MH +
1

3
Al +

1

2
H2 ↔

1

3
M3AlH6

(8)
1

3
M3AlH6 +

2

3
Al + H2 ↔ MAlH4

Table 2   Properties of 
hydrogen storage complex 
hydrides (Data source: Ref. 
[65])

Complex hydrides Molar mass (g/
mol)

Volumetric mass den-
sity (g/ml)

Gravimetric hydro-
gen density (wt% 
H2)

Alanates LiAlH4 37.95 0.92 10.6
Li3AlH6 53.85 1.02 11.2
NaAlH4 54 1.28 7.3
Na3AlH6 102 1.45 5.9

Borohydrides LiBH4 21.78 0.66 18.4
NaBH4 37.83 1.07 10.8
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3.6.2 � Borohydrides

Alkali-transition metal borohydrides, with the chemical formula MBH4, are hydrides that are stable and have a high 
capacity for storing hydrogen, up to 9.6 wt% [72]. They also have tunable properties [73, 74]. Nevertheless, these 
compounds have certain disadvantages, including their elevated thermodynamic stability, sluggish kinetics, and the 
generation of borane, an unwanted volatile by-product [75].

To enhance their properties, one can employ destabilization or doping procedures. Doping them with certain 
metals can lead to the formation of bimetallic borohydrides of the form MLi(BH4)m using metal/metalloid elements 
[76]. Additionally, this strategy seeks to produce MgH2-type hydrides and LiNH2-type amides, which can potentially 
improve the hydrogenation and dehydrogenation processes under milder conditions [77]. The use of catalysts such 
as FeCl2 and TiCl3, as well as metal oxides like TiO2 and SiO2, facilitate the re/de-hydrogenation reactions, making 
them more efficient and effective under less extreme conditions [78]. Another strategy to enhance the kinetics of 
the hydrogenation and dehydrogenation reactions involves reducing the particle size of LiBH4 to the nanoscale. This 
can be achieved by incorporating materials such as activated carbon and silica (SBA-15) [79, 80].

Sodium borohydride (NaBH4) possesses significant theoretical hydrogen storage capabilities of approximately 10.7 
weight percent and 5.72 kg of H2 per 100 L [58]. Hydrogen is liberated through hydrolysis, a process that is irrevers-
ible and consists of two steps. The Eq. 9 demonstrates this two-step decomposition of NaBH₄, showing the different 
stages of hydrogen release and formation of intermediate form such as NaH. Furthermore, the thermal degradation 
process gives rise to the formation of poisonous and harmful chemicals, particularly for FCs [69].

4 � Solid‑state composite storage materials

Nanoconfinement is one of the key methods for designing hybrid materials, including nanoencapsulation and 
nanoscaffolding. These methods are significant for fabricating advanced composite materials due to optimized 
hydrogen storage capacity, enhanced kinetics, and improved the overall functionality of storage systems.

4.1 � Nanoencapsulation

The process of integrating a substance at the nanoscale into a secondary material, commonly referred to as the matrix 
or shell, is known as nanoencapsulation. Materials that fall into this category include graphene [81, 82], reduced 
graphene oxide [83], and polymers [84, 85]. Encapsulation can occur in core–shell nanoparticles [86] as well as in 
multilayered thin films [87]. This procedure involves using a preconstructed nanostructure that acts as a barrier to 
inhibit particle or grain growth. Furthermore, it provides protection against disruptive situations that could lead to 
clumping or reduction to powder during the cycling process.

Hydride encapsulation refers to the process of enclosing hydride compounds, such as metal hydrides, within tiny 
particles or capsules at the nanoscale. This technology has a wide range of applications, particularly in hydrogen 
storage and related fields. The research in hydride encapsulation aims to develop effective and scalable techniques 
for producing nanoparticles or capsules that contain hydrides. It also entails studying the characteristics of these 
particles and evaluating their effectiveness in hydrogen storage and other related applications [88]. This region has 
a lot of potential for expanding hydrogen-based technology and addressing challenges related to renewable energy 
storage and delivery. When considering hydrogen storage, the process of enclosing metal hydrides [89] within nano-
particles or nanocapsules can provide various benefits:

1.	 Improved Stability: Metal hydrides are vulnerable to the effects of air, moisture, and temperature, which can lead 
to degradation and reduced efficiency. Encapsulation acts as a protective measure against external factors’ harmful 
impacts, thereby improving the stability and durability of the hydride material [90].

(9)NaBH4 → NaH + B +
3

2
H2 → Na + B + 2H2
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2.	 Enhanced Reactivity: Nanoencapsulation can increase the surface area of the hydride material, thereby promoting 
faster hydrogen absorption and release kinetics. This has the capacity to improve the overall effectiveness of hydrogen 
storage systems [91, 92].

3.	 Controlled Release: By encapsulating metal hydrides, scientists may restrict the release of hydrogen, enabling precise 
and targeted delivery in various applications, such as hydrogen fuel cells or hydrogen-powered cars.

4.	 Safety: Encapsulation can improve the safety of handling metal hydrides by reducing the chances of unexpected 
reactions or hydrogen release [93].

Several noteworthy studies which deserve attention. The study of Zhu et al. [94] introduces a new approach called 
microencapsulated nanoconfinement to achieve localized synthesis of nanoMHs. These nano-MHs exhibit exceptional 
structural stability and excellent desorption kinetics. A simple gas–solid interaction forms Mg2NiH4 single crystal nano-
particles (NPs) with uniform size on graphene sheets (GS). The approximately 3 nm thick MgO coating layer effectively 
separates the nanoparticles from each other, keeping them from sticking together during the cycles of hydrogen absorp-
tion and desorption. This results in exceptional thermal and mechanical stability. Furthermore, the MgO layer exhibits 
exceptional gas-selective permeability, effectively inhibiting further oxidation of Mg2NiH4 while remaining accessible 
for hydrogen absorption and desorption. Bogdanovic et al. began doping complex hydrides [95] in 1997 to enhance 
storage capacities. These days, it’s possible to modify not just the encapsulated element but also the host. For instance, 
Shin Young Kang et al. [96] used the well-known material graphene doped by heteroatoms as 2D encapsulation media 
for Mg-based hydrogen storage, suggesting that the use of heteroatom-doped graphene oxide derivatives as a nanoscale 
encapsulation medium can alter the rate of hydrogen storage in Mg-based systems. This suggests that the encapsula-
tion interface of Mg-based hydrogen storage can be modified by introducing a nonmetal doping element, preventing 
the formation of Mg alloy phases. Sometimes elements such as boron and nitrogen are used to modify the host mate-
rial, and sometimes entire inorganic clusters are used, as in the work of Muhammad Ramzan Saeed Ashraf Janjua [97]. 
Researchers are trying to synthesize materials for storing hydrogen by encasing B12N12 nanocages in alkaline earth 
metals like beryllium, magnesium, and calcium inside this study. Sadhasivam Thangarasu et al. [98] provided promising 
research on encapsulation by developing a compositing/encapsulating platform with polymers for intermetallic and 
complex hydrides. The researchers have created various concepts of polymer-hydride systems, including intermetallic 
and complex hydrides. These systems primarily involve composites and polymer encapsulation methods, which serve 
to prevent contamination from air, moisture, and gas contaminants. Additionally, these methods aim to enhance the 
hydrogen sorption capabilities in hydrides.

Encapsulated hydrogen storage has the potential to address key challenges in hydrogen storage, including safety, 
volumetric efficiency, and reversible storage/release. However, to enable their practical implementation in hydrogen-
based energy systems, ongoing research focuses on improving the storage capacities, kinetics, and stability of encap-
sulation materials.

4.2 � Nanoscaffolding

Nanoscaffolding is the process of enclosing a substance within a structure with permanent porosity. Nanoscale pores 
or recesses in the host material allow the confined material to insert, attach, and prevent it from moving or clustering 
with other particles. The pores, thus, dictate the form and dimensions of the nanoscale substance [100, 101]. Nanoscaf-
folding in hydrogen storage involves the design and engineering of nanostructured materials to enhance hydrogen 
storage capacity, improve kinetics, and increase stability. This approach leverages the unique properties of nanomateri-
als to overcome limitations associated with traditional hydrogen storage methods. Nanoscaffolding can be applied to 
hydrogen storage in the following ways:

1.	 Nanoscale scaffolds possess a high surface area-to-volume ratio, which results in an increased number of active 
sites for hydrogen adsorption. Frequently employing materials such as nanocarbon materials [102], metal–organic 
frameworks (MOFs) [99, 103], and nanoporous metals can be explained due to their extensive surface areas and 
porous architectures.

2.	 Enhanced Reaction Rates: Nanostructured materials can improve the rates at which hydrogen sorption reactions 
occur by lowering the distances over which diffusion occurs and by offering efficient routes for hydrogen transport. 
This results in accelerated absorption and release of hydrogen molecules [89], enhancing the overall efficiency of 
storage.
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3.	 Confinement effects refer to the phenomenon of trapping hydrogen within small pores or holes. This confinement 
leads to an increase in the adsorption of hydrogen at lower pressures and temperatures [104]. The confinement of 
hydrogen storage materials also helps to stabilize reactive intermediates and prevent component aggregation.

4.	 Surface functionalization refers to the process of altering nanoscaffolds’ surfaces by introducing catalytic sites or 
functional groups [105]. This alteration improves the efficiency of hydrogen dissociation, diffusion, and interaction 
with storage materials. By manipulating the surface chemistry, it becomes feasible to exert meticulous control over 
the parameters of hydrogen sorption.

5.	 Combining nanostructures with hydrogen storage components like metal hydrides [106], chemical hydrides [107], 
or complex hydrides [108] creates hybrid nanocomposites. The synergistic interaction between the scaffold and 
storage phase improves these materials’ storage capacity and kinetics.

6.	 Nanoscaffolding allows for precise manipulation of the thermodynamics of hydrogen sorption reactions by altering 
nanomaterials’ size, shape, and chemical composition. This change improves the capacity to store hydrogen to its 
maximum capability and optimizes the operational parameters [107, 108].

7.	 Nanostructuring Bulk Materials: By altering their structure at the nanoscale and building nanoscale scaffolds, can 
enhance the performance of bulk hydrogen storage materials. This procedure involves decreasing the size of grains, 
introducing defects at the nanoscale, or applying nanostructured coatings to enhance the properties of hydrogen 
absorption and release [109].

4.3 � Additional methods

Additional methods for producing composite materials include catalyst doping [91], nanosizing [114], mechanochem-
istry [115], physical vapor deposition (PVD) [116], and various other processes. To make composite materials that can 
store hydrogen, many factors must be carefully considered, including their hydrogen capacity, kinetics (how fast they 
take in and release hydrogen), thermodynamics (working temperatures and pressures), reversibility, and stability. Com-
putational methods, such as density functional theory (DFT), are crucial for forecasting and improving the properties of 
these materials. They assist in directing experimental efforts towards the creation of efficient hydrogen storage devices.

5 � Density functional theory for composite materials

The hydrogen storage area uses Density Functional Theory (DFT) to predict and understand many aspects of the materi-
als used for this purpose. DFT is used in diverse methodologies.

1.	 It is possible to use density functional theory (DFT) simulations to determine the adsorption energies of hydrogen 
molecules on various surfaces or within porous materials. This facilitates the identification of substances with a sig-
nificant capacity for hydrogen adsorption, which is critical for efficient storage [110, 111].

2.	 Density Functional Theory (DFT) provides useful insights into the electrical arrangement of materials before and after 
hydrogen adsorption. Understanding how hydrogen interacts with a substance and affects its properties is essential 
[112].

3.	 Furthermore, it is possible to compute and determine material optimization, diffusion and desorption kinetics, ther-
modynamics, material screening and mechanism comprehension [113].

6 � Conclusion

Based on the comprehensive exploration of hydrogen storage materials presented in this review article, it is significant 
to highlight that solid-state physical and chemical storage are two ways of storing hydrogen with promising advance-
ments. These developments hold promise for addressing key challenges in the transition towards sustainable energy 
systems, particularly concerning hydrogen as a clean energy carrier.

Solid-state physical storage materials, such as metal–organic frameworks (MOFs) and covalent-organic frameworks 
(COFs), possess exceptional porosity and surface area, rendering them exceptionally efficient for hydrogen adsorption. 
Although MOFs and COFs have difficulties related to humidity sensitivity and solvent exposure, they exhibit exceptional 
capacities in hydrogen storage under specified circumstances. Additionally, solid-state chemical storage materials, such 
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as metal hydrides and complex hydrides, offer significant hydrogen storage capacities together with reliable cycle stabil-
ity and rapid kinetics. These materials are crucial for both mobile and stationary applications, guaranteeing the secure 
and efficient application of hydrogen in different industries.

Developing practical methods for storing hydrogen entails addressing challenges such as the expense of materials, 
the ability to produce on a large scale, and enhancing storage efficiency under different conditions. Current research is 
dedicated to improving the characteristics of these materials by using advanced methods of synthesis, nanostructuring, 
and including catalytic functions to enhance the rate of reaction and durability.

To successfully incorporate complex hydrogen storage materials into practical applications, it is crucial for research-
ers, industry stakeholders, and policymakers to work collaboratively. This cooperation is necessary to ensure that the 
technology reaches a level of maturity and commercial feasibility. Hydrogen storage technologies have the potential to 
play a vital role in reaching global sustainability goals and promoting a cleaner energy future by tackling these problems 
and taking advantage of upcoming opportunities.
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