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Abstract

Hydrogen is widely regarded as a key energy carrier of the future; however, its efficient
and safe storage remains one of the central scientific and technological challenges. This
article systematizes contemporary approaches to hydrogen storage, with a particular
emphasis on solid-state materials as the most promising direction. The main storage
technologies—compressed, liquid, and solid hydrogen—are reviewed, and there is an anal-
ysis of their advantages and limitations. Special attention is given to the fundamental
aspects of solid-state hydrogen storage, including the thermodynamics and kinetics of
hydrogen absorption and desorption processes. A comparative analysis of various mate-
rial classes is presented, including intermetallic metal hydrides based on ABs-type and
AB;-type compositions, magnesium-based systems, palladium-modified structures, as
well as complex hydrides (alanates, borohydrides, and amide-imide systems).The role of
nanostructuring and carbon-based nanomaterials in enhancing storage capacity and im-
proving kinetics is also examined. Key challenges are discussed, including high desorption
temperatures, slow kinetics, and material degradation. Modern strategies for performance
enhancement, such as catalytic activation, alloying, and nanostructuring, are highlighted.

Keywords: hydrogen storage; solid-state hydrogen storage; metal hydrides; complex
hydrides; nanostructured materials

1. Introduction

The global transition toward low-carbon energy systems has intensified interest in
hydrogen technologies as a strategy for reducing dependence on fossil resources and
mitigating climate-related environmental impacts [1-6]. Among emerging energy vectors,
hydrogen has attracted particular attention due to its ability to couple energy production,
storage, transport, and end-use within integrated energy infrastructures [7-10]. Unlike
primary energy sources, hydrogen functions as a secondary energy carrier that enables
temporal and spatial decoupling between energy generation and consumption, thereby
addressing one of the major limitations of renewable energy systems—the intermittency of
power generation [7,11-13].
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The strategic relevance of hydrogen originates not only from its environmental benefits
but also from its favorable energy characteristics. Hydrogen possesses an exceptionally
high gravimetric energy density (~120 MJ/kg), significantly exceeding that of conventional
hydrocarbon fuels [8,14-17]. In addition, electrochemical conversion of hydrogen in fuel
cells generates water as the final reaction product, eliminating direct carbon emissions dur-
ing operation. These characteristics make hydrogen a promising solution for applications
ranging from transportation and stationary energy systems to energy-intensive industrial
sectors, including ammonia synthesis and metallurgical processes [9,10,18]. Consequently,
hydrogen is increasingly considered a key element of future sustainable energy infras-
tructures. Despite the rapid development of hydrogen production technologies, efficient
storage remains one of the major barriers limiting large-scale implementation of hydrogen
energy systems [9,18]. Storage requirements simultaneously involve achieving high energy
density, operational safety, low energy consumption, and long-term stability, which creates
substantial engineering challenges. As follows from the presented scheme (Figure 1), the
hydrogen storage stage represents the central element of the entire hydrogen infrastructure,
linking production processes with end-use applications. It is at this stage that the major
technological limitations arise, hindering the large-scale deployment of hydrogen energy
systems. As shown in Figure 1, color coding is used to distinguish different stages of the
hydrogen value chain: green and blue indicate hydrogen production pathways, orange
represents hydrogen storage and distribution, and purple denotes hydrogen end-use sec-
tors. Conventional approaches based on compressed gaseous hydrogen and cryogenic
liquefaction provide increased volumetric density; however, they require high pressures
(up to 700 bar) or extremely low temperatures (~20 K), resulting in considerable energy
penalties, technological complexity, and additional safety concerns associated with leakage,
boil-off, and ignition [19,20].
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Figure 1. Schematic representation of the hydrogen value chain, including production, storage,
distribution, and end-use stages. Reprinted with permission from Ref. [21]. 2026, IDTechEx.

In this context, solid-state hydrogen storage has emerged as one of the most actively
investigated alternatives [20]. Unlike physical storage approaches, solid-state systems rely on
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reversible interactions between hydrogen and condensed materials through hydride forma-
tion or adsorption processes, enabling substantially higher volumetric storage densities and
improved operational safety under moderate temperature and pressure conditions [22-24]. A
broad range of materials has been investigated for this purpose, including metal hydrides,
complex hydrides, magnesium-based systems, and nanostructured materials [25-27]. Among
these material classes, metal hydrides remain one of the most technologically mature ap-
proaches due to their reversible hydrogen uptake and favorable storage safety, whereas
complex hydrides offer improved gravimetric performance but still require thermodynamic
optimization [25-27]. Magnesium-based systems have attracted sustained attention ow-
ing to their high theoretical hydrogen capacity, although their practical implementation is
constrained by slow kinetics and elevated hydrogen release temperatures. Nanostructur-
ing and compositional engineering have therefore become key approaches for improving
sorption—desorption behavior by shortening diffusion pathways and increasing reaction inter-
faces [28]. Nevertheless, substantial scientific and technological challenges remain unresolved.
Current limitations include insufficient reaction kinetics, high desorption temperatures, ther-
mal management issues, structural degradation during cycling, and difficulties associated
with scaling laboratory materials to practical storage systems [29-31]. These challenges in-
dicate that further progress depends not only on increasing storage capacity but also on
understanding the coupled thermodynamic, kinetic, and structural mechanisms governing
hydrogen—-material interactions.

Therefore, this review aims to provide a critical analysis of recent advances in solid-
state hydrogen storage materials with emphasis on metal hydrides, complex hydrides,
magnesium-based systems, and nanostructured architectures. Particular attention is de-
voted to the physicochemical mechanisms controlling hydrogen absorption and desorption,
as well as to the thermodynamic and kinetic factors determining storage performance. In
addition, strategies based on composition modification, catalysis, and nanostructuring are
systematically evaluated together with current limitations related to thermal regulation,
cyclic stability, and practical scalability. The review ultimately seeks to identify promis-
ing directions for the development of efficient, safe, and industrially viable hydrogen
storage systems.

2. Hydrogen Storage Technologies

Efficient hydrogen storage is one of the key factors determining the large-scale imple-
mentation of hydrogen in the energy sector, as the storage stage remains the most techno-
logically and economically challenging component of the hydrogen infrastructure [32]. The
low density of hydrogen under ambient conditions necessitates the development of special-
ized methods for its densification and containment. Existing hydrogen storage technologies
can generally be classified into three main categories: physical methods (compressed and
liquefied hydrogen), material-based storage systems (metal hydrides, complex hydrides,
and adsorption systems), and chemical hydrogen carriers [33]. Each of these approaches
possesses distinct advantages and limitations associated with storage density, energy con-
sumption, safety, and operating conditions. The requirements for hydrogen storage systems
in practical applications, it was demonstrated that the evaluation of storage technologies
should be performed comprehensively and should consider not only hydrogen capacity,
but also gravimetric and volumetric characteristics, thermodynamic and kinetic parameters,
cyclic stability, energy consumption, and operational safety [34]. This approach emphasizes
that improvement of an individual parameter does not necessarily lead to enhanced overall
system performance and therefore requires multi-criteria optimization of storage charac-
teristics. It is further highlighted that none of the currently available technologies fully
satisfies all performance requirements, which necessitates an integrated approach to the
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development of new materials and storage systems. Based on this, it can be concluded that
the advancement of hydrogen storage technologies requires simultaneous consideration of
both fundamental aspects (thermodynamics, kinetics, and material structure) and applied
factors (cost, scalability, and operating conditions). Within this section, the principal hydro-
gen storage approaches are systematically reviewed, beginning with physical methods and
progressing toward advanced material-based systems, including metal hydrides, complex
hydrides, and nanostructured materials, thereby providing a comprehensive overview of
the current state and future prospects of this research field.

2.1. Hydrogen Storage in the Liquid State

Hydrogen liquefaction represents one of the most effective physical approaches for in-
creasing its volumetric density, enabling values of approximately ~70.8 kg/m? at its boiling
temperature of about 20 K [35]. This extremely low temperature is due to the very weak
intermolecular interactions between the nonpolar H, molecules and their low condensation
energy, which means that hydrogen can only be liquefied under cryogenic conditions. Ac-
cording to recent studies on hydrogen storage technologies, the liquefaction process is highly
energy-intensive and requires approximately ~10-13 kWh/kg H», corresponding to more
than 30% of the energy content of hydrogen [36]. Analysis of cryogenic processes indicates
that the major energy losses are associated with multistage cooling, throttling processes, and
the necessity of ortho—para hydrogen conversion, which is accompanied by heat release and
additional thermal load on the system. Recent studies addressing engineering aspects of
liquid hydrogen storage have demonstrated that the key limitation of this technology remains
the boil-off phenomenon, caused by unavoidable heat ingress through the tank walls even
when highly efficient multilayer vacuum insulation is employed [37]. Depending on the
system design and operating conditions, hydrogen losses due to boil-off typically range
from ~0.2 to 1.0 wt.% per day, which limits the feasibility of long-term storage without the
implementation of recovery or reliquefaction systems. The magnitude of these losses depends
on factors such as tank volume and the efficiency of thermal insulation [38]. Thus, liquid
hydrogen storage provides high volumetric density (~70.8 kg Hy/m? at a boiling temperature
of approximately 20 K) and represents an effective solution for transportation and large-scale
storage applications. However, this method is associated with considerable energy consump-
tion (hydrogen liquefaction generally requires ~10-13 kWh/kg H,, corresponding to more
than 30% of the energy contained in hydrogen) and storage losses caused by boil-off [38—40].
Therefore, liquid hydrogen is most suitable for applications in which high energy density
is critical and cryogenic operating conditions are acceptable. These limitations continue to
stimulate the development of alternative storage approaches, including solid-state hydrogen
storage materials and adsorption-based systems.

2.2. Gaseous Hydrogen Storage (Compressed Hydrogen)

Hydrogen storage in the compressed gaseous state is the most technologically mature
and widely implemented method, particularly in transportation and stationary energy sys-
tems [41]. Hydrogen storage infrastructure reported that hydrogen is commonly stored at
pressures of 350 and 700 bar, enabling volumetric densities of approximately ~23-40 kg/m3
depending on operating conditions. The selection of these pressure levels is determined by an
engineering compromise between increasing storage density, minimizing compression energy
consumption, and maintaining safety requirements. Storage at 350 bar provides an acceptable
balance between tank volume and energy expenditure, whereas 700 bar is predominantly
applied in transportation systems to extend driving range under volume constraints. Further
pressure increases become progressively less efficient due to rising energy demand and in-
creasing complexity of tank design. Recent studies on hydrogen storage technologies have
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also shown that the principal advantage of compressed gaseous storage lies in its relative
simplicity of implementation, the ability to operate at ambient temperature, and the absence
of the cryogenic requirements associated with liquid hydrogen storage [42]. However, it is em-
phasized that, due to the inherently low density of hydrogen even under elevated pressures,
the use of lightweight yet high-strength storage vessels is required, which increases the overall
cost of the storage system. Modern compressed hydrogen storage systems are commonly
classified into four cylinder types (Type I-1V), which differ in structural design, materials of
fabrication, weight characteristics, and operating pressure ranges. Type I cylinders are fully
metallic and provide high mechanical strength but increased mass. Type II cylinders employ
partial composite reinforcement, whereas Type III cylinders combine a metallic liner with a
full composite overwrap to reduce weight while maintaining structural reliability. Type IV
cylinders utilize a polymer liner reinforced with carbon-fiber composites, providing lower
weight, improved corrosion resistance, and enhanced gravimetric performance. Recent studies
have shown that Type III and Type IV cylinders have become the dominant technologies
for modern high-pressure hydrogen storage systems due to their favorable balance between
safety, mass efficiency, and operation at pressures up to 700 bar [43,44]. The selection of this
pressure level is based on the fact that further pressure increases (e.g., to 750-900 bar) result in
substantially lower gains in volumetric storage density relative to the accompanying increase
in tank mass, compression energy demand, and mechanical strength requirements of the
storage system. Consequently, a pressure of 700 bar is generally regarded as a practically
optimal compromise between hydrogen capacity, safety, and overall system efficiency [45].
Nevertheless, it has been noted that a significant fraction of the total system mass is attributed
to the storage vessel itself, thereby reducing the effective gravimetric storage capacity. Based
on the available data, compressed hydrogen storage can be considered a reliable and tech-
nologically mature solution, particularly for mobile applications. However, this method
remains constrained by its relatively low volumetric density (23.5 kg Hp /m? at 350 bar and
39.5 kg Hy/m? at 700 bar at 288 K, compared with 70.8 kg Hy/m? for liquid hydrogen at
20 K) and requires the use of heavy and costly high-pressure storage systems. In addition,
the energy required for compression amounts to approximately 13-18% of the lower heating
value (LHV) of hydrogen [46,47]. These limitations continue to drive the development of
alternative storage technologies, including solid-state materials and adsorption-based systems
capable of providing more efficient hydrogen storage under moderate operating conditions
(typically at pressures of approximately 0.1-10 MPa and temperatures close to ambient or
moderately elevated conditions (~298-423 K), depending on the material type) [20,48].

2.3. Solid-State Hydrogen Storage (Material-Based Systems)

This hydrogen storage method is based on the interaction of hydrogen with materi-
als in which hydrogen is either dissolved within the crystal lattice or chemically bound
as part of a compound [49]. In studies covering metal hydrides, carbon nanomaterials,
and complex hydrides, it is emphasized that this approach fundamentally differs from
physical storage methods in that hydrogen is retained through interatomic interactions
rather than solely by external pressure or temperature control. In metal hydrides, hy-
drogen retention is primarily achieved through the formation of metal-hydrogen bonds
(metallic, ionic, or partially covalent in nature), whereas in porous carbon materials, adsorp-
tion interactions between hydrogen molecules and the material surface play a significant
role. Solid-state storage systems possess several fundamental advantages, including high
volumetric hydrogen density (for certain metal hydride systems reaching approximately
~100-150 kg H, /m> compared with ~39.5 kg Hy/m? for compressed hydrogen at 700 bar),
enhanced safety, and the possibility of operation under moderate pressures (typically
within the range of ~0.1-10 MPa depending on hydride type and hydrogenation condi-
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tions) [50]. Using examples of metal hydrides (LaNis, TiFe), complex hydrides (NaAlHy),
and adsorption materials, it has been demonstrated that hydrogen can be stored within the
bulk of the material at densities comparable to or even exceeding that of liquid hydrogen.
Metal hydrides are generally characterized by moderate enthalpy values (for example,
approximately ~30 kJ /mol H; for LaNis), enabling reversible hydrogen storage near am-
bient temperatures. In contrast, MgH, exhibits enthalpy values reaching approximately
~70-75 kJ /mol Hy, which necessitates elevated temperatures for hydrogen desorption (typ-
ically under pressures of ~0.1-10 MPa and temperatures close to ambient or moderately
elevated conditions (~298-423 K), depending on the material system) [51-54]. In complex
hydrides (e.g., NaAlHy4), hydrogen is chemically bound within complex compounds, which
provides high storage capacity but complicates reaction kinetics and increases tempera-
ture requirements. Solid-state hydrogen storage materials can generally be classified into
three groups:

— Intermetallic hydrides (ABs, AB,)—characterized by favorable kinetics and high cyclic
stability but limited gravimetric capacity (~1-2 wt.%);

—  Magnesium-based hydrides (MgH,)—exhibit high hydrogen storage capacity (~7.6 wt.%),
but suffer from elevated desorption temperatures (typically ~300—425 °C for unmodified
MgHp>) and slow reaction kinetics [55,56];

— Complex hydrides (alanates, borohydrides)—provide the highest storage capacities
(up to 10-18 wt.%), although they require catalytic activation and sophisticated ther-
modynamic optimization.

At the same time, control over material structure (through nanostructuring, alloy-
ing, and composite design) represents a key strategy for overcoming the limitations of
solid-state storage systems [57,58]. These approaches enable simultaneous reduction in
activation energy, enhancement of hydrogen diffusion, and tuning of thermodynamic
properties. Thus, solid-state hydrogen storage represents one of the most versatile and
scientifically advanced directions in hydrogen storage research, since system properties can
be deliberately tailored at the composition and microstructure levels. Unlike compressed
and liquid hydrogen storage, this approach enables engineering control over both stor-
age capacity and operating conditions. However, to date, no universal material has been
developed that simultaneously satisfies all critical requirements, including high storage
capacity, low operating temperature, fast kinetics, and long-term stability. This determines
the continuing importance of further research aimed at developing multifunctional and
nanostructured systems capable of combining the advantages of different hydride classes.

2.4. Emerging and Alternative Hydrogen Storage Technologies

In addition to conventional hydrogen storage methods, such as compressed gas stor-
age, cryogenic liquefaction, and metal hydride systems, alternative technologies have been
actively investigated in recent years with the aim of increasing volumetric storage density,
reducing energy consumption, and improving transportation safety. Among the most
promising directions are underground hydrogen storage, liquid organic hydrogen carriers
(LOHCs), and advanced functional materials. One of the most promising solutions for
large-scale hydrogen storage is considered to be the use of underground salt caverns. This
technology is based on the injection of hydrogen into artificially created cavities within
salt formations characterized by extremely low permeability (typical values for rock salt
are on the order of 10721-1071 m?2, which substantially limits gas migration) and high
chemical inertness (the NaCl content in salt formations often exceeds 90-95%, providing
low chemical reactivity toward hydrogen and ensuring long-term storage stability) [59,60].
Compared with above-ground storage systems, this approach enables the storage of sub-
stantial gas volumes (individual salt caverns are capable of accommodating approximately
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10°-108 m3 of hydrogen, corresponding to energy storage capacities on the GWh-TWh
scale) while maintaining relatively low operating costs (specific operational expenditures
are significantly lower than those of above-ground high-pressure storage systems due to
the absence of requirements for maintaining ultrahigh pressures and cryogenic temper-
atures) [60,61]. Particular interest in this technology is associated with the development
of hydrogen energy systems and the increasing need to balance seasonal fluctuations in
electricity generation from renewable energy sources. However, its widespread implemen-
tation remains constrained by the geological availability of suitable salt formations, the
necessity of controlling microbiological processes, and the need to investigate the effects of
long-term hydrogen interaction with surrounding geological media.

Liquid organic hydrogen carriers (LOHCs) are compounds capable of reversibly binding
and releasing hydrogen through catalytic hydrogenation and dehydrogenation reactions.
Aromatic and heterocyclic compounds are commonly considered as carrier media, including
systems based on dibenzyltoluene and methylcyclohexane. The principal advantage of LOHC
technology lies in the possibility of utilizing existing liquid fuel storage and transportation
infrastructure, thereby reducing capital expenditures associated with the integration of hydro-
gen technologies. Additional advantages include high operational safety and the absence of
requirements for maintaining ultralow temperatures. At the same time, significant limitations
remain, primarily related to the high energy demand of dehydrogenation processes (for most
commercially relevant LOHC systems, hydrogen release occurs at temperatures of approxi-
mately 250-320 °C and requires heat input on the order of 30—40 kJ/mol Hj), as well as the
necessity for highly efficient catalytic systems [61,62].

Among emerging hydrogen storage approaches, considerable attention has been
devoted to the development of functional materials with tunable structures. Polymer-based
materials are considered promising carrier systems due to their ability to chemically bind
hydrogen, ease of processing, and low density (typically in the range of ~0.8-1.5 g/cm? for
most polymer systems, which is substantially lower than that of metallic hydrides). Current
research is focused on the design of polymer matrices with enhanced sorption capacity
and improved hydrogen release kinetics [63-66]. Additional interest has been attracted by
metallic glasses—amorphous metallic alloys characterized by the absence of long-range
atomic order. Owing to the high concentration of structural defects (the fraction of free
volume is typically estimated to be approximately ~1-5%, which is substantially higher than
in crystalline counterparts) and the presence of locally disordered regions, such materials
demonstrate potential for reversible hydrogen absorption and improved resistance to
degradation compared with conventional crystalline hydrides. Despite their promising
characteristics, these technologies remain predominantly at the stage of fundamental
research and require further optimization of composition and a deeper understanding of
hydrogen—material interaction mechanisms [66,67].

To provide a more detailed comparison of the advantages and limitations of exist-
ing approaches, a comparative analysis of the main hydrogen storage technologies was
conducted considering operating conditions, hydrogen storage capacity, operational con-
straints, and infrastructure requirements (Table 1). This approach enables the assessment
not only of the potential performance of individual storage systems but also the identifi-
cation of trade-offs among volumetric storage density, energy consumption, safety, and
technological scalability. It should be noted that the presented data were compiled and
generalized based on literature sources [68-78]. The reported values may vary depending
on material composition, storage conditions, and measurement methodology.
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Table 1. Comparative analysis of modern hydrogen storage technologies.
Hydrogen Storage . " Hydrogen Storage S
Technologies Storage Form Typical Conditions Capacity Key Advantages Key Limitations Ref.
R Low volumetric storage
Refueling time for a .
passenger vehicle is C;;pa;rl?é (xii?t_hl %gé i
approximately ~3-5 min; H /Iin 3 for liauid H )5
Compressed 1-2wt.%; 10-15g storage is performed at 2 or iquic ),
H Gaseous Hy 35-70 MPa; 293 K 2 energy consumption for [68-70]
ydrogen H,/L ambient temperature . £
ithout ener compression accounts for
withol 4 13-18% of the hydrogen
consumption associated lower heating value
with phase transition. (LHV),
The volumetric storage Hich ener
density reaches 70.8 kg ghene g};
H,/m?, whichis li c;)nsgmptlor}, " orf h
Liquid Hydrogen Cryogenic Liquid 20K; <1 MPa 70.8kg/m? approximately 4-5 times iquefaction (>3.0 0;. the [68,69]
higher than that of erﬁex;igy conta;ne n
compressed hydrogen at A rogen) ,h(i)ss_(is £
70 MPa. associated with boil-off.
The volumetric storage
dens'i ty reaches Complex cryogenic
Cryo-compressed Combined Storage 25-35MPa; 20-110K ~80gH,/L approxim ately ~80g system; reduced overall [68,70]
Hydrogen H, /L; boil-off losses are le effici
lower compared with storage cycle efficiency.
liquid hydrogen.
The volumetric storage . .
density can reach ~150 kg High system mass},lfor
Typically 0.1-10 H, /m?3 for selected a mant}'z syitems, i te
. .y ypically 0.1- K % . . esorption temperature
Metal Hydrides Solid-State Storage MPa; 300-673 K 1-7 wt.% hydrldg systems; the exceeds 300 °C; [70,71]
operating pressure deteri X £ kineti
typically does not exceed eterioration of kinetics
P 10 MPa during cycling.
The specific surface area Significant reducti0ﬁ1 in
reaches 7000-7800 m?/g; st(t)rage:.ap %Clt}; when
] N . ransitioning rrom
MOF-based Adsorptive Storage Typically 77K and up to 4.23 wt.% experimentally, a cryogenic to [71,72]
Materials elevated pressure hydrogen storage t t
capacity of up to 4.23 cor:g(i)trir:)n:n;g;;?rggent
5 ; ;
wt.% has been achieved. for cooling.
The theoretical storage High energy demand of
Liquid Organic Chemically Bound Atmospheric Typically 5-8 wt.% capacity of selected the dehydrogenation
Hydrogen Carriers H pressure; moderate (depending on the carriers reaches 6.1-7.3 stage (typically 250-320 [73-75]
(LOHCs) 2 temperatures carrier) wt.%; storage is possible °C); requirement for
atatmospheric pressure. catalytic systems.
The potential storage
scale is estimated at the Limited by geological
Underground . Storage scale: up to TWh level; specific costs utec by §e0l081c
. Geological A availability and capital
Storage in Salt Gaseous H; N seasonal-scale per unit volume are lower " iated with [76-78]
Caverns reservoirs storage (TWh) compared with costs associated wi

above-ground storage
systems at large scales.

cavern development.

3. Fundamentals of Solid-State Hydrogen Storage

The development of solid-state hydrogen storage methods is driven by the need to
overcome the fundamental limitations of physical storage approaches associated with the
low volumetric density of compressed hydrogen (23.5 kg Hp/m? at 350 bar and 39.5 kg
H,/m3 at 700 bar at 288 K, compared with 70.8 kg Hy/m?3 for liquid hydrogen) and the
high energy demand of cryogenic liquefaction (liquefaction typically requires more than
30% of the energy contained in hydrogen, corresponding to approximately 10-13 kWh/kg
Hy) [9,79]. In contrast to these approaches, solid-state storage is based on the interaction
of hydrogen with a material, enabling a substantial increase in storage density through
utilization of the internal structure of the storage medium. The physical basis of this method
is governed by the thermodynamics and kinetics of hydrogen sorption processes, including
molecular hydrogen dissociation, atomic diffusion into the material structure, and the
formation of stable or metastable phases [80]. These processes are accompanied by thermal
effects characterized by reaction enthalpy and entropy, which determine equilibrium
conditions and the operating parameters of hydrogen storage systems.
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The performance of materials for solid-state hydrogen storage is determined not only
by their maximum hydrogen storage capacity but also by the combination of structural,
thermodynamic, and operational characteristics that ensure long-term stability during
repeated use. One of the key research directions involves investigating the influence of
chemical composition and the number of constituent components on the capability for
reversible hydrogen storage. In recent years, particular attention has been devoted to
multicomponent alloys, including high-entropy materials containing several principal
elements. An increase in the number of components contributes to higher configurational
entropy (for high-entropy systems, AS_mix is typically >1.5R, where R is the universal gas
constant, which generally corresponds to systems containing five or more components in
near-equiatomic concentrations) and may lead to the stabilization of single-phase structures.
At the same time, however, it increases the complexity of predicting hydride formation
mechanisms and hydrogen distribution throughout the material volume [81,82]. Phase sta-
bility is determined by a combination of factors, including atomic radius of the constituent
elements, enthalpy of mixing, electron concentration, crystal structure, and local chemical
interactions. Control over these parameters is essential to ensure the reversibility of hy-
drogenation processes and to prevent material degradation during cyclic operation. An
additional aspect is the evolution of microstructure during repeated hydrogen absorption
and desorption cycles. Recurrent volumetric deformations may lead to particle refinement,
cracking, and degradation of surface layers. On the one hand, particle size reduction is
accompanied by an increase in specific surface area and a decrease in diffusion distances,
which contributes to accelerated sorption kinetics. On the other hand, excessive structural
degradation results in loss of mechanical stability, agglomeration, and reduced service
lifetime. Therefore, current research is focused on identifying an optimal balance between
maintaining structural integrity and generating a highly developed reactive surface. An im-
portant criterion for the practical applicability of storage materials is cycling stability, which
characterizes changes in hydrogen storage capacity during repeated charge—discharge
cycles. In general, capacity degradation is associated with the accumulation of structural
defects, phase transformations, surface oxidation, and deterioration of hydrogen transport
kinetics. Accordingly, long-term stability is considered one of the key parameters in the
development of new hydrogen storage systems, alongside gravimetric and volumetric
storage capacity.

3.1. Thermodynamics of Hydrogen Absorption

When molecular hydrogen interacts with a metal surface, dissociative adsorption
occurs: the Hy molecule dissociates into atomic hydrogen, which subsequently diffuses
into the crystal lattice, resulting in metal hydride formation [82-84]. This process is ther-
modynamically reversible and tends toward an equilibrium state at which both hydrogen
uptake (absorption) and hydrogen release (desorption) can occur. Metal hydride formation
is accompanied by a change in enthalpy, with typical reaction enthalpy values ranging from
approximately ~20 to 80 kJ/mol Hj [85]. These values reflect the energetic stability of the
hydride: at high enthalpy values, hydrogen is strongly bound within the lattice, making
desorption more difficult, whereas at lower values, the interaction becomes weaker and hy-
drogen retention becomes insufficient. In addition to enthalpy, changes in system entropy
play an important role. During the transition of hydrogen from the gaseous state into the
solid phase (as part of the hydride), a substantial reduction in the number of accessible mi-
crostates occurs, resulting in a decrease in entropy. Typical entropy changes associated with
hydride formation are on the order of —100 to —130 J/(mol H;-K), which is attributed to
the transition of hydrogen from a high-entropy gaseous state to a more ordered solid-state
structure [85]. For most metal hydride systems, these values are consistent with the loss of
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translational degrees of freedom associated with hydrogen localization within the crystal
lattice. Thus, based on the available data, it can be concluded that the thermodynamics
of hydrogen absorption is governed by the balance between the enthalpic contribution,
associated with bond formation and stabilization of the hydride phase, and the entropic
contribution, associated with the reduction in system disorder. Analysis of reported ther-
modynamic characteristics suggests that optimal hydrogen storage materials should exhibit
intermediate enthalpy values (approximately 30-50 k] /mol H;), providing a compromise
between storage stability and controllable hydrogen release at moderate temperatures.
Entropy becomes particularly important through the Gibbs free energy relationship:

AG = AH — TAS

where AG is the Gibbs free energy. This relationship demonstrates that, with increasing
temperature, the contribution of the entropic term becomes more significant and the
equilibrium shifts toward the gaseous phase; consequently, hydrogen release becomes
thermodynamically more favorable at elevated temperatures. Entropy is also included in
the Van "t Hoff equation:

In this equation, AS acts as an additive term that directly influences the equilibrium
pressure. The enthalpic contribution (AH) determines the baseline pressure level around
which temperature-induced changes occur. In solid-state hydrogen storage, one of the
key factors governing the equilibrium between the gaseous and hydride phases is the
entropy change in the system [86]. During the transition of hydrogen from the gaseous
state into the solid phase, a substantial decrease in the degree of disorder occurs because
hydrogen atoms occupy fixed positions within the crystal lattice. As a result, hydride
formation is accompanied by negative entropy changes. Studies have shown that entropy
directly enters the Van 't Hoff equation, which relates the equilibrium hydrogen pressure
to temperature [87]. More negative values of AS lead to a decrease in equilibrium pressure,
indicating more stable hydrogen retention in the hydride phase. Conversely, less negative
values of AS correspond to higher equilibrium pressures and facilitate hydrogen desorption.
Based on these considerations, it can be concluded that the entropic contribution to Gibbs
free energy becomes particularly significant at elevated temperatures. As temperature
increases, the influence of the entropy term becomes stronger, shifting the equilibrium
toward the gaseous state, increasing equilibrium pressure, and facilitating hydrogen release.
Thus, entropy determines not only the stability of the hydride phase but also the operating
temperature—pressure conditions of hydrogen storage systems and therefore represents a
critical parameter in the design of efficient hydrogen storage materials.

The fundamental thermodynamic principles governing the interaction of hydrogen
with metal hydride materials are illustrated in Figure 2, including equilibrium conditions,
phase transformations, and the temperature dependence of equilibrium pressure. The
pressure—-composition isotherms shown in Figure 2A describe the dependence of equilib-
rium hydrogen pressure on the degree of hydrogen uptake at a fixed temperature. The
arrows indicate the direction of hydrogen absorption and desorption processes, while
the solid and dashed lines represent equilibrium pressure behavior, hysteresis, and re-
versible/maximum hydrogen storage capacity as presented in the original source. The
initial region corresponds to the x-phase, where hydrogen dissolves in the solid solution at
low concentrations, accompanied by a rapid increase in pressure. The intermediate region
is characterized by a pressure plateau corresponding to the two-phase « + 3 equilibrium,
during which the hydride phase forms. In this region, pressure remains nearly constant
despite increasing hydrogen content, indicating the occurrence of a phase transition. The
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final region corresponds to the 3-phase, where the material approaches saturation and
further hydrogen incorporation requires increased pressure. In addition, Figure 2 presents
the Van "t Hoff plot, which establishes a linear relationship between the logarithm of
equilibrium pressure and the reciprocal of temperature. The slope of this relationship is
determined by the enthalpy of hydride formation, whereas the intercept is associated with
the entropy change in the system. This relationship enables quantitative evaluation of ther-
modynamic parameters and determination of operating conditions required for efficient
material performance. Figure 2B illustrates the evolution of the material microstructure
during hydrogen absorption. At the initial stage, hydrogen dissolves in the crystal lattice,
forming the o-phase. Upon reaching a certain hydrogen concentration, nucleation of the
hydride phase begins, resulting in the coexistence of two phases. With a further increase
in hydrogen content, the material undergoes a complete transformation into the (3-phase,
accompanied by changes in both lattice volume and crystal structure. The reverse process
involves hydrogen release and restoration of the initial state. The practical significance of
hydrogen absorption thermodynamics lies in the fact that enthalpy (AH) and entropy (AS)
parameters directly determine the operating conditions of solid-state hydrogen storage
materials. These parameters allow quantitative description of the equilibrium between
gaseous and solid hydrogen phases and are used to calculate equilibrium pressure at
a given temperature based on the Van 't Hoff equation. Thus, the thermodynamics of
hydrogen absorption represents a key tool for engineering analysis and materials design,
enabling targeted selection of storage materials and optimization of operating conditions
for hydrogen energy systems.

A (i) PCT curve (i) Van't Hoff plot
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o e il @ I Intercept -AS/R
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5 e ; o
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§ = o 5 p % - Slope AH/R
= % @©
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Figure 2. Thermodynamic description of hydrogen absorption in metal hydride systems. (A) Pressure—

composition isotherms and the Van 't Hoff plot; (B) schematic illustration of phase transformations
during hydrogen sorption. Reprinted from Ref. [88].
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3.2. Kinetics of Hydrogen Absorption

Unlike thermodynamics, which determines only the equilibrium state of the system,
kinetics describes the rate of hydrogen sorption and desorption processes and therefore
directly limits the practical applicability of storage materials [89]. Even when a reaction is
thermodynamically favorable, the hydrogen absorption rate may remain insufficient due to
the presence of kinetic barriers. The hydrogen absorption process in solid materials is multi-
stage in nature and includes a sequence of processes: transport of hydrogen molecules from
the gas phase to the material surface, dissociative adsorption of Hy molecules with over-
coming of the activation barrier associated with covalent bond dissociation, penetration of
atomic hydrogen through the surface, subsequent bulk diffusion of hydrogen atoms within
the crystal lattice, and finally hydride phase formation accompanied by phase and structural
transformations. Among these stages, bulk diffusion frequently becomes the rate-limiting
step, particularly in materials with large grain sizes or low concentrations of structural
defects. The diffusion coefficient is commonly described by the Arrhenius equation:

D = Dy exp(—%)

where E, represents the activation energy of diffusion. With increasing temperature, the
diffusion coefficient increases, thereby accelerating the hydrogen saturation process within
the material [90]. A key parameter governing the rate of hydrogen sorption processes is the
activation energy, which characterizes the energy barrier that must be overcome for elemen-
tary stages to occur, including Hy molecule dissociation, atomic hydrogen diffusion, and
phase transformations. Elevated activation energy values lead to a significant slowdown in
sorption kinetics (for many metal hydride systems, activation energies exceeding approxi-
mately ~80-120 kJ/mol are associated with a noticeable reduction in sorption rates and an
increase in the time required to reach equilibrium from tens of minutes to several hours),
particularly under moderate and low-temperature conditions, thereby limiting the practi-
cal applicability of these materials [91,92]. Depending on the nature of the material and
operating conditions, different kinetic regimes may dominate, including surface-controlled,
diffusion-controlled, and phase-transformation-controlled mechanisms. Identification of
the rate-limiting step represents a key strategy for the targeted modification of hydrogen
storage materials. For example, in surface-limited systems, catalytic activation and in-
creasing specific surface area are commonly employed; under diffusion-limited conditions,
particle size reduction and nanostructuring are effective approaches; whereas in phase-
limited systems, composition tuning and phase stabilization are applied. These strategies
enable reduction in activation energy and acceleration of hydrogen sorption-desorption
processes [93,94].

In addition, recent studies have demonstrated that the kinetics of hydrogen storage
processes is strongly influenced by microstructural and physical factors, including particle
size, defect density and grain boundary density, the presence of catalytic additives, thermal
conductivity of the material, and surface condition [95,96]. Combined control of these
parameters is considered one of the key approaches for accelerating sorption—-desorption
processes and improving the cycling stability of hydrogen storage systems. Reduction in
particle size and an increase in structural defect density promote faster hydrogen diffusion
and enhanced reaction rates, whereas oxide layers may act as additional barriers to hydro-
gen penetration. Analysis of these factors indicates that even under thermodynamically
favorable conditions, a material may exhibit poor performance due to kinetic limitations.
Therefore, modern strategies for the development of hydrogen storage materials should
focus on reducing activation energy, increasing the diffusion coefficient, and optimizing
microstructure. Thus, kinetics determines not the possibility of hydrogen storage itself, but
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rather the rate at which equilibrium is achieved, making it a critical factor for the practical
implementation of hydrogen storage materials.

It should be noted that the modern development of solid-state hydrogen storage
technologies is increasingly associated with the application of computational modeling and
artificial intelligence methods for the accelerated discovery of promising materials. Tradi-
tional experimental approaches to the development of hydrogen storage systems require
substantial time and material resources, particularly in the case of multicomponent compo-
sitions and complex hydrogen-material interaction mechanisms. Computational modeling
enables investigation of the thermodynamic and kinetic characteristics of hydrogen storage
already at the material design stage. The most widely used tools include density func-
tional theory (DFT), molecular dynamics simulations, and Monte Carlo calculations, which
make it possible to predict hydrogen binding energy, phase stability, diffusion processes,
and the influence of atomic structure on storage capacity. In parallel, the role of machine
learning methods has been rapidly increasing. These approaches are used for the analysis
of large experimental and computational datasets, identification of hidden correlations,
and prediction of the properties of new materials without the need for exhaustive physical
experimentation. Such approaches are being applied to the discovery and optimization
of high-entropy alloys, metal hydrides, metallic glasses, porous structures, and composite
systems with enhanced hydrogen storage performance. The integration of computational
materials science with machine learning algorithms has led to the emergence of the acceler-
ated materials design paradigm (materials-by-design), which enables substantial reduction
in development cycles and brings the creation of efficient solid-state hydrogen storage
systems closer to industrial implementation.

4. Metal Hydride Materials

Metal hydrides and complex hydride materials occupy a central position among solid-
state hydrogen storage systems due to their ability to provide high storage density under
relatively moderate pressure and temperature conditions. These systems are based on the
reversible interaction of hydrogen with solid materials accompanied by the formation of
hydride phases, which fundamentally distinguishes them from physical storage methods
that are constrained by the thermodynamic limitations of the gaseous state. Metal hydrides
represent a class of materials in which hydrogen is incorporated into the crystal lattice
of metals or intermetallic compounds, resulting in the formation of solid solutions or
interstitial phases. These systems are characterized by high volumetric storage density and
good reversibility of sorption processes, making them promising candidates for practical
hydrogen storage applications.

At the same time, their gravimetric storage capacity is generally limited, and their
operational performance strongly depends on the thermodynamic and kinetic properties of
the specific material. Complex hydrides, in contrast to metal hydrides, contain hydrogen
within complex anionic structures, such as AIH;~ or BHy~, and are capable of providing
significantly higher gravimetric storage capacity. However, their application is accom-
panied by several limitations, including elevated decomposition temperatures, complex
reaction kinetics, and the need for catalytic activation to improve process reversibility [97].
Thus, metal hydride and complex hydride systems represent two complementary classes
of materials that differ in hydrogen retention mechanisms, thermodynamic characteristics,
and practical limitations. Their comparative analysis constitutes a key stage in the develop-
ment of efficient hydrogen storage technologies and defines future research directions in
the fields of materials science and hydrogen energy.
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4.1. AB5-Type Metal Hydride Materials

Recent studies have demonstrated that the intermetallic compound LaNis (ABs type)
is capable of forming a reversible hydride with a composition close to LaNisHg without
destruction of the original CaCus-type crystal structure. Hydrogen is predominantly ac-
commodated in interstitial sites within the lattice, causing reversible lattice expansion
and enabling multiple sorption—desorption cycles [98,99]. This system is characterized by
elastic lattice expansion during hydride formation, accompanied by volume increase and
modification of the local atomic environment, which underlies the formation of pressure
plateaus on pressure—composition-temperature (PCT) diagrams and contributes to hydride
phase stability over a specific range of temperatures and pressures. According to studies
by Jean-Marc Joubert on LaNis-based alloys and their modified compositions (LaNis —xMy,
where M = Al, Mn, Co), hydrogen incorporation proceeds through sequential stages involv-
ing dissociation of molecular hydrogen at the surface, diffusion of atomic hydrogen into the
bulk material, and subsequent occupation of energetically favorable interstitial positions
within the crystal lattice [100,101]. The thermodynamic characteristics of these systems
are governed by a moderate hydride formation enthalpy of approximately 25-35 kJ /mol
H,, enabling reversible hydrogen absorption and release at temperatures close to ambient
conditions, while equilibrium pressure can be effectively tuned through alloying. For
commercial MmNis-type alloys (where Mm denotes mischmetal), the gravimetric storage
capacity was reported to be approximately 1.2-1.5 wt.% Hjy, which is associated with the rel-
atively high atomic mass of the constituent elements. At the same time, volumetric storage
density remains high (approximately ~90-110 kg Hy/m? for several AB5 hydride systems),
which is comparable to or even exceeds that of liquid hydrogen (~70.8 kg Hy/m?) [102,103].
Additionally, these materials exhibit fast sorption/desorption kinetics attributed to the
catalytic activity of nickel and favorable hydrogen diffusion within the lattice.

The presented figure (Figure 3) illustrates the structural changes occurring in ABs-
type metal hydride materials using the LaNi5 intermetallic compound as an example and
provides an atomistic-level understanding of the hydrogen storage mechanism in these
systems. Color coding is used to distinguish different atomic species and structural features:
gray spheres represent La atoms, green spheres indicate Ni atoms, blue spheres denote
hydrogen atoms, and shaded polyhedral regions illustrate hydrogen occupation sites within
the crystal lattice. Figure 3a shows the crystal structure of the initial LaNi5 compound,
characterized by an ordered hexagonal CaCus-type lattice. Within this structure, lanthanum
atoms form a structural framework in which nickel atoms are arranged, creating a system
of interstitial sites. These sites possess specific geometries and dimensions that enable
incorporation of hydrogen atoms without destruction of the crystal lattice. In the initial
state, the material exists as a metallic phase capable of dissolving hydrogen in the form
of a solid solution at low hydrogen concentrations. Figure 3b demonstrates the structure
of the LaNisHg hydride phase formed during hydrogen uptake. Different colors are used
to distinguish atomic species and hydrogen occupation sites: gray spheres represent La
atoms, green spheres correspond to Ni atoms, blue spheres indicate hydrogen atoms, and
the shaded polyhedral region highlights the hydrogen absorption environment reported in
the original study. In contrast to the initial state, hydrogen atoms occupy specific interstitial
positions, predominantly octahedral and tetrahedral sites formed by surrounding La and
Ni atoms. Occupation of these sites is accompanied by expansion of lattice parameters and
results in volumetric expansion of the material, which represents a characteristic feature of
hydride formation.

Thus, ABs-type metal hydrides represent a well-balanced hydrogen storage system:
on the one hand, they provide high cycling stability, excellent reversibility, and favorable
operating conditions; on the other hand, their practical application is constrained by
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relatively low gravimetric storage capacity resulting from the high atomic mass of their
constituent elements. At the same time, these materials offer broad opportunities for
property optimization through alloying, which enables effective control of plateau pressure
and adjustment of operating characteristics.

(b) LaNisH,

o p
Figure 3. Crystal structure of the LaNi5 intermetallic compound and its hydride phase: (a) crystal

structure of the initial LaNis alloy; (b) crystal structure of LaNisHg hydride showing the arrangement
of hydrogen atoms in interstitial sites. Reprinted from Ref. [104].

4.2. AB,-Type Metal Hydrides

Studies of intermetallic compounds in the Zr-V—Cr system (typical AB; alloys with
C14/Cy5 Laves phases) have demonstrated that these materials are characterized by a high
concentration of available interstitial sites within the crystal structure, enabling efficient
hydrogen incorporation and reversible hydrogen storage in the lattice [105]. In the in-
vestigated alloys (ZrV,-ZrCr,-based systems), hydrogen occupies energetically favorable
tetrahedral interstitial sites, which determines their capability for volumetric hydrogen
storage without structural degradation. At the same time, the densely packed atomic
arrangement in Laves phases creates favorable geometrical conditions for hydrogen storage
that differ from the less densely packed ABs-type structures. According to studies of Ti—Zr—
V-Cr-Mn alloy systems, the hydrogen interaction mechanism involves sequential stages of
adsorption and dissociation of molecular hydrogen at the surface, followed by diffusion of
atomic hydrogen into the bulk material and subsequent formation of the hydride phase
through occupation of interstitial positions within the crystal lattice [106].

However, owing to the higher packing density and stronger hydrogen-lattice inter-
actions, these materials exhibit a broader range of thermodynamic characteristics: the
enthalpy of hydride formation typically lies within ~20-50 kJ/mol Hy, while plateau
pressure may vary over a wide range depending on alloy composition. Studies of these
alloy systems have shown that alloying with V, Cr, and Mn enables effective tuning of
equilibrium pressure and optimization of operating characteristics. It should also be noted
that investigations of Ti—-Zr-Mn—Cr alloy systems have demonstrated gravimetric storage
capacities reaching approximately ~1.5-2.0 wt.% H; while maintaining high volumetric
storage density, making these materials promising candidates for applications in which
compact hydrogen storage is a critical requirement [107]. This performance is associated
with the high concentration of available interstitial sites and the comparatively lower atomic
mass of the constituent elements relative to ABs-type systems. In addition, these materials
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demonstrate favorable sorption/desorption kinetics and good cycling stability when the
composition is properly optimized.

Based on these considerations, AB,-type metal hydrides represent a more flexible and
tunable hydrogen storage system compared with ABs materials. They provide higher gravi-
metric storage capacity and a broader range of adjustable thermodynamic characteristics
through variation in alloy composition (e.g., Ti-Zr-V-Cr—Mn systems and related composi-
tions). However, their practical application remains limited by several factors, including
the requirement for activation procedures, particularly the removal of surface oxide layers
to enable efficient hydrogen uptake. Current research is focused on the development of
multicomponent and high-entropy AB, alloys, as well as on microstructural modification
strategies aimed at reducing activation energy and improving hydrogen diffusion kinetics.

4.3. Magnesium-Based Hydrogen Storage Materials and the Role of Palladium

Recent studies have demonstrated that magnesium hydride (MgHo) is one of the most
promising solid-state hydrogen storage systems due to its high theoretical gravimetric
storage capacity, reaching 7.6 wt.% Hj [108,109]. Studies devoted to the structure and
properties of MgH) and its modified compositions confirm that this high storage capacity is
associated with the low atomic mass of magnesium and the ability to form a dense hydride
phase with a high concentration of chemically bound hydrogen. According to recent inves-
tigations of Mg—-H systems and alloyed magnesium-based materials, the major limitation
for practical implementation is the high enthalpy of hydride formation (approximately
~70-75 kJ /mol Hy), which results in the requirement for elevated temperatures to achieve
hydrogen desorption [110].

In addition, it has been reported that hydrogen diffusion in bulk MgH, structures
proceeds slowly due to high diffusion barriers and limited rates of phase transformations,
which significantly deteriorates sorption and desorption kinetics. Recent studies on nanos-
tructured MgH, systems (including mechanically activated and alloy-modified materials)
have demonstrated that structural modification—such as particle size reduction, increased
defect concentration, and incorporation of catalytic additives—can substantially improve
kinetic performance by shortening diffusion pathways, lowering activation energy, and
accelerating hydride formation processes [111,112]. Based on these findings, magnesium-
based hydrides represent high-capacity hydrogen storage systems that remain limited by
both kinetic and thermodynamic constraints. Effective implementation of such materials is
achievable only through comprehensive optimization of their structure and composition,
including the use of catalytic additives capable of reducing the activation energy of surface-
controlled processes. This concept provides the basis for further consideration of the role of
catalytic components, particularly palladium, in improving the performance of Mg-based
hydrogen storage systems.

Magnesium Hydride (MgH,) and the Role of Palladium in Catalytic Activation

Recent studies on nanostructured MgH, systems (including mechanically activated
Mg-H systems) have demonstrated that magnesium hydride exhibits a theoretical gravi-
metric storage capacity of approximately 7.6 wt.% Hj and is formed through strong mixed
ionic—covalent Mg-H bonding, which provides high stability of the hydride phase [113,114].
It has also been confirmed that the high enthalpy of hydride formation (~70-75 kJ /mol Hj)
necessitates heating, typically above ~300-425 °C, to achieve efficient hydrogen desorption.
According to recent investigations of nanostructured MgH, systems and Mg-based com-
posites, kinetic limitations are associated with slow hydrogen dissociation at the surface
as well as the low diffusion rate of atomic hydrogen within the bulk of the material [115].
It has been shown that particle size reduction and an increase in defect concentration (for
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example, through high-energy ball milling) contribute to shortening diffusion pathways,
increasing the reactive surface area, and significantly accelerating hydrogen sorption and
desorption processes.

Recent studies of MgH), systems modified with transition and noble metals (includ-
ing Pd-containing composites) have demonstrated that the incorporation of palladium
significantly reduces the activation energy of hydrogen sorption processes owing to its
high catalytic activity toward hydrogen dissociation [59]. In these systems, the hydrogen
spillover mechanism is realized, in which molecular hydrogen dissociates on the palladium
surface, followed by migration of atomic hydrogen onto the Mg surface and subsequent
diffusion into the bulk of the material. For the investigated Mg-Pd systems, reductions in
desorption temperature and improvements in kinetic performance have also been reported
in comparison with unmodified MgH,. Based on these findings, MgH,-Pd represents
an effective material combination in which the high storage capacity of magnesium is
complemented by enhanced kinetic characteristics resulting from the catalytic action of
palladium. A key factor underlying this improvement is the formation of nanostructured
composites with a well-developed Mg-Pd interfacial contact, which promotes efficient
hydrogen transfer and accelerates hydrogen transport processes. This concept provides the
foundation for the transition toward more advanced hydride systems that combine high
storage capacity with tunable thermodynamic behavior.

The presented figure (Figure 4) illustrates the multistep decomposition mechanism of
Mg(BHy);, accompanied by a gradual reduction in hydrogen content and the formation of
intermediate phases. Different colors are used to distinguish alternative decomposition
pathways proposed in different studies, while arrows indicate the sequence of phase
transformations and hydrogen release. Horizontal dashed lines represent hydrogen content
levels (wt.%) corresponding to intermediate and final phases, and the symbol “?” denotes a
proposed intermediate phase whose existence or reaction pathway remains uncertain or
has not yet been fully confirmed experimentally. At the initial stages, compounds such as
MgB1,H1, and MgHj are formed, reflecting the rearrangement of chemical bonding within
the system. Upon further decomposition, mixtures consisting of Mg, B, and hydride phases
are generated, whereas at the final stages thermodynamically stable magnesium borides,
including MgB, and MgBy are formed, accompanied by nearly complete hydrogen release.
Of particular importance is the formation of stable intermediate compounds, primarily
MgBi>H1,, which limits the reversibility of the system. The presence of alternative reaction
pathways involving metastable phases indicates the complex energy landscape governing
the decomposition process. Thus, the performance of Mg(BHjy), is determined not only
by its high hydrogen storage capacity but also by kinetic and thermodynamic limitations
associated with the formation of stable phases, which necessitates the implementation of
catalytic and structural optimization strategies.

Figure 5 Schematic illustration of the hydrogen spillover mechanism and its role in
enhancing hydrogen storage performance. Figure 5a illustrates the dissociation of molecular
hydrogen on the palladium surface followed by diffusion of atomic hydrogen into the bulk
metal and the formation of PdHy hydride phases. Figure 5b demonstrates the transfer
of atomic hydrogen across the Pd-ZIF-8 interface, enabling its distribution throughout
the porous structure and increasing the number of accessible storage sites. Experimental
verification of this mechanism is presented in Figure 5c, where 2H NMR spectra reveal
hydrogen signals corresponding to different local environments, and in Figure 5d, where
X-ray diffraction data indicate structural changes occurring during hydrogenation. Thus,
a combined hydrogen storage mechanism is realized, integrating absorption within the
metallic phase and adsorption within the porous matrix. As illustrated in Figure 5, the
check mark (/) denotes the experimentally confirmed hydrogen spillover pathway at the
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Pd-ZIF-8 interface, whereas question marks (?) indicate proposed or unresolved hydrogen
migration pathways. The grey dots represent spectroscopically visualized hydrogen species
reported in the original study.
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Figure 4. Thermodynamic pathways of decomposition and reactive hydrogenation in the Mg(BHy),
system with the formation of different products and intermediate phases. Reprinted from Refs. [116-118].
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Figure 5. Hydrogen spillover mechanism in the Pd/MOF system and its experimental verification:
(a) dissociation of Hy on the Pd surface and diffusion of hydrogen into the bulk metal; (b) transfer of
atomic hydrogen across the Pd-ZIF-8 interface (spillover); (c) solid-state 2H NMR spectra confirming
the presence of hydrogen in the system; (d) synchrotron X-ray diffraction illustrating structural
changes during hydrogenation. Reprinted from Ref. [119].

Thus, the analysis of AB,-type metal hydrides and magnesium-based systems demon-
strates that increasing hydrogen storage capacity is inevitably accompanied by greater
complexity of thermodynamic and kinetic limitations. For AB,-type alloys, the key ad-
vantage lies in the possibility of fine tuning of operating characteristics through variation
in alloy composition and control of interstitial structure. However, the increased atomic
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packing density and the requirement for activation procedures limit the universality of their
practical application. In contrast, MgH;-based systems exhibit one of the highest gravimet-
ric storage capacities among solid-state hydrogen storage materials. Nevertheless, the high
enthalpy of hydride formation and slow hydrogen diffusion significantly deteriorate oper-
ating conditions and constrain practical implementation. It has been demonstrated that the
use of nanostructuring and catalytic activation (particularly involving Pd) enables partial
overcoming of the above-mentioned limitations through reduction in activation energy,
acceleration of surface-controlled processes, and implementation of the hydrogen spillover
mechanism. Nevertheless, the achieved improvements are accompanied by the emergence
of new limiting factors, including structural degradation, agglomeration of active phases,
and reduced performance during repeated cycling. Therefore, further development of
solid-state hydrogen storage systems is associated not with maximizing individual pa-
rameters, but rather with achieving an optimal balance among storage capacity, kinetics,
thermodynamic stability, and long-term material durability.

4.4. Complex Hydrides: Alanates

Complex hydrides (including alanates and borohydrides) represent a class of hy-
drogen storage materials in which hydrogen is bound within anionic complexes such
as [AlH4]™ and [BH4]~, which fundamentally distinguishes them from intermetallic hy-
drides, where hydrogen occupies interstitial positions [30]. Using NaAlH4 and LiBH4 as
representative examples, it has been demonstrated that this hydrogen binding mechanism
provides substantially higher gravimetric storage capacity. However, these systems are
also characterized by increased thermodynamic stability and, consequently, require ele-
vated temperatures for hydrogen desorption. Recent studies of Ti-doped alanates based on
the NaAlH, system have shown that thermal decomposition of sodium alanate proceeds
through a multistep mechanism: NaAlH; — NaAlzHg — NaH + Al accompanied by a
total hydrogen release of approximately 5.6 wt.% Hj [118]. It has been established that
the introduction of titanium-based catalysts (e.g., TiCl3) leads to a substantial reduction
in desorption temperature and enables reversibility of hydrogenation—-dehydrogenation
processes, which is considered one of the key milestones in the development of com-
plex hydrides as hydrogen storage materials. Studies of nanostructured alanates and
NaAlHy-based composite systems with various catalysts have demonstrated that particle
size reduction and formation of nanocomposites contribute to accelerated reaction kinetics
and lower decomposition temperatures [56]. At the same time, the thermodynamic charac-
teristics of alanates require external heat input to enable hydrogen release; however, their
high gravimetric storage capacity makes these materials attractive for applications in which
weight is a critical parameter. Based on these considerations, complex hydrides, particu-
larly alanates, represent a fundamentally distinct class of materials in which high storage
capacity is achieved through chemical hydrogen binding rather than hydrogen dissolution
within the lattice. Despite improvements in kinetics achieved through catalytic additives
and nanostructuring, optimization of thermodynamic behavior and achievement of full
reversibility under moderate operating conditions remain key challenges. This naturally
leads to consideration of borohydrides, which exhibit even higher storage capacity but
involve more complex decomposition mechanisms.

4.4.1. Borohydrides

Borohydrides represent one of the most promising subclasses of complex hydrides and
are characterized by exceptionally high gravimetric hydrogen storage density due to the
presence of tetrahedral [BH,]™ anionic groups. In these compounds, hydrogen is chemically
bonded to boron through covalent interactions, which provides high thermodynamic stabil-

https://doi.org/10.3390 /met16070720


https://doi.org/10.3390/met16070720

Metals 2026, 16, 720

20 of 33

ity and, consequently, significant hydrogen storage potential. Among the most extensively
studied representatives are LiBHy, NaBH, and Mg(BHj,),, whose theoretical hydrogen
storage capacities reach approximately 13-18 wt.% hydrogen [120]. A fundamental char-
acteristic of borohydrides is their complex multistep thermal decomposition mechanism,
accompanied by sequential breakdown of [BH4]™ anionic complexes and the formation of
intermediate phases, including borides, hydrides, and amorphous compounds.

In particular, for LiBH,, the hydrogen desorption process begins at temperatures
above 350 °C and is accompanied by substantial changes in crystal structure, reflecting
the high B-H bond energy and resulting in a high decomposition enthalpy. From a ther-
modynamic perspective, borohydrides are characterized by high desorption enthalpies,
which require substantial heat input to release hydrogen. This remains one of the principal
limitations for their practical implementation despite their high theoretical storage capacity.
At the same time, the entropic contribution associated with the transition of hydrogen
from the chemically bound state into the gaseous phase promotes equilibrium shifting at
elevated temperatures (typically above ~350-450 K for borohydride systems with moderate
thermodynamic stability), thereby facilitating hydrogen desorption under appropriate
conditions (generally within the range of ~80-250 °C under atmospheric or moderately ele-
vated pressures depending on material composition and catalyst presence) [56,121]. Kinetic
limitations also play a substantial role, since borohydride decomposition processes are
accompanied by the formation of stable intermediate phases that hinder reaction reversibil-
ity. In particular, the formation of borides and other stable compounds leads to reduced
efficiency during repeated hydrogenation—dehydrogenation cycling of the material.

Current research efforts are focused on overcoming these limitations through modifica-
tion of the structure and composition of borohydrides. One of the most effective approaches
involves the introduction of catalytic additives and the development of composite systems,
which enable reduction in desorption temperature and improvement of reaction kinetics.
In addition, nanostructuring is widely applied to increase surface area and reduce diffu-
sion barriers. Reactive hydride composites are also being actively investigated, in which
borohydrides interact with other compounds, resulting in modification of thermodynamic
characteristics and reduction of hydrogen release temperature [122]. Particular interest
has been devoted to magnesium borohydride systems, such as Mg(BHy),, which exhibit
high theoretical storage capacity and more favorable thermodynamic characteristics com-
pared with alkali-metal borohydrides. However, their practical implementation remains
constrained by complex reaction kinetics and the need to optimize desorption conditions.
Overall, borohydrides represent a class of materials with exceptionally high potential for
hydrogen storage; however, their application is limited by high decomposition temper-
atures, complex kinetics, and challenges associated with reversibility, which continue to
define the major directions of contemporary research in this field.

Analysis of the presented reaction pathways demonstrates that the key challenge of
borohydride systems lies in the trade-off between storage capacity and reversibility. The
high B-H bond energy provides substantial hydrogen storage density; however, it simul-
taneously promotes the formation of thermodynamically stable products that hinder the
reverse synthesis of the initial hydride. Thus, the figure demonstrates that the performance
of Mg(BHy4); as a hydrogen storage material is determined not only by its theoretical storage
capacity but also by the ability to control reaction pathways, including stabilization of
intermediate phases and reduction in energy barriers. These findings confirm the necessity
of employing catalytic additives, nanostructuring approaches, and reactive composite
systems to enhance reversibility and reduce hydrogen desorption temperature.
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4.4.2. Amide-Imide Systems

Amide-imide systems represent an emerging direction in the field of complex hydrides
and are based on reversible reactions between amide (-NH,) and imide (-NH) compounds
of alkali and alkaline-earth metals. Unlike alanates and borohydrides, where hydrogen is
bonded to metal atoms or boron, in these systems hydrogen is incorporated within N-H
bonds, which determines a fundamentally different mechanism of hydrogen storage and
release. The most extensively studied system is the binary LiNH,-MgH, composition, in
which hydrogen storage proceeds through reversible chemical reactions accompanied by
the formation of intermediate phases such as LiyNH. Upon heating, a reaction occurs be-
tween lithium amide and magnesium hydride, resulting in hydrogen release and formation
of the imide phase. This process is characterized by relatively moderate enthalpy values
(typically on the order of ~35-45 kJ/mol H; compared with ~60-120 k] /mol H; for a range
of borohydride systems), making these materials more attractive than borohydrides from
the standpoint of operating temperature requirements [123].

A significant advantage of amide-imide systems is their relatively low hydrogen
desorption temperature, which typically falls within the range of 150-250 °C, considerably
lower than that of most borohydrides. In addition, these systems exhibit satisfactory
gravimetric storage capacities, reaching approximately 5-7 wt.% hydrogen depending on
composition and synthesis conditions. The hydrogen storage mechanism in amide—imide
systems involves the breaking and formation of N-H bonds, accompanied by reconstruction
of the crystal structure and formation of new phases. Unlike intermetallic hydrides, where
hydrogen occupies interstitial positions, hydrogen in these systems forms an integral
part of the chemical structure of the compound, resulting in more complex kinetic and
thermodynamic behavior.

One of the major limitations of these systems is the slow reaction kinetics associated
with the necessity for ionic diffusion and rearrangement of chemical bonds. In addition, the
formation of stable intermediate phases may reduce process reversibility during repeated
cycling. To overcome these limitations, catalytic activation methods and nanostructuring
approaches are actively employed to reduce diffusion barriers and increase reaction rates [124].
Current research is also focused on the development of multicomponent systems incorporat-
ing transition-metal additives and compositional modification of amides, enabling regulation
of thermodynamic parameters and improvement of kinetic performance. Particular atten-
tion is devoted to optimization of component ratios and control of microstructure, which
are considered key factors for enhancing the overall performance of these materials [125].
Overall, amide-imide systems represent a promising class of hydrogen storage materials
combining moderate desorption temperatures with relatively high storage capacity; however,
their practical implementation still requires further improvement in kinetics and long-term
stability under repeated hydrogenation—-dehydrogenation cycling.

5. Nanostructured Materials for Hydrogen Storage

Nanostructured materials represent one of the most rapidly developing directions
in the field of hydrogen storage, since the transition to the nanoscale leads to qualitative
changes in the mechanisms governing hydrogen-material interactions. Unlike bulk mate-
rials, where processes are predominantly limited by bulk diffusion and thermodynamic
barriers, nanostructured systems are characterized by high specific surface area, shortened
diffusion pathways, and increased defect concentration, substantially influencing both the
kinetics and thermodynamics of sorption processes. A fundamental consequence of particle
size reduction is the modification of the energetic state of surfaces and interfacial bound-
aries, leading to a decrease in the activation energy of hydrogen dissociation and transport
processes. In such systems, surface and grain-boundary effects begin to play a significant
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role and, in certain cases, may dominate over bulk mechanisms. As a result, faster and
more energetically favorable hydrogen storage processes can be achieved compared with
conventional materials [126]. Nanostructured hydrogen storage systems are conventionally
classified into three main categories: nanostructured hydrides, carbon-based materials, and
metal-organic frameworks. Each of these groups employs distinct mechanisms of hydrogen
interaction, including bulk absorption, physical adsorption at the surface, and combined
storage processes. At the same time, one of the key directions of current research is the
development of hybrid and composite systems that integrate the advantages of different
approaches [19]. Nanostructuring is regarded not only as a strategy for improving existing
materials but also as a fundamental tool for controlling hydrogen storage processes at the
atomic and nanoscale levels, thereby opening new opportunities for the development of
highly efficient hydrogen storage systems.

5.1. Nanostructured Hydrides

Recent studies of nanocrystalline systems based on MgH, and Mg-Ni have demon-
strated that reducing particle size to the nanoscale enhances the influence of surface and
interfacial effects, significantly altering the mechanisms of hydrogen—material interac-
tion [58]. It has been established that shortening the characteristic diffusion length and
increasing the fraction of grain boundaries promote accelerated hydrogen transport, since
diffusion preferentially occurs through defect-rich regions with elevated energy. As a result,
sorption processes become faster and the time required to reach equilibrium is significantly
reduced. According to current understanding of nanostructured hydride systems (includ-
ing MgH, and complex hydrides), particle size reduction is accompanied by an increased
contribution of surface energy, which may lead to a decrease in the effective enthalpy of
hydride formation and a reduction in hydrogen desorption temperature [56].

This effect is particularly important for magnesium-based systems, where nanostruc-
turing enables operating conditions to approach practically acceptable values. It has also
been demonstrated that a high density of structural defects (including dislocations, vacan-
cies, and grain boundaries) plays a key role in enhancing process kinetics [85]. These defects
act as active sites for hydrogen dissociation and facilitate hydrogen incorporation into the
material, thereby reducing activation energy and accelerating reaction rates. However, such
systems are also susceptible to agglomeration and thermal instability during repeated cy-
cling, while the high surface reactivity may promote oxidation and degradation of material
properties. Based on these findings, nanostructuring represents an effective approach for
simultaneous control of both kinetics and thermodynamics in hydride systems through
reduction in diffusion distances, increase in defect density, and modification of surface
energetics. Nevertheless, for practical implementation it is critically important to stabilize
the nanostructure, for example through the development of composite architectures and
protective coatings. This naturally leads to the next stage in the evolution of hydrogen
storage materials—the use of carbon nanomaterials, which can serve as both matrices and
stabilizing platforms for hydride systems.

5.2. Carbon Nanomaterials

Carbon nanomaterials represent an important class of hydrogen storage systems based
on the mechanism of physical adsorption, which fundamentally differs from the absorp-
tion processes characteristic of metal hydrides and complex hydrides. In these systems,
hydrogen is retained on the material surface through weak intermolecular interactions,
predominantly van der Waals forces, which determine their thermodynamic behavior and
operational characteristics. The main representatives of carbon-based materials include
activated carbons, carbon nanotubes, graphene, and porous carbon structures. A common

https://doi.org/10.3390 /met16070720


https://doi.org/10.3390/met16070720

Metals 2026, 16, 720

23 of 33

characteristic of these materials is their high specific surface area, reaching values above
1000-3000 m? /g, together with a well-developed microporous network that facilitates
hydrogen accumulation. In such systems, the amount of adsorbed hydrogen is directly
related to the accessible surface area and pore size distribution [127]. The hydrogen storage
mechanism in carbon materials is governed by physical adsorption processes, in which
hydrogen molecules are localized at the surface without disruption of chemical bonds.
Unlike chemically bound systems, the interaction energy in this case is typically on the
order of 4-10 k] /mol, resulting in high reversibility of the storage process but simultane-
ously requiring low temperatures and elevated pressures to achieve substantial storage
capacity [128]. A key factor determining hydrogen storage performance is pore structure.
Micropores with sizes below 2 nm are considered the most effective because they enhance
interactions between hydrogen molecules and pore walls through overlap of adsorption
potentials. Under such conditions, the maximum packing density of hydrogen within the
material volume can be achieved.

Despite their significant advantages, including rapid adsorption kinetics and com-
plete reversibility, carbon-based materials exhibit several limitations. The principal limita-
tion is the low hydrogen storage capacity at room temperature (typically below ~1 wt.%
H; at 298 K even under elevated pressures), which is associated with weak hydrogen—
surface interactions (typical adsorption enthalpies are on the order of ~4-10 kJ/mol Hj,
whereas efficient storage at room temperature generally requires values in the range of
~15-20 kJ /mol Hj) [129,130]. In most cases, substantial storage capacities are achieved
only under cryogenic conditions, which limits the practical implementation of these ma-
terials. Current research efforts are focused on strengthening hydrogen interactions with
carbon structures through surface modification strategies. One of the most promising
approaches involves functionalization of carbon materials with metallic species, including
palladium, which can catalyze hydrogen dissociation and initiate the hydrogen spillover
mechanism. Within this mechanism, molecular hydrogen dissociates on the metal surface,
after which atomic hydrogen migrates onto the carbon surface, thereby increasing the
effective hydrogen storage capacity [130].

Additional approaches include the development of hierarchical porous architectures
combining micro-, meso-, and macropores, which enable optimization of hydrogen trans-
port and enhancement of the accessibility of active storage sites. Composite systems
based on graphene and carbon nanotubes are also being actively investigated due to their
improved sorption characteristics. Overall, carbon nanomaterials represent highly re-
versible hydrogen storage systems with developed surface structures and rapid adsorption—
desorption kinetics. However, their practical implementation remains limited by weak
interactions with hydrogen, necessitating further structural and compositional modification
to improve storage performance.

6. Thermal and Kinetic Limitations of Hydrogen Storage Systems

Despite significant progress in the development of hydrogen storage materials, their
practical implementation in energy systems remains constrained by a combination of
thermal and kinetic factors that determine the rate, efficiency, and stability of hydrogen
sorption and desorption processes. These limitations are fundamental in nature and
arise from both the thermodynamic properties of the materials and the characteristics of
mass and heat transfer within the system. One of the major limitations is the low kinetic
rate of hydrogen uptake and release processes. Even under favorable thermodynamic
conditions, the reaction rate may be restricted by several sequential stages, including
dissociation of molecular hydrogen at the surface, diffusion of atomic hydrogen within the
bulk material, and phase transformations. In a number of systems, particularly magnesium-
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based hydrides and complex hydrides, diffusion represents the rate-limiting step and is
characterized by high activation energy, leading to substantial slowing of the processes
under moderate operating temperatures [131].

Another significant factor is the thermal effect associated with hydrogen storage
reactions. Hydrogenation processes are generally exothermic (typical heat effects are in the
range of approximately —20 to —80 kJ/mol H; depending on the hydride type), whereas
dehydrogenation requires heat input of comparable magnitude. Under real operating
conditions, this leads to the formation of temperature gradients within the material (local
temperature variations may reach several tens of degrees Celsius), which directly affect
the equilibrium hydrogen pressure [20,93]. Local temperature increases during hydrogen
absorption may suppress further hydrogen uptake, whereas insufficient heat supply during
desorption limits the hydrogen release rate. Thus, heat transfer becomes a critical parameter
determining overall system performance. An additional limitation is the phenomenon
of hysteresis observed in most hydride systems. This phenomenon manifests itself as
a difference in equilibrium pressures between absorption and desorption processes and
is associated with elastic deformation of the crystal lattice, phase transformations, and
accumulation of structural defects.

Hysteresis leads to additional energy losses and reduces the efficiency of cyclic ma-
terial utilization, since desorption pressure becomes higher than hydrogenation pressure
at the same temperature (for a number of metal hydride systems, this difference may
reach 10-30%), thereby increasing the energy demand for repeated cycles and accelerating
degradation of material performance during long-term operation [131]. Another important
aspect is material degradation during cycling. Repeated hydrogenation-dehydrogenation
processes are accompanied by volume changes, which lead to particle fracture, agglom-
eration, and accumulation of structural defects. In complex hydrides, chemical changes
in composition and formation of stable intermediate phases may occur, reducing process
reversibility. In carbon-based and porous materials, degradation may be associated with
pore blocking and surface modification. All these processes result in gradual capacity loss
and deterioration of kinetic performance [130]. Particular attention in current research
is devoted to the interplay between thermal and kinetic effects. It has been established
that even when kinetic performance is improved at the material level, the overall system
efficiency may remain limited by heat transfer at the reactor scale. This necessitates a
comprehensive approach involving not only materials development but also optimization
of storage system design, including the use of heat exchangers, highly thermally conductive
additives, and structured composite materials [131]. Thus, thermal and kinetic limitations
represent one of the key barriers to the practical implementation of hydrogen storage
technologies. Overcoming these challenges requires integration of materials science, ther-
modynamics, and engineering solutions aimed at simultaneous optimization of mass and
heat transfer processes.

Figure 6 illustrates the influence of heat exchange configuration on the performance
of hydrogen storage systems. In the configuration with an external heat exchanger, heat
transfer occurs through external channels carrying a heat-transfer fluid, which results in
the formation of temperature gradients and limits the hydrogenation rate due to the low
thermal conductivity of the metal hydride bed. In the configuration with an internal heat ex-
changer, integration of the heat exchange channel directly into the storage material reduces
thermal resistance, provides a more uniform temperature distribution, and accelerates hy-
drogen absorption and desorption processes. Thus, the internal heat exchange configuration
is more effective from the perspectives of both reaction kinetics and thermal management,
which is particularly critical for high-enthalpy systems, including borohydrides.
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Figure 6. Heat exchange configurations in metal hydrid-based hydrogen storage systems: configura-
tion with an external heat exchanger and configuration with an internal heat exchanger Reprinted
from Ref. [132].

7. Strategies for Improving the Performance of Hydrogen
Storage Systems

Improving the performance of hydrogen storage systems is currently regarded as a
multiparametric challenge in which increasing hydrogen storage capacity does not necessar-
ily lead to improved practical system performance. Analysis of recent studies demonstrates
that operational efficiency is determined by the balance among storage capacity, sorption
kinetics, thermal management, phase stability, and long-term material durability. Accord-
ingly, modern approaches are gradually shifting from local optimization of individual
parameters toward integrated design of hydrogen storage systems.

Catalytic activation represents one of the most extensively investigated approaches
for improving the performance of hydride-based storage systems. The use of Pd, Ni,
Ti, V, and multicomponent catalytic systems enables acceleration of molecular hydro-
gen dissociation and reduction in the energy barrier for hydride formation (for a num-
ber of hydride systems, activation energy may decrease from approximately ~80-160
to ~40-90 kJ/mol H depending on composition and modification strategy), resulting
in shorter sorption—desorption times and lower hydrogen release temperatures [11,133].
However, analysis of published studies reveals the existence of a fundamental trade-
off between catalytic activity and effective storage capacity. Increasing catalyst content
generally improves sorption kinetics but simultaneously reduces the fraction of active
hydrogen storage material. Similarly, excessive reduction in catalyst particle size (typi-
cally below ~5-10 nm for certain nanocatalytic systems) leads to an increase in interfacial
boundaries and may be accompanied by agglomeration and reduced cycling stability
(in some studies, a decline in catalytic activity after several tens of cycles has been ob-
served due to particle coarsening and loss of active surface area) [134]. These findings
indicate that further development of catalytic systems should focus not on maximiz-
ing catalyst loading but rather on improving the utilization efficiency of active surface
area through controlled cluster distribution, interface engineering, and the formation of
hierarchical structures.

Structural modification is regarded as an approach for simultaneous improvement
of kinetics, heat transfer, and surface accessibility. For this purpose, metallic foams, car-
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bon nanotubes, graphene-based architectures, porous frameworks, and multicomponent
composites are actively investigated. Despite the beneficial effect of increased surface
area on hydrogenation rate, analysis of recent studies demonstrates the absence of a lin-
ear relationship between the degree of dispersion and the overall system performance.
Excessive particle refinement (typically to sizes below ~50-100 nm for certain hydride
systems) accelerates structural degradation, promotes particle agglomeration, and reduces
cycling stability (in some studies, the decrease in hydrogen storage capacity after repeated
cycles may reach ~10-20% due to particle coarsening and reduction in accessible surface
area) [135]. Therefore, a promising direction is not the achievement of maximum porosity
or minimum particle size, but rather the design of structures with controlled hierarchi-
cal organization capable of simultaneously preserving mechanical stability and ensuring
efficient hydrogen transport.

For most hydride systems, the rates of hydrogen uptake and release are determined
not only by reaction kinetics but also by the ability of the system to efficiently remove
or supply heat. Recent studies demonstrate that increasing the thermal conductivity of a
material does not always result in a proportional improvement in system performance. The
incorporation of highly thermally conductive additives enhances heat transfer; however, it
may simultaneously reduce the mass fraction of the active phase and decrease the overall
storage capacity (for composite hydride systems, the content of thermally conductive
additives typically ranges from ~5-20 wt.%, while increasing their concentration may
be accompanied by a reduction in effective hydrogen storage capacity by approximately
~5-15%, depending on material composition and architecture) [136]. Accordingly, current
developments are shifting from passive enhancement of heat transfer toward intelligent
design of internal reactor architectures, including integrated heat exchangers, localized
thermal flow control, and digitally optimized structural configurations. Thus, analysis
of contemporary strategies demonstrates that further improvements in hydrogen storage
performance will depend not on extreme optimization of individual characteristics but
on the development of integrated materials and system architectures in which storage
capacity, kinetics, heat transfer, and durability are treated as interdependent parameters of
a unified system.

As illustrated in Figure 7, improving the operational performance of hydrogen storage
materials requires the combination of several complementary approaches, including mate-
rial optimization, catalytic activation, nanostructuring, and the development of composite
systems. These strategies enable enhancement of hydrogen sorption/desorption kinetics,
increase storage capacity, reduction in desorption temperature, and improvement of cy-
cling stability in hydrogen storage materials. In particular, nanostructuring and catalytic
modification are considered among the most effective approaches for overcoming thermo-
dynamic and kinetic limitations in modern solid-state hydrogen storage systems. Current
approaches also involve the development of hierarchical and heterostructured systems, in
which different structural levels are utilized to optimize distinct processes. At the nanoscale,
high reactivity and rapid kinetics can be achieved, whereas at the macroscale efficient heat
and mass transfer are ensured. Such a multiscale approach is considered one of the most
promising directions for the development of advanced hydrogen storage materials. Thus,
enhancement of hydrogen storage system performance is achieved through integration of
catalytic, structural, and engineering strategies aimed at simultaneous optimization of ther-
modynamics, kinetics, and heat transfer, thereby overcoming the fundamental limitations of
conventional materials.
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Figure 7. Strategies for Enhancing the Performance of Hydrogen Storage Systems.

8. Conclusions

A comprehensive analysis of current hydrogen storage technologies demonstrates that
none of the existing approaches simultaneously provides high gravimetric and volumetric
storage density, favorable thermodynamics, rapid kinetics, and technological feasibility.
Physical storage methods based on hydrogen compression and liquefaction demonstrate a
high level of technological maturity and scalability; however, their further development
remains constrained by fundamental energy requirements: compression to 700 bar typi-
cally consumes approximately 13-18% of the lower heating value of hydrogen, whereas
cryogenic liquefaction is associated with energy losses exceeding 30% of the stored energy.
This indicates that increased storage density in physical systems is achieved at the expense
of reduced overall energy efficiency and increased infrastructure complexity. In contrast,
solid-state hydrogen storage systems, including metal hydrides and complex hydrides,
provide higher storage density and improved safety but face thermodynamic and kinetic
barriers that determine their practical applicability. Metal hydride materials, particularly
ABs- and ABj-type systems, are characterized by high reversibility and stability, making
them suitable for stationary and cyclic applications. However, their limited gravimetric
capacity and strong dependence of operating parameters on composition require further op-
timization. At the same time, magnesium-based systems, despite their substantially higher
storage capacity (~7.6 wt.% for MgHy), exhibit pronounced limitations associated with the
high enthalpy of hydride formation (~70-80 kJ /mol H;) and slow sorption-desorption
kinetics. This demonstrates that increasing storage capacity does not necessarily translate
into improved operational performance of the material. The analysis further indicates
that the greatest progress for MgHj-based systems has been achieved through structural
modification and catalytic activation, confirming the necessity of an integrated strategy
for performance enhancement. Complex hydrides, including alanates, borohydrides, and
amide—imide systems, represent high-capacity materials with different hydrogen stor-
age mechanisms. Their key advantage lies in high gravimetric hydrogen storage density
(for certain systems theoretically reaching ~5-18 wt.% Hy); however, the strong chemical
bonding is accompanied by elevated desorption enthalpies (typically ~35-120 k] /mol Hy),
requiring heating to approximately ~80—-400 °C and potentially limiting hydrogen release
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rates. This indicates the existence of a trade-off between increasing hydrogen storage
capacity and maintaining practical operating conditions. The introduction of catalytic
additives and the development of composite systems have significantly advanced reaction
reversibility; nevertheless, these materials still require further reduction in energy barriers
and improvement of cycling stability.

Nanostructured materials, including nanostructured hydrides, carbon-based struc-
tures, and metal-organic frameworks, demonstrate fundamentally new opportunities for
controlling hydrogen storage processes. Reducing material dimensions to the nanoscale
leads to modification of hydrogen—material interaction mechanisms, reduction in activation
energy, and acceleration of reaction kinetics. In particular, nanostructured hydrides enable
mitigation of diffusion limitations, whereas carbon-based materials provide high reversibil-
ity through physical adsorption mechanisms. However, the weak interaction between hy-
drogen and the surface in such systems limits their performance under room-temperature
conditions, highlighting the need for further functionalization and the development of
hybrid materials.
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