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Abstract: As a kind of clean energy, hydrogen energy has great potential to reduce envi-
ronmental pollution and provide efficient energy conversion, and the key to its efficient
utilization is to develop safe, economical and portable hydrogen storage technology. At
present, hydrogen storage technology lags behind hydrogen production and use, which
is the bottleneck restricting the development of hydrogen energy. In this paper, several
current solid-state hydrogen storage methods are reviewed, including hydrate hydrogen
storage, alloy hydrogen storage and MOF hydrogen storage. At the hydrogen storage
density level, the hydrogen storage capacity of 1K-MOF-5 can reach 4.23 wt% at 77 K and
10 MPa, and remains basically unchanged in 20 isothermal adsorption and desorption
experiments. At the level of temperature and pressure of hydrogen storage, the alloy
can realize hydrogen storage under ambient conditions. At the economic level, the cost
of hydrogen storage in hydrates is only USD 5–8 per kilogram, with almost zero carbon
emissions. Through the analysis, it can be seen that the above solid-state hydrogen storage
technologies have their own advantages. Although hydrate hydrogen storage is lower than
alloy materials and MOF materials in hydrogen storage density, it still has huge potential
for utilization space because of its low cost and simple preparation methods. This paper
further provides a comprehensive review of the existing challenges in hydrate research and
outlines prospective directions for the advancement of hydrogen storage technologies.

Keywords: hydrogen storage; MOFs; alloy; hydrate; clean energy

1. Introduction
Human energy utilization has been developing in the direction of low carbon. In

the 21st century, the mode of resource development and utilization has changed from
mineral resource consumption to natural resource regeneration, and the development and
utilization of hydrocarbon fuel has changed from high-carbon fuel to low-carbon fuel [1,2].
Hydrogen energy has been widely valued for its advantages such as high calorific value,
non-pollution and renewable. Over the past decade, China’s hydrogen energy industry has
achieved significant growth [3]. In 2015, China’s hydrogen production was approximately
20 million tons, and by 2023, the national hydrogen production exceeded 35 million tons,
with an average annual growth rate of about 2.3% [4–6]. Meanwhile, the utilization of
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hydrogen energy has also increased substantially. In 2021, the market size of the global
hydrogen energy industry reached USD 155 billion, and it was expected to surpass USD
250 billion by 2025, with an average annual growth rate of over 12–18% [7]. It is a promising
secondary energy in the 21st century and an important direction of the global energy
technology revolution. Many countries are stepping up the deployment of hydrogen
energy strategies. The hydrogen economy, which focuses on the preparation, storage,
transportation and transformation of hydrogen energy, has become an ideal economic
structure for the future [8–10].

The great breakthrough in hydrogen production technology has opened up a broader
prospect for the wide utilization of hydrogen energy. In the field of transportation, with
its advantages of zero emission and long range, hydrogen fuel cell vehicles are expected
to gradually replace traditional fuel vehicles and become the mainstream choice for green
travel in the future [11,12]. Hydrogen can be used as clean energy in the high energy
consumption production process of iron and steel, chemical and other industries, helping
traditional industries to achieve energy saving, emission reduction and green transforma-
tion [13]. In distributed power generation, hydrogen energy can provide reliable power for
communities, data centers and other places stably through the combination of fuel cells and
energy storage systems, and improve the security and flexibility of energy supply [14,15].
The expansion of this series of hydrogen energy utilization scenarios will greatly promote
the optimization and upgrading of the global energy structure and contribute key forces to
the fight against climate change and the realization of sustainable development goals [13].
However, hydrogen energy is not yet widely circulated due to limitations in transmission
and storage technologies, and the vast majority of hydrogen industries are geographically
close to hydrogen manufacturing plants [16]. It is difficult for hydrogen to be transported
over long distances to achieve wide-scale applications. Compared with the traditional
energy transportation cost, the transportation cost of hydrogen energy is the highest, as
shown in Table 1 [17], transportation costs for hydrogen are still much higher than those
for traditional fossil energy sources [18]. In the process of the vigorous development of
hydrogen energy, the deficiency of the intermediate link of hydrogen storage has become
increasingly prominent, which has become a key bottleneck restricting its further large-scale
application.

Table 1. List of mode of transportation and their cost [17].

Mode of Transportation Cost

state hydrogen trailers 1.5–3 USD/kg

liquid hydrogen tankers 2–4 USD/kg

pipeline transportation 0.5–1.5 USD/kg

pipelines 0.05–0.15 USD per liter

oil tankers 0.02–0.05 USD per liter

rail/road tankers 0.1–0.3 USD per liter

gas transportation 0.001–0.03 USD/m3

Current hydrogen storage technologies include high-pressure gaseous hydrogen stor-
age [19,20], liquid hydrogen storage [21] and solid hydrogen storage [22]. However, high-
pressure gaseous hydrogen storage (typically at 35–70 MPa) faces challenges such as high
system weight (~5–6 wt%), high cost (~15–20 USD/kWh for Type IV tanks), and limited
volumetric density (~40 kg/m3 at 70 MPa). In contrast, liquid hydrogen (LH2) storage
requires cryogenic conditions (20–25 K), resulting in significant energy penalties (~30–40%
of hydrogen’s energy content for liquefaction) and boil-off losses (~0.5–1% per day) [23–25].
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Both of them are difficult to realize safe, efficient, large-scale and low-cost hydrogen storage
and transportation. This not only limits the wide popularity of hydrogen energy in the field
of fuel cell vehicles, leads to slow progress in the layout of hydrogen filling stations due
to the inconvenience of hydrogen storage and transportation, but also hinders the further
expansion of hydrogen energy in distributed energy systems, industrial energy storage and
other scenarios, making it difficult for the hydrogen industry chain to form a complete and
smooth cycle, and the current booming solid hydrogen storage technology is expected to
break this deadlock [26,27].

Solid-state hydrogen storage technology is a technology for storing hydrogen in solid
materials [22]. It realizes the reversible storage of hydrogen through physical or chemical
adsorption, analysis and other reactions. Solid-state hydrogen storage technology includes
metal hydride hydrogen storage, carbonaceous materials that store hydrogen and metal–
organic framework materials that store hydrogen [28]. Metal hydride hydrogen storage is a
method of storing hydrogen by reacting metals or alloys with hydrogen to produce metal
hydrides. Carbonaceous materials that store hydrogen rely on porous structures such as
activated carbon to absorb hydrogen. Metal–organic frameworks (MOFs) store hydrogen,
making use of their unique porous structure and adjustable hydrogen storage [29,30]. Solid-
state hydrogen storage technology has the advantages of high safety, high hydrogen storage
density, relatively low energy consumption and a good reversible cycle. It has a broad
application prospect in transportation, energy industry and other fields, and is expected to
promote the large-scale application and development of hydrogen energy [31,32].

This paper presents a comparative analysis of three major solid-state hydrogen storage
technologies—metal–organic frameworks (MOFs), alloy hydrides, and hydrogen clathrate
hydrates—focusing on their potential for practical hydrogen storage applications. While
MOFs and metal hydrides generally demonstrate superior hydrogen storage capacities,
our analysis reveals that clathrate hydrates possess distinct advantages in terms of cost-
effectiveness and operational simplicity. Despite their relatively lower storage density,
the economic and technical benefits of clathrate hydrates suggest significant potential
for large-scale implementation. This study aims to provide valuable insights for guiding
future research and development efforts in hydrogen storage technologies, particularly in
identifying the most promising approaches to support the growing hydrogen economy. The
findings highlight how different storage methods may be suited for specific applications,
contributing to a more nuanced understanding of hydrogen storage solutions [27,33].

2. MOF Hydrogen Storage
2.1. Concept of MOF Hydrogen Storage

The concept of MOF hydrogen storage is shown in Figure 1. MOFs are a new class of
porous nanomaterials bridged by metal ions or clusters with organic ligands, featuring a
large specific surface area, high porosity, designable structure and easy functionalization
of metal centers and ligands [34]. It has been widely used in the fields of gas adsorption
separation, catalytic reaction and electrochemical energy storage. It also shows potential
applications in hydrogen storage [35].
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Figure 1. Schematic diagram of MOF hydrogen storage (modified from [35]).

2.2. MOF Hydrogen Storage Density

MOFs have attracted wide attention from researchers since it was first discovered in
1990 by Prof. Omar M. Yaghi [36,37]. MOF material shows great hydrogen absorption
capacity at low temperatures and high pressures, which makes it an ideal material for solid-
state hydrogen storage materials. However, in practical application, its low adsorption
enthalpy and poor stability limit its performance, which is mainly improved by increasing
specific surface area, expanding porosity, increasing active sites and changing environmen-
tal conditions [38–40]. In 2003, Yaghi et al. [41] made MOF-5 materials using Zn2+ salts
and 4-terephthalic acid organic ligands. It was found that the hydrogen storage capacity of
MOF-5 could reach 1.3 wt% at 100 kPa and 77 K. This is the first report of MOF-5 materials.
After that, the experimental results show that the hydrogen storage density of MOF-5 can
reach 2.49 wt% under this condition.

A report in 2017, where Deng and co-workers computationally examined a series of
IRMOFs is discussed [42]. They showed in their leading example that doping IRMOF-9 with
the Li+ substantially increased near-ambient hydrogen storage. IRMOF9 has a 298 K and
100 bar gravimetric uptake of just ~0.35 wt.% and a volumetric uptake of ~4.5 g/L. It was
showed in Table 2. With Li+ doping, these values increase to ~4.5 wt.% and 27.5 g/L at 298 K
and 100 bar. This corresponds to an almost 13-fold increase in gravimetric performance
and a 6-fold increase in volumetric performance.

The lithiation of aromatic porous MOFs is expected to generate structures in which
the lithium ion is associated with the aromatic cores. The effect of increasing the number of
aromatic sites in a MOF for lithium doping was examined by Goddard and co-workers [43].
They found lithiation significantly improved hydrogen uptake at near-ambient temper-
atures from ~0.5 to 1.0 wt% to 2 to 5 wt%. Additionally, they found that the greater the
number of aromatic cores for lithiation, the greater the hydrogen uptake. Further, they
showed that lithiation directly increased binding enthalpies from the physisorption (4 to
6 kJ/mol) to chemisorption (17 kJ/mol) regimes.
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Table 2. List of selected MOFs explored with alkali metal doping and reported H2 sorption at
near-ambient temperatures [35].

MOFs Temperature
(K)

Pressure
(MPa)

Hydrogen Storage
Density (wt%) References

MOF-5 77 0.1 2.49 [44]
1Li-MOF-5 77 0.1 3.09 [44]
2Na-MOF-5 77 0.1 4.18 [44]
1K-MOF-5 77 0.1 4.23 [44]
Cu3(BTC)2 77 0.1 2.41 [45]

LiCu3(BTC)2 77 0.1 3.50 [45]
MIL-101(Cr) 77 0.1 2.37 [45]

LiMIL-101(Cr) 77 0.1 3.39 [45]
IRMOF-9 298 10 ~0.35 [46]
MOF-C30 300 10 ~1.0 [43]

Li-MOF-C30 300 10 ~5.0 [43]

2.3. Thermodynamics Conditions of MOF Hydrogen Storage

In 2023, Farha et al. [47] reported an air-stable CuI-MOF (NU-2100). It was comprised
of two distinct CuI environments, a coordinately saturated tetrahedral species and an
unsaturated, almost-linear two-coordinate CuI species. The almost-linear CuI species
was able to bind H2. The framework has an exceptionally high initial binding enthalpy
of −32 kJ/mol, one of the highest reported to date [48,49]. As seen in Figure 2, this
corresponds to about 1% of the CuI linear species actively binding to H2. At 298 K and
100 bar, NU-2100 has a volumetric capacity of 7.2 g/L H2.

 
Figure 2. Adsorption isotherms (0–100 bar) of NU-2100 with hydrogen between temperatures of
296 K and 233 K.

Figure 3 indicates high-pressure near-ambient temperature isotherms for V2Cl2.8. It
can be seen that at 208 K, the absorption rate of hydrogen is the highest. As the temperature
rises, the absorption rate of hydrogen decreases accordingly. Neutron powder diffraction
and spectroscopic studies revealed the H2 was bound at the V(II) open metal sites in a
Kubas-type interaction which stemmed from an interaction between the vanadium dπ and
H2 σ* orbital [50,51]. The V-D2 distance from neutron diffraction was the shortest metal-D2
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bond reported in a MOF to date. This strong interaction was associated with a binding
enthalpy of −21 kJ/mol, considered to be in the ideal regime for near-ambient temperature
hydrogen storage [52].

 
Figure 3. High-pressure near-ambient temperature isotherms for V2Cl2.8(bttd). Dashed grey line
indicates the volumetric density of hydrogen stored in a cylinder at 298 K (modified from [35]).

2.4. Stability of MOF Hydrogen Storage Cycle

There are perhaps two key issues to consider when discussing the stability of MOFs
with respect to hydrogen storage. Firstly, MOFs must be able to cycle (from 1/4 to full), at
least 1500 times, with minimum performance loss according to DOE (Department of Energy)
target requirements [42]. Further, the benchmark for hydrogen purity for MOF-based
adsorbents has not been set. It is likely that hydrogen storage of MOFs should withstand a
range of trace impurities, including ammonia, hydrogen sulfide, hydrochloric acid, water,
carbon monoxide, carbon dioxide, methane, oxygen, nitrogen and helium [53–55].

In 2019, Allendorf et al. [56] tested twelve MOFs for their stability to both static
pressure (70 MPa) and cycling (5 to 100 bar, 1000 pressure cycles as depicted in Figure 4).
To determine if the porosity of the framework was affected by either static or cycling
hydrogen experiments, they performed a 77 K nitrogen isotherm both before and after
the experiment [57]. From these results, the majority of MOFs retained their initial pore
void volume, with only a small decrease of between 5 and 16% in pore volume for Mg-
IRMOF-74II, Ni-IRMOF-74-I and NOTT-100. The authors attributed this loss in porosity
to physical damage to the MOFs, rather than chemical damage to the framework. This is
thought to be the result of an abrupt pressure change during the hydrogen exposure tests.
In real-world systems, this could potentially be avoided with an engineered dosing scheme
for both adsorption and desorption that limits sudden pressure changes.
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Figure 4. Hydrogen cycling experiments in the presence of MOF. Inset shows the equilibration of
pressure over time (modified from [35]).

In 2016, Siegel et al. [58] undertook an extensive investigation looking at hydrogen
adsorption in MOF-5 with the impact of trace impurities. These measurements were
conducted at 77 K. They characterized their MOF sample before and after dosing with a
hydrogen source spiked with a known quantity of impurity. The performance of MOF-5
was not impacted by most impurities, with the largest deviation (~2.5% loss) observed
for 9 ppm hydrogen chloride. These results suggest that MOF-5 is relatively stable to
these tested impurities in the hydrogen fuel stream [59]. It would be encouraging to see
similar results replicated at near-ambient temperatures, where the impurities could be
more reactive. Also worthy of more attention is whether MOFs with redox-active open
metal sites are affected by trace impurities [60,61].

2.5. Commerciality of MOF Hydrogen Storage

The material cost of metal–organic frameworks (MOFs) directly affects the economic
feasibility of their large-scale application. When the raw material prices rise or the prepara-
tion process becomes more complex, leading to an increase in costs, the market competitive-
ness of MOFs in the hydrogen storage field will significantly decline [62]. This study takes
typical working conditions as an example, setting the cost of MOFs at USD 15 per kilogram
as the benchmark, and comparing and analyzing two scenarios of USD 5 per kilogram and
USD 25 per kilogram. Experimental data show that under the conditions of 150 bar and
210 K, most MOF systems can achieve the lowest graded hydrogen storage cost (LCOS);
some materials are further optimized to the range of 170–250 K and 120–150 bar (see
Figure 5b). This conclusion takes into account multiple factors such as hydrogen liquefac-
tion energy consumption, low-temperature maintenance costs, high-pressure compression
expenses, etc. [63,64].
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Figure 5. (a–c) This figure presents the optimal temperature–pressure operating windows for MOFs in
backup power systems, evaluated across three cost scenarios: 5 USD/kg, 15 USD/kg and 25 USD/kg
MOF pricing. (d–f) The corresponding probability density plots illustrate each MOf’s minimum
LcOs performance at its optimal conditions under these pricing regimes, with the dashed refer-
ence line indicating 350 bar compressed hydrogen’s performance at 298 K. (g) For a representative
metal–organic frame (MOF), a cost comparison analysis of it under two different operating conditions
was carried out, and it was compared with the 350-bar compressed hydrogen storage method. The
error line is used to quantify the impact resulting from the variation of the MOF cost within the
range of 5 USD/kg to 25 USD/kg. (h) The required storage vessel quantities are contrasted between
compressed hydrogen systems and MOF-based solutions under two operational modes, highlighting
the fundamental trade-off between system footprint and associated costs at 150 K versus 250 K
operating temperatures (modified from [65]).

The physical adsorption process exhibits significant temperature and pressure depen-
dence: reducing the temperature or increasing the pressure can enhance the hydrogen
storage capacity, but it will simultaneously increase the power consumption of refrigeration
equipment and compressors. Different MOF materials exhibit differentiated high-pressure
response characteristics due to their unique pore topological structures and distribution of
active sites. It is worth noting that merely pursuing high hydrogen storage capacity will
lead to increasing marginal costs, and a systematic design is needed to achieve the optimal
balance between performance and cost.

When the MOF benchmark price was adjusted to USD 25 per kilogram, the lowest
cost operating range shifted to 160–240 K and 150 bar (the optimal condition was 200 K
and 150 bar, data source [65]). Figure 5a,c visually presents the distribution of the optimal
operating parameters under different price systems.
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Figure 5d–f illustrate the transmission effect of MOF raw material costs on the system’s
economy: when the cost per kilogram is USD 5, the equivalent cost of the liquid carbon
dioxide hydrogen storage system is USD 0.08–0.16 per kilowatt-hour; when it is USD 15,
it rises to USD 0.10–0.25; and when it is USD 25, it expands to USD 0.10–0.40. It is worth
noting that when the MOF price is USD 15 per kilogram, there are still 362 materials
superior to 350 bar high-pressure hydrogen storage (with a compression cost of USD
0.124 per kilowatt-hour, data marked [66]), and this number drops sharply to 96 when the
unit price rises to USD 25 [67,68].

3. Solid Alloy Hydrogen Storage
3.1. Concept of Hydrogen Storage in Solid Alloys

The principle of hydrogen storage in solid alloy refers to the process of hydrogen
storage in solid alloy materials, which generally involves the steps of adsorption, desorp-
tion, diffusion and storage [69]. After entering the microstructure of the solid material,
hydrogen will form an alloy with specific elements in the material, and then achieve storage.
The understanding and research of the hydrogen storage principle of solid alloys is very
important for the development of efficient and reliable hydrogen storage materials. In the
principle of hydrogen storage in solid alloys, adsorption is one of the key steps, and the
adsorption process can be realized by controlling the pore size and distribution of solid
materials, as shown in Figure 6. The results show that the solid materials with uniform pore
distribution and small pore distribution have better adsorption properties for hydrogen.

Figure 6. Mechanism of alloy hydrogen storage materials.

In a word, the principle of hydrogen storage in solid alloys realizes the high-density
storage of hydrogen through the steps of adsorption, desorption, diffusion and storage.
The research on the principle of hydrogen storage in solid alloys provides a theoretical
basis for the development of efficient and reliable hydrogen storage materials, and makes
an important contribution to promoting the application and development of hydrogen
energy [70].

3.2. Hydrogen Storage Density of Alloy

High-entropy alloys, as a new type of metal hydrogen storage material, are charac-
terized by optimizing the storage performance through the synergistic effect of multiple
component elements. These materials are typically composed of various elements mixed in
a nearly equal molar ratio to form a unique microstructure [71,72]. In the composite hy-
dride system, transition metals and non-transition metals (often labeled as A-site elements)
or non-metal elements (B-site elements) can form stable composite anions by chemically
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bonding hydrogen atoms. This structure often requires the involvement of alkali metal or
alkaline earth metal atoms to enhance stability [73].

Solid hydrogen storage alloys can be classified into four typical systems based on
their crystal structure and chemical composition, namely AB5 type, AB2 type, AB type and
A2B type alloys. These four types of materials exhibit different hydrogen adsorption sites
and diffusion kinetics characteristics due to the differences in crystal field environments,
thereby showing significantly different hydrogen storage capacity and cycling performance
(Figure 7). Among them, the symmetry change of the crystal structure directly affects the
hydrogen diffusion energy barrier, while the change in electronic structure plays a crucial
regulatory role in hydrogen binding energy.

Figure 7. Hydrogen storage density of various alloys.

AB5 alloy is composed of rare earth metals, transition metals and hydrogen atoms,
and has a high hydrogen storage capacity and a fast hydrogen absorption and desorption
rate [74,75]. According to statistics, the hydrogen storage capacity of AB5 alloy can reach
1.4 wt%, which can meet the needs of many hydrogen storage systems. AB2 alloy is mainly
composed of transition metals and hydrogen atoms. It was showed in Table 3, compared
with AB5 alloy, the hydrogen storage capacity of AB2 alloy is slightly lower, usually
2.0 wt% [76]. However, AB2 alloy has better cycle stability and lower preparation cost, so it
has been widely used in some commercial applications. AB-type alloy is composed of two
different metals and has good cycle stability. Their hydrogen storage capacity is usually
1.86 wt%, and the hydrogen absorption and desorption rate are fast. A2B alloy is a kind of
solid alloy hydrogen storage material characterized by a face-centered cubic structure [77].
It has high hydrogen storage capacity and fast hydrogen adsorption and desorption rate,
so it is one of the hotspots in the research. The hydrogen storage capacity of A2B alloy can
reach 3.6 wt%, which is one of the highest among hydrogen storage materials at present.

Table 3. Classification of hydrogen storage alloys [78].

Hydrogen Storage
Alloy Represents Alloy Temperature

(K)
Quality Hydrogen

Storage Capacity (wt%)

AB5 LaNi5 298 1.4
AB2 TiMn2 298 2.0
AB TiFe 298 1.86
A2B Mg2Ni 523 3.6
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3.3. Temperature and Pressure Conditions of Hydrogen Storage in Alloys

Compared with MOF, the temperature and pressure of alloy hydrogen storage are al-
leviated, and most alloy materials can achieve stable storage at room temperature and pres-
sure, which greatly reduces the manufacturing cost of hydrogen storage containers [79,80].
It is worth noting that the hydrogen storage process of alloy hydrogen storage materials
is carried out at 0.1–1 MPa, 302 K and 333 K, while the hydrogen desorption process re-
quires a significant increase in the temperature of hydrogen storage materials, which brings
potential safety risks to the metal hydrogen storage process. The energy consumption of
hydrogen storage and desorption process is increased, for example, the hydrogen desorp-
tion temperature of LaNi5 is from 323 to 373 K, the hydrogen desorption temperature of
Mg2Ni is from 523 to 573 K, while the ignition point of hydrogen is about 773 to 844 K, the
ignition energy is very low (only 0.02 J), and the combustion range is wide (the volume
concentration in air is 4 to 75%) [81]. Therefore, improving the temperature and pressure
conditions of alloy hydrogen storage materials is one of the key issues in the development
of alloy hydrogen storage technology.

Figure 8 uses visualization methods to systematically present the hydrogen adsorp-
tion/desorption characteristic curves of magnesium-based high-entropy alloy composite
materials during the programmed temperature control process. The experiment was
conducted at a heating rate of 5 K/min, and the experimental scheme is detailed in
reference [82]. From Figure 8a, it can be seen that the initial hydrogenation start temperature
of the pure magnesium sample (0-MHEA) is 496 K, and the complete hydrogen absorption
temperature reaches 676 K. It is worth noting that the introduction of high-entropy alloys
significantly reduces the initial hydrogen absorption temperature of MgH2—the initial
hydrogen absorption temperatures of 5-MHEA, 10-MHEA and 20-MHEA are, respectively,
reduced to 433 K, 427 K and 408 K. Among them, 15-MHEA exhibits the best tempera-
ture stability, with the difference between its hydrogenation reaction start temperature
(418 K) and termination temperature (595 K) being the smallest, demonstrating excellent
kinetic performance.

Figure 8. Hydrogen absorption and release curve of Mg-x wt% HEA composite at heating rate of
5 K/min: (a) hydrogen absorption curve, (b) hydrogen emission curve (modified from [82]).

In terms of hydrogen desorption behavior (Figure 8b), 0-MHEA and 5-MHEA exhib-
ited similar desorption characteristics, while 10-MHEA, 15-MHEA and 20-MHEA presented
another set of characteristics. Specifically, the initial desorption temperatures of these
samples were 573 K (0-MHEA), 558 K (5-MHEA), 531 K (10-MHEA), 526 K (15-MHEA)
and 519 K (20-MHEA), respectively. The corresponding desorption completion temper-
atures showed a regular downward trend. Comprehensive comparison indicates that
15-MHEA demonstrated the best overall performance in both hydrogen absorption and
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desorption kinetics and thermodynamics, and exhibited excellent comprehensive hydrogen
storage capacity.

3.4. Cyclic Decay of Hydrogen Storage in Alloys

Cyclic decay is one of the key points in the research on hydrogen storage. Usually,
the hydrogen storage capacity and rate of materials will decrease to a certain extent after
multiple cycles [83]. For example, alloys such as CaNi5 can still maintain a hydrogen
storage performance of over 0.96 wt% after 100 cycles [84]. For the La0.65Mg1.32Ca1.03Ni9
alloy, the desorption capacity first increased from 1.43 wt% in the 10th cycle to 1.1 wt%
in the 100th cycle, and then gradually decreased, dropping to 0.9 wt% after 300 cycles.
Its desorption rate decreased as the number of cycles increased. The change trend of the
dehydrogenation rate of the CaNi5 alloy is similar.

Regarding the kinetic decay problem of magnesium-based hydrogen storage materials,
the academic community generally adopts catalyst control strategies to enhance their over-
all performance. Yin et al. [85] innovatively developed a zirconium-based, highly efficient
hydrogen storage catalyst. By reconfiguring the Rafes phase structure of magnesium hy-
drides, they significantly improved the kinetics of hydrogen storage and release. The study
showed that the C15-type intermetallic compound, as a typical highly efficient hydrogen
storage phase, not only exhibits outstanding catalytic activity but also enables a fundamen-
tal transformation in the rate-limiting step of hydrogen desorption—from the traditional
two-dimensional nucleation growth mechanism to a more efficient two-dimensional phase
interface migration mode [86,87]. This optimization of the microscopic mechanism di-
rectly led to a three-order-of-magnitude improvement in the dehydrogenation kinetics
performance of the material (Figure 9).

 

Figure 9. (a) The hydrogen desorption behavior curve of pure MgH2 under isothermal conditions;
(b) the hydrogen absorption/desorption cycle characteristics curve of magnesium-based composite
materials with the addition of HEA1; (c) the evolution law of hydrogen cycling performance of the
same test conditions in the composite system containing HEA2. (modified from [82]).

The results of the cyclic stability test (Figure 9) indicate that after undergoing 30 com-
plete charge–discharge hydrogen cycles, the capacity retention rate of the modified mag-
nesium hydride catalyst remained as high as 92%, fully verifying its outstanding cyclic
stability. It is worth noting that the introduction of the C15 phase structure has produced a
dual gain effect: on the one hand, it significantly improves the dehydrogenation efficiency
by reducing the hydrogen desorption activation energy; on the other hand, through the
unique “hydrogen pump” synergy effect, it optimizes the thermodynamic performance of
the entire hydrogen adsorption–desorption process while reducing the operating tempera-
ture. The revelation of this multi-cooperative mechanism provides important theoretical
support for the development of new high-performance hydrogen storage materials [88].
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3.5. Economy of Hydrogen Storage in Alloys

At present, hydrogen storage of alloy materials is one of the few hydrogen storage
technologies that have been commercially applied. Table 4 shows Xiamen Tungsten In-
dustry, a Chinese enterprise, that commercializes hydrogen storage of magnesium-based
materials [89–91]. From the point of view of operating cost, according to the calculation
of hydrogen energy technology, the equipment depreciation and energy consumption of
each link in the process are compared from raw gas to the hydrogen filling station. Un-
der the condition of large-scale transportation, when the transport radius is 100 km, the
operating cost of magnesium-based solid hydrogen storage is 4 USD/kg [92]. When the
transport radius is expanded to 500 km, the operating cost of magnesium-based solid-state
hydrogen storage is 20 USD/kg [93–95]. The 2020 DOE report shows that the United States
uses NaAlH4 to achieve hydrogen storage at a cost of 43 USD/kg, while Japan Metals &
Chemicals reports LaNi5 currently studied in Japan costs 15–25 USD/kg, which shows
that magnesium-based materials are still one of the cheaper hydrogen storage materials
at present.

Table 4. Hydrogen storage cases in various countries.

Country Case Hydrogen Storage
Materials Cost of Hydrogen Storage

China
(Xiamen Tungsten Industry)

Magnesium-based
materials

4 USD/kg (within a
transport radius of 100 km)

20 USD/kg (within a
transport radius of 500 km)

United States
(2020 DOE Report) NaAlH4 43 USD/kg

Japan
(Japan Metals & Chemicals) LaNi5 15–25 USD/kg

However, after several cycles of hydrogen absorption and desorption, the alloy ma-
terial may be pulverized or experience performance attenuation, which will affect its
long-term economic use [96]. Although alloy hydrogen storage has the advantages of
hydrogen storage density and safety, its high cost and low mass hydrogen storage rate
make it an economic challenge in large-scale applications [97,98]. In the future, its economy
is expected to be further improved through material optimization, large-scale production
and integration with other hydrogen storage technologies.

4. Hydrate Hydrogen Storage
4.1. Concept of Hydrogen Hydrate

Hydrate hydrogen storage is a new hydrogen storage technology with significant
advantages; its hydrogen storage density can reach 5.3 wt% [99]. Hydrates are stable at
room temperature and pressure, typically with decomposition temperatures of 273–283 K,
and are safer and less likely to leak and explode than high-pressure gaseous hydrogen
storage (up to 70 MPa) and liquid hydrogen storage (temperatures below 20 K). In addi-
tion, hydrate hydrogen storage is environmentally friendly, only water and hydrogen are
produced after decomposition, no harmful by-products, and the cost is low; the main raw
materials are water and a small amount of accelerator (such as tetrahydrofuran, THF), and
its material cost is about 5–10 USD/kg hydrogen, which is much lower than the cost of
high-pressure gaseous hydrogen storage container (about 15–20 US USD/kg hydrogen) and
the cost of liquid hydrogen storage cryogenic equipment (about 20–30 USD/kg hydrogen).
Hydrate hydrogen storage also has the characteristics of rapid hydrogen charging and
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discharging, and hydrogen release can be completed within 5–15 min under the condi-
tion of 273 K–283 K, which is suitable for application scenarios with frequent hydrogen
charging and discharging, such as fuel cell vehicles. At the same time, the hydrate can
be stably stored for several days to weeks at room temperature, suitable for long-term
storage and transportation, and can operate in the temperature range of 253 K–283 K, with
strong adaptability. Although further research and optimization are still needed, hydrate
hydrogen storage technology has shown great potential in the field of hydrogen energy
storage and transportation, and is expected to become an important hydrogen storage
method in the future.

Although hydrate hydrogen storage technology has significant advantages in terms
of high hydrogen storage density (up to 5.3 wt%), safety (stable at room temperature and
pressure), and environmental protection (only water and hydrogen are produced after
decomposition), there are still some key drawbacks that limit its practical application
and commercial promotion. Its cycle attenuation is a key challenge, which is mainly
manifested in the significant decrease in hydrogen storage capacity, reaction rate and
structural stability after multiple hydrogen charging and discharging cycles. Veluswamy
et al. [100,101] showed that hydrogen storage capacity may decrease by 20–30% after
10 cycles, e.g., an initial capacity of 5.3 wt% for a tetrahydrofuran (THF) accelerator-based
system may be reduced to 3.7–4.2 wt%. At the same time, the structural stability of hydrate
hydrogen storage cannot be ignored, and Zhang et al. [102,103] showed that after 50 cycles,
the crystal structural integrity of hydrate may decrease by 30–40%, resulting in a decrease
in mechanical strength. Temperature has a significant effect on cycle attenuation, and the
hydrogen storage capacity may decrease by 40–50% after 10 cycles at 288 K, and only by
20–25% at 273 K. Long-term cycling experiments have shown that after 100 cycles, the
hydrogen storage capacity may decrease by 50–60% and the reaction rate may decrease
to 30–40% of the initial value [104–106]. These issues need to be addressed through
material optimization (e.g., development of novel accelerators), process improvements (e.g.,
optimization of cycle conditions) and system design (e.g., by-product clean-up mechanisms)
to improve the long-term stability and commercialization potential of hydrate hydrogen
storage technologies.

4.2. Hydrogen Storage Density of Hydrate

The main factor affecting the theoretical hydrogen storage density of hydrate is the
crystal structure. The results show that the crystal structure of hydrate is also different with
the addition of a promoter with different properties, which further affects the hydrogen
storage density of hydrate [107,108]. It was first found that hydrogen formed sII type
hydrate in pure water, and then it was determined that hydrogen would form sI, sH and
sC types(semi-cage type) hydrate under specific conditions [109–111].

Kumar et al. [112] synthesized hydrogen hydrate at 140 K and 12 MPa~18 MPa, and
discovered that an ice Ic framework has a potentially large H2 capacity (10 wt% if fully
loaded), which has exceeded the theoretical hydrogen storage capacity of sII hydrate.

Papadimitrios et al. [113] simulated and calculated the theoretical hydrogen storage
capacity of sI hydrate. The results showed that the hydrogen storage density was 0.37 wt%
when the sI-51262 cage held up to three hydrogen molecules and the sI-512 cage held one
hydrogen molecule at 200 MPa and 270 K. Hydrogen is difficult to exist stably in sI hydrate,
and the hydrogen storage capacity is relatively low, so the application prospect of sI hydrate
hydrogen storage in hydration hydrogen storage is not great.

Strobel et al. [114] studied the formation of sH-type hydrates with methyl tert-
butyl ether (MTBE), methylcyclohexane (MCH), 2,2,3-trimethylbutane (2,2,3-TMB) and
1,1-dimethylcyclohexane (1,1-DMCH) as accelerators. It was found by spectral analysis that
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hydrogen molecules occupied both sH-512 and sH-435663 cages, while sH-512 68 cages were
occupied by larger guest molecules. The maximum theoretical hydrogen storage capacity
was 1.4 wt%, which was 40% higher than that of sII hydrate (such as THF/H2 system). In a
word, compared with the sII hydrate formed by the H2/THF system, the hydrogen storage
capacity of sH hydrate is higher. However, the higher pressure and lower temperature
were required for the synthesis and storage of sH hydrate, which limited its application in
hydrogen storage.

The study of Treuba et al. [115] showed that the sC type hydrate formed by 32.33 wt%
tetrabutylammonium bromide (TBAB) solution had the maximum hydrogen storage den-
sity of 0.046 wt% at 281 K and 16 MPa, and the maximum hydrogen storage density
of 0.024 wt% formed by mole fraction 33.82 wt% TBAF (tetrabutylammonium fluoride)
hydrate under 13 MPa pressure.

It can be seen from Table 5 and Figure 10 that the hydrogen storage performance of sII
hydrate is the best compared with other crystal hydrates. Its hydrogen storage density can
be achieved at 5.3 wt%. Although the thermodynamic promoter can improve the forming
conditions of hydrogen hydrate, it will reduce the hydrogen storage density. Therefore,
finding more efficient promoters or more efficient methods to promote hydrate formation
is still the focus of hydrate hydrogen storage research [116,117]. In addition, the different
number of hydrogen molecules in the hydrate cage under different conditions also has
a great influence on the hydrogen storage of hydrate. The basic research and debate on
hydrogen hydrate have been going on [118,119]. It is undeniable that hydrogen hydrate
has high energy storage density and is a kind of high energy storage density material with
great application prospects.

Table 5. Comparison of temperature and pressure conditions for hydrate formation and hydrogen
storage density of several structures.

Crystal
Structure System Temperature

(K)
Pressure

(MPa)
Hydrogen Storage

Density (wt%)

sI H2/CO2 270 200 0.37
sII Pure water 273 200~300 5.3
sH H2/MTBE 270 100 1.4
sc H2/TBAB 281.15 16 0.046

 
Figure 10. Comparison of hydrogen storage density of hydrate with several structures.
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4.3. Temperature and Pressure Conditions for Hydrogen Storage of Hydrate

The existing studies on hydrogen hydrate show that thermodynamic conditions are
one of the important conditions for the formation of hydrates. Davoodabadi et al. [120]
compared hydrogen hydrate to a hydrogen battery with a fixed structure. Under different
stable voltage conditions, the formation and decomposition of hydrogen hydrate is like the
charge and discharge of a hydrogen battery, and the coexistence of gas-liquid-solid (hydrate)
is the phase equilibrium of the system [121,122]. Figure 11 shows the phase equilibrium
interval diagram of several crystal structures of hydrogen hydrate. It can be seen from
Figure 11 that for pure water systems, the phase equilibrium conditions of hydrogen
hydrate are very harsh. The phase equilibrium pressure is as high as 200 MPa at 260 K, but
if it is reduced to 50 MPa, the phase equilibrium temperature is 178 K [123]. Corresponding
to this harsh temperature and pressure condition, the phase equilibrium conditions for the
formation of hydrogen hydrate have changed significantly after the addition of a hydrate
promoter to the system. For example, Hashimoto et al. [124] found that adding 19.04 wt%
tetrahydrofuran (THF) to the pure water system could form hydrogen hydrate under the
278 K, 1.55 MPa strip, and adding 40.06 wt% TBAB to the pure water system could form
hydrogen hydrate under 286.1 K, 3.27 MPa conditions. Du et al. [125] added 19.26 wt% of
tert-butylamine to the pure water system can form hydrogen hydrate under the condition
of 273.2 K, 26.12 MPa. Wang et al. [126] injected H2/C3H8 (0.67/0.33) mixture into the pure
water system, C3H8 acted as a thermodynamic promoter and formed hydrogen hydrate
under the condition of 273.72 K, 0.4 MPa.

Figure 11. Phase equilibrium diagram of hydrogen hydrate.

4.4. Economy of Hydrogen Storage in Hydrate

Hydrate-based hydrogen storage technology demonstrates significant economic ad-
vantages in terms of equipment investment, operational energy consumption and raw
material costs. Research shows that the equipment investment cost for hydrate-based
hydrogen storage systems can be reduced to USD 5–8 per kilogram H2, significantly lower
than the USD 15–20 per kilogram H2 for high-pressure gaseous storage and USD 10–12 per
kilogram H2 for liquid hydrogen storage [127]. Additionally, the operational energy con-
sumption of hydrate-based hydrogen storage is only 30–40% of that of liquid hydrogen
storage, thanks to its ability to achieve hydrogen storage under mild conditions (2–10 MPa,
253 K to 283 K), avoiding the high-energy-consuming cryogenic cooling systems required
for liquid hydrogen storage [128–130]. Furthermore, the raw materials for hydrate-based
hydrogen storage (water and gas) are extremely low-cost [131], and there is no need for
expensive materials or complex synthesis processes, further reducing overall costs. These



Energies 2025, 18, 2930 17 of 22

advantages make hydrate-based hydrogen storage highly economical and commercially
viable for large-scale applications [132,133].

5. Conclusions
In this paper, the current mainstream solid-state hydrogen storage technologies are

reviewed, and the hydrogen storage density, temperature and pressure conditions, cycle
decay and economy are compared and analyzed, and the following conclusions are drawn:
First, in terms of hydrogen storage density, MOF materials can reach ~5.0 wt%, metal mate-
rials can reach 3.6 wt%, and sII hydrate can reach 5.3 wt% under 200~300 MPa conditions.
Secondly, through the comparative analysis of the temperature and pressure conditions
of hydrogen storage, it can be found that both metal materials and MOF materials can
store hydrogen at room temperature and pressure, while hydrate needs to be stored under
200~300 MPa and 273 K, which is also the main bottleneck for hydrate to realize industrial
hydrogen storage. Third, from the point of view of cyclic decay, alloys need a large specific
surface area and high Gibbs free energy to achieve high cyclic decay. In the process of cyclic
hydrogen storage, the original particles will gradually merge into large particles and inhibit
hydrogen storage density and rate. Hydrate shows good cyclical stability in the process
of cyclic hydrogen storage, and it also has the advantages of low hydrogen storage cost
and good hydrogen storage safety. Because of these advantages, hydrate still has a large
potential for research and utilization. The development and maturity of hydrate hydrogen
storage technology will provide a reliable choice for the arrival of the era of the hydrogen
energy economy.
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